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Abstract 

Cancer immunotherapy has revolutionized cancer treatment and has helped thousands of 

patients (Couzin-Frankel, 2013; Patel & Minn, 2018). However, most patients are still not showing 

positive responses to current cancer immunotherapy treatment regimens (Patel & Minn, 2018). Using 

radiation therapy (RT) and intratumoral injections of immunocytokine (IC), our lab has developed a local 

in situ vaccine regimen capable of curing mice bearing B78 melanoma tumors with protective immune 

memory (Morris et al., 2016). Our in situ vaccine (RT+IC) cures 70% of treated mice bearing a single large 

B78 tumor (which expresses GD2) and creates strong immunologic memory to reject a second challenge 

of B78 melanoma. We have also demonstrated that our in situ vaccine causes epitope spread; 75% of 

cured mice reject a challenge with B16 melanoma cells (which do not express the GD2 antigen), and we 

observed strong antibody-binding to B16 cells using serum from cured as compared to naïve mice 

(Baniel, Heinze, et al., 2020; Morris et al., 2016).  

Although we observed epitope spread, the exact antigen targets of these endogenous antibodies were 

unknown. Knowledge of these additional targets could help to identify biomarkers of positive responses, 

as well as identify possible new therapeutic targets. In this thesis we utilized a peptide array approach to 

probe every mouse protein (broken into 16-mer peptides in a stepwise overlapping fashion) to identify 

antibody targets, using serum from cured mice vs. their matched naïve sample  to identify 

immunodominant tumor antigens on cold murine tumors.  

We were able to develop a robust analysis method (HERON) to identify a number of proteins recognized 

by multiple mice that we are further investigating (explained in detail in Chapter 2). We furthermore 

saw that within the top epitopes (measured by signal strength and detection in multiple mice) peptides 

containing a specific four amino acid long sequence were highly overrepresented. The presence of this 

sequence seemed to be associated with binding, although not being the sole source recognized for 
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antibody binding. Multiple analysis approaches have led us to know more about this motif while ye t not 

being able to elucidate it fully (described in chapter 3).  

Further investigation is needed into top proteins co-recognized by multiple immune mice as well as the 

four amino acid motif and possible implications and uses as biomarkers or treatment alternatives. We 

are pursuing experimental as well as bioinformatic approaches to enhance our knowledge of the 

identified antibody targets.  

The methods generated will provide useful tools to identify the immunodominant tumor-specific 

antigens which may be translatable to mechanisms of resistance (and how to overcome such resistance) 

in human cancers and find potential uses as biomarkers or new treatment targets.  
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Chapter 1: Introduction & Background 

Melanoma 

Melanoma is a cancer of the skin; in more detail, a cancer that originated in melanocytes. It  

primarily arises in the skin but can also arise from melanocytes in the CNS, gastrointestinal mucosa, 

genitourinary mucosa, and the uvea (Tas et al., 2011). Most skin cancers originate in keratinocytes 

and develop to basal cell carcinoma (BCC) or squamous cell carcinoma (SCC), with BCC accounting 

for over 4 million and SCC for over 1 million new diagnoses per year in the US alone (Siegel et al., 

2022). Melanoma accounted for only 1-2% of all skin cancer cases with over 99000 cases in the US in 

2022 (Siegel et al., 2022). It is the 5th most common cancer in males and females for 2022 estimates. 

Even though it is only responsible for 1-2% of skin cancer diagnoses a year, it is responsible for 

almost all deaths due to skin cancer with nearly 10000 deaths in the US alone per year. Risk factors 

for melanoma include fair skin (with Caucasians being 20x more likely to develop melanoma than 

African Americans), exposure to UV radiation (via sun exposure or tanning beds) and a history of 

blistering sunburns in childhood as well as having more than 50 small nevi or having dysplastic or 

atypical nevi (Gandini et al., 2005).  

While melanoma in stage I and II (localized) has a 5-year survival rate of 99%, this steadily decreases 

to 30% for stage IV (distant stage, metastatic melanoma). The primary line of treatment is surgical 

resection. For patients with advanced disease, a systemic therapy will be used. Until 2011 this was 

generally chemotherapy alone. More recently, breakthrough discoveries, using immunotherapy 

have translated into successful (at times curative) therapeutic approaches for some patients with 

unresectable stage III or metastatic melanoma (stage IV). Mainly, immunotherapy has shown great 

success in increasing survival over the last decade from less than 15% to now 30% for metastatic 

melanoma (Albittar et al., 2020). The first immunotherapy approved for metastatic melanoma was 
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high-dose IL-2. An overall response rate of 16% was achieved in a pooled analysis of 270 patients 

that received high-dose IL-2 treatment between 1985 and 1993 where patients that did show a 

complete response at 30 months continued to show no progression (Atkins et al., 1999). While IL-2 

showed some success, most patients were not responding to high-dose IL-2; thus additional 

therapies needed to be developed. One way to augment the high-dose IL-2 therapy was via adoptive 

cell therapy where tumor-derived T cells are expanded in vitro and given back to the patient. This 

treatment  showed an overall response rate of 51% in a small trial with 35 patients, but only 9% 

showed a complete response (Dudley et al., 2005). Another approach was the use of immune 

checkpoint inhibitors, like anti-CTLA4 and anti-PD1. Ipilimumab, a fully human IgG1 monoclonal 

antibody inhibiting CTLA4, was FDA-approved in 2011 for unresectable metastatic melanoma. 

Ipilimumab led to a significantly longer overall survival (Hodi et al., 2010; Robert et al., 2011). Other 

successful checkpoint inhibitors in the treatment of metastatic melanoma are Nivolumab, a fully 

human IgG4 anti-PD1 antibody, and Pembrolizumab, a fully humanized IgG4 anti-PD-1 antibody with 

some success (Robert, Long, et al., 2015; Robert, Schachter, et al., 2015). Various combinations of 

these 3 and other similar agents are showing better outcomes than treatment with single agent 

checkpoint inhibitors.  

Another approach is the tumor vaccine approach where tumor associated antigens or mutation-

derived antigens are used to target the tumor specifically and induce an adaptive immune response 

with memory to further increase overall and long-term survival. One such approach was taken by 

Schwartzentruber et al where a gp100 peptide vaccine was given in conjunction with high-dose IL-2 

(Schwartzentruber et al., 2011). The response rate was increased significantly but the overall 

survival, while improved, was not statistically significant. To potentially improve on these results, 

checkpoint blockade is currently being tested in different combination treatments with 

chemotherapy, radiotherapy, vaccines, cytokines, and other checkpoint inhibitors. Other 
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combinatorial approaches are being tested (Albertini et al., 2016; Hsueh & Morton, 2003; Sahin et 

al., 2020).  

Cancer Immunotherapy 

The 4 pillars of cancer treatment 

Prior to the rise of immunotherapy, the mainstays of cancer treatment were surgery, radiation, and 

chemotherapy. While all of these are still widely used and the current standard of care for many 

cancers, immunotherapy offers hope for less toxic treatments than chemotherapy and radiation 

alone as well as a higher chance for long term survival without recurrence of the tumor, for certain 

cancer types. Surgery, chemotherapy, and radiation rely on effectively removing or killing all tumor 

cells. However, after treatment is completed, the presence of any residual live tumor, means that 

the non-eradicated tumor is free to regrow. Immunotherapy offers a way to harness the immune 

system’s power of immune recognition and destruction, to potentially enable destruction of all 

tumor cells, which would thereby prevent regrowth of residual viable tumor cells. Furthermore, 

chemotherapy is not tumor-specific and will harm other tissues and cells usually leaving patients 

with quite severe side effects.  

Cancer immunotherapy has seen an explosion of interest in the 21st century thanks to important 

research and discoveries made in the 20th century concerning the immune system and immune cell 

functions and types. These discoveries helped provide greater understanding  of the 

interactionbetween the immune system and cancerous cells. Our immune system is constantly 

surveying, recognizing, and killing cells that have cancerous or an otherwise harmful potential. If a 

cancer develops nonetheless, these cells have already managed to evade the immune system ’s 

recognition as potentially harmful. The purpose of immunotherapy is to enable the immune system 

to recognize and eliminate these cancer cells that had previously evaded immune recognition and 
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destruction. The process leading to cancer cell escape and tumor formation is described in the 

“three E” hypothesis.  

The “three Es” 

The three Es concept is an important hypothesis by Dunn, Old, and Schreiber published in 2004 as 

“the three Es of cancer immunoediting” consisting of elimination, equilibrium, and escape (Dunn et 

al., 2004) which predicts biological interactions and immune editing processes between the immune 

system and evolving cancerous cells.  

The elimination phase consists of the classical view of cancer immunosurveillance. In this phase, a 

cancerous cell is seen by the immune system and eliminated. If this process is executed to 

completion, the other two phases of equilibrium and escape will not be reached, and the host stays 

cancer-free. To achieve this, an integrated response requiring both the innate and adaptive immune 

system is necessary (Janeway, 1989). The first change that the immune system notices is a change in 

the local stroma surrounding the cancerous growth in the form of one or multiple of the hallmarks 

of cancer (Hanahan, 2022; Hanahan & Weinberg, 2000). Stromal changes cause the release of 

proinflammatory molecules and chemokines (sometimes produced by the cancerous cells 

themselves) which in turn attract innate immune cells like natural killer (NK) cells, macrophages, 

natural killer T (NKT) cells and γδ T cells (Matzinger, 1994; Wrenshall et al., 1999). These cells 

recognize certain surface molecules on the cancerous cells and produce interferon gamma (IFN -γ) 

and proceed to kill these cells via direct immune cell killing mechanisms or indirectly through 

increasing levels of IFN-γ which then activates a number of IFN-γ-dependent processes like cell cycle 

inhibition (Bromberg et al., 1996), apoptosis (Kumar et al., 1997), angiostasis (Coughlin et al., 1998; 

Qin & Blankenstein, 2000), and induction of macrophage tumoricidal activity (Hibbs et al., 1977; 

Pace et al., 1983) leading to killing of a proportion of cancerous cells/the developing tumor. Debris 
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from cancerous cells that underwent immunogenic cell death can now be taken up by activated 

dendritic cells (DCs). The activated and antigen-bearing DCs then proceed to travel to lymph nodes 

(Sallusto et al., 2000) where they present tumor antigens to naïve CD4 and CD8 T cells and prime 

and activate these T cells against the presented tumor antigens. These tumor specific CD4 and CD8 T 

cells can home to the tumor site to then actively kill cancerous cells that express the antigens they 

were primed with.  

This process of elimination is most likely constantly ongoing in the body and a continuous process 

which is repeated every time antigenically distinct neoplastic or cancerous cells arise. One  reason for 

the ageing population to have a higher cancer prevalence is the ageing immune system which shows 

decline in its function and therefore also in its cancer surveillance capabilities. Another age 

associated cause of cancer may involve greater exposure to environmental toxins or DNA damage, 

leading to greater chances for somatic mutations that can lead to neoplastic transformation of 

previously healthy cells. 

If the immune response in the elimination phase was unable to eliminate all neoplastic/cancerous 

cells, the equilibrium phase arises.  

The equilibrium phase is comprised of a dynamic equilibrium between the host immune system and 

cancerous cells; this results in a tumor that made it through the elimination phase without 

elimination. During this time the host’s immune system is successfully able to control tumor 

progression, but unable to fully eradicate it. During this phase, many of the original tumor cells are 

destroyed, but different variant subpopulations of the original neoplastic clone arise until some can 

evade detection and eradication by the immune system. This equilibrium phase can be short, but 

can often have the longest duration of the three phases. It has been shown that there can be a 20-

year gap between exposure to a carcinogen and clinical presentation of a tumor (Loeb et al., 2003).  
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In the last phase, referred to as the Escape phase, tumor cells that escape from the growth 

inhibition of the equilibrium phase are selected for their ability to continue growing. These 

“escapees” can grow within the host, despite an intact immune system, without detection. This 

progressive tumor growth then leads to formation of a large tumor mass that is symptomatic and 

clinically detectable. Tumors either directly or indirectly obstruct the anti-tumor immune response. 

This can be through immunosuppressive cytokines, mechanisms involving T regulatory (Treg) cells, 

altered gene and protein expression on the tumor itself , such as loss of major histocompatibility 

complex (MHC) molecules (Marincola et al., 2000) and natural killer group 2 member D (NKG2D) 

(Groh et al., 2002) components, defects in signaling pathways, or anti-apoptotic signal expression 

(Catlett-Falcone et al., 1999; Takeda et al., 2002), or via development of an insensitivity to IFNγ 

(Kaplan et al., 1998). 

The cytokine IL-2 as an immunotherapeutic agent 

IL-2 was first identified and described as T cell growth factor in 1976. It is a proinflammatory 

cytokine mainly produced by CD4 T cells but also secreted by CD8 T cells, NK cells and dendritic cells 

(Leonard, 2001; Paliard et al., 1988; Rosenberg, 2014; Yui et al., 2004) and consists of a small 

15.5kDa four alpha-helical bundle (Jiang et al., 2016). It plays a major role in the initial immune 

response as well as the development of a memory response (Boyman & Sprent, 2012). IL-2 has been 

used clinically in metastatic melanoma and metastatic renal cell carcinoma due to its potential to 

activate a systemic anti-tumor immune response resulting in immune mediated tumor shrinkage at 

multiple sites of metastatic disease (Atkins et al., 1999; Klapper et al., 2008; Rosenberg, 2014). It 

has, in rare cases, been shown to maintain a durable anti-tumor immune response for decades 

(Rosenberg, 2014).  
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IL-2 is used for its stimulating capabilities to increase an existing anti-tumor immune response and 

overcome a threshold for therapeutic efficacy. It is also used to proliferate T cells ex vivo and keep 

them alive during infusions back into patients (Rosenberg, 2014). However, response rates to IL-2 

monotherapy in metastatic melanoma and metastatic renal cell carcinoma are limited (~16%) 

(Atkins et al., 1999; Davar et al., 2017; Klapper et al., 2008). One major issue of IL-2 is its very short 

in vivo half-life of under 1 hour in humans poses one possible reason for its low in vivo efficacy. 

Ways to circumvent this issue are by injecting IL-2 directly into the tumor which ensures a high 

amount of IL-2 delivered to the target site (Vaage, 1987) or the use of an immunocytokine (IC) which 

significantly increases the half-life, and the localization to the tumor, of the IL-2 molecule. There is 

currently more ongoing research on how to increase the short half -life of IL-2 that could also 

augment its efficacy while potentially decreasing some of its side effects.  

Intratumoral injections allowed for lower doses of IL-2 to be given to the patients and overall, while 

still enabling higher doses to reach the target site. This was tested in a phase II clinical trial with 

patients with stage III or IV melanoma where IL-2 was injected directly into the skin metastases. This 

treatment resulted in complete responses in 78% of treated lesions while side effects were kept 

minimal (Weide et al., 2010).  

The use of a tumor-targeted immunocytokine (IC) is another option of targeted delivery of IL-2 as an 

immunocytokine offers an increase of the IL-2 half-life as well as potency and efficacy and reduction 

of side effects (Neri & Sondel, 2016). Immunocytokines are monoclonal antibodies (mAbs) which 

generally target a tumor antigen and a cytokine or other small molecule attached somewhere at the 

constant region of the antibody. Due to the specificity of the mAb for the tumor, ICs localize to the 

tumor microenvironment (TME) and deliver the cytokine or other small molecule directly to the 

TME. This direct delivery then increases the activation and recruitment of T cells and NK cells in the 

TME (Neri & Sondel, 2016; Yang et al., 2012). In addition to the delivery of the cytokine, ICs also 
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have the capability of inducing ADCC or phagocytosis of the tumor cells due to NK cells and 

macrophage recognition of the tumor-bound antibody and engagement with the Fc portion of the 

antibody via their Fc receptors. The efficacy of the immunocytokine was also enhanced by local 

intratumoral injection vs. systemic delivery (Baniel, Sumiec, et al., 2020; Yang et al., 2012). This anti-

tumor effect was further enhanced by the addition of radiation therapy (RT) and showed strong 

synergy (Morris et al., 2016).  

In situ cancer vaccines 

The first ever used cancer vaccine was Coley’s toxin which consisted of killed Streptococcus 

pyogenes and Serratia marcescens. Coley successfully used this toxin as a localized treatment of 

cancer in the late 19th century (Coley, 1893). This toxin, or vaccine, was a powerful inflammatory 

which primarily functioned via activation of the innate immunity. It lacked capabilities to activate 

adaptive immunity to specific targets and therefore caused a local immune reaction but failed to 

initiate antigen-specific memory (Guo et al., 2013). Another kind of cancer vaccine is prophylactic 

vaccination. One example of this type of vaccine is the HepB vaccine targeting Hepatitis B and is 

about 70% effective in the prevention of development of hepatocellular carcinoma (Chang & Chen, 

2015). Another vaccine in this class is the HPV (human papilloma virus) vaccine which has been 

largely successful in preventing HPV-linked cancer development of head and neck, cervical, penile, 

vulvar and anal cancers (De Vincenzo et al., 2014). These vaccines function by activating lifelong 

adaptive immune responses against specific virus peptides which allows early clearance of a virus 

infection (De Vincenzo et al., 2014; Yang et al., 2017). However, these mostly work in preventing 

establishment of disease, not clearing an already existing viral infection or an already existing cancer 

(Yang et al., 2017). 
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Generating a cancer vaccine against an already existing cancer faces the same difficulties and has 

been shown to be largely ineffective even if a good target is identified and present, either as a 

neoantigen (mutated versions of proteins that are only present on tumor cells) , overexpression of 

certain proteins, expression of embryonal proteins or other proteins otherwise unique to the tumor 

(Albittar et al., 2020; Durgeau et al., 2018).  

However, recent advances in cancer immunotherapy have shown promising results using an in situ 

vaccine rather than a vaccine against one specific cancer antigen. For an in situ vaccination 

approach, the cancer vaccine is generated in vivo rather than against a specific previously defined 

antigen. Generally, the in situ vaccine consists of adaptive immunity stimulating components 

delivered directly to a site of cancer; this then uses the tumor-associated antigens on that cancer 

that are being released via immunogenic tumor cell death (Hammerich et al., 2015) which can, for 

example, be caused by radiation. These tumor-associated antigens are then taken up by antigen 

presenting cells (APCs) and presented to T and B cells. One way to enhance this process is by giving 

other immune modulators such as IL-2, a monoclonal antibody or immune checkpoint engagers like 

anti-CTLA4, anti-PD1, or anti-PDL1. Once a potent adaptive, T cell-mediated anti-tumor response is 

generated, it should then be possible to result in systemic anti-tumor immunity as fully activated 

effector T cells can circulate to all sites in vivo, no longer require costimulatory signals to kill their 

target cells and are also less susceptible to inhibitory signals (Gudmundsdottir et al., 1999; 

Hammerich et al., 2015; London et al., 2000; Suresh et al., 2001).  

GD2: a Ganglioside 

Gangliosides are carbohydrate-containing sphingolipids (glycosphingolipids) that are composed of a 

ceramide (generally sphingosine, a long-chain amino alcohol, attached by an amide group to a fatty 

acid core with varying chain lengths from C18 to C20) bound to a sialic acid (an acidic carbohydrate 
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with a nine-carbon backbone) linked to one or more monosaccharide units (Fleurence et al., 2017; 

Schnaar et al., 2009; Varki et al., 2022). Naming of gangliosides generally starts with a G for 

ganglioside, followed by the letter M, D, T, Q, P, H or S that refer to mono-, di-, tri-, quatra-, penta-, 

hexa- and septa-sialo-gangliosides, based on the number of sialic acid residues, and ending with the 

numbers 1, 2, or 3 indicating the order of ganglioside migration on thin layer chromatography (Liu et 

al., 2018; Svennerholm, 1963). Therefore, GD2, is a disialoganglioside (di-sialo-ganglioside) 2, 

containing two sialic acid residues and is linked to two monosaccharide units. A chemical structure 

and IUPAC name for GD2 is available here: 

https://pubchem.ncbi.nlm.nih.gov/compound/53481124#section=3D-Status.  

Gangliosides are synthesized intracellularly starting with the formation of a ceramide core, followed 

by generation of the monosaccharide units and then translocation to the plasma membrane where 

they are attached via the ceramide moiety (Berois & Osinaga, 2014; Yu et al., 2011). Gangliosides 

interact with membrane proteins and other membrane lipids to regulate signaling molecule 

responsiveness and as mediators and modulators of signal transduction (Lopez & Schnaar, 2009). 

The monosaccharide units of the ganglioside reach the extracellular space where they facilitate cell-

cell recognition and adhesion and display antigenic properties (Battula et al., 2012; Krengel & 

Bousquet, 2014; Lopez & Schnaar, 2009). Many of the gangliosides are expressed across a wide 

variety of normal human tissues (like GM3, GM2, GM1 and GD1) (Krengel & Bousquet, 2014; Ledeen 

& Wu, 2018; Ledeen & Yu, 1982; Yu et al., 2011). This wide expression makes most subtypes of 

Gangliosides unsuitable as targets for immunotherapy. Functions of these gangliosides vary, but 

mostly involve cell recognition and regulation of membrane-bound signaling proteins like epidermal 

growth factor receptor (EGFR) and vascular endothelial growth factor receptor (VEGFR) (Brodeur, 

2003; Krengel & Bousquet, 2014). 

https://pubchem.ncbi.nlm.nih.gov/compound/53481124#section=3D-Status
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However, GD2 is somewhat different from most other gangliosides, in that it is expressed on very 

few normal tissues, mainly limited to the central nervous system, peripheral nerve fibers, dermal 

melanocytes, lymphocytes, and mesenchymal stem cells (Cavdarli et al., 2019; Hersey & Jamal, 

1989; Navid et al., 2010; Yoshida et al., 2001). While GD2 seems to play a role in cell signaling, the 

exact function of GD2 in normal cell physiology is poorly understood (Dobrenkov & Cheung, 2014). 

Its function in cancer is better understood. GD2 contributes to elevated tumor cell proliferation, 

migration, motility, adhesion, and invasion as well as assists with resistance to apoptosis (Chung et 

al., 2009; Esaki et al., 2018; Liu et al., 2014; Shibuya et al., 2012; Yoshida et al., 2002).  

Due to the limited areas of expression of GD2 in normal tissue and the strong overexpression in 

neuroectodermal tumors like neuroblastoma, melanoma, small cell lung cancer, Ewing sarcoma, 

osteosarcoma, soft tissue sarcoma, glioma, retinoblastoma, and some tumors not of 

neuroectodermal origin like some breast and bladder cancers, and its cell surface expression, it is a 

useful target for antibody-based cancer immunotherapy.  

Anti-GD2 immunotherapy 

Antibody-based anti-GD2 immunotherapy has been shown to be successful in neuroblastoma, a 

childhood cancer of neuroectodermal origin and with a very high percentage of GD2-positive tumor 

cells (Manenq et al., 2020; Mujoo et al., 1987; Sariola et al., 1991), when given as a monoclonal 

antibody in combination with IL-2 and GM-CSF (Yu et al., 2010; Yu et al., 2021) or without GM-CSF 

and with or without IL-2 (Ladenstein et al., 2018). It showed a dramatic increase in survival and 

became the standard of care treatment for neuroblastoma. Consequently it is currently under 

investigation for use on other solid neuroectodermal tumors expressing high levels of GD2 

(Anderson et al., 2022; Nazha et al., 2020). It has also been shown that anti-GD2 mAb-based 
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therapies are associated with a higher long-term survival and disease-free rate (Cheung et al., 1987; 

Voeller & Sondel, 2019; Yu et al., 2010). 

The proposed mechanisms of action for anti-GD2 monoclonal antibodies (mAbs) against GD2-

expressing tumor cells is 1) antibody-dependent cell-mediated cytotoxicity (ADCC) via NK cells and 

granulocytes and phagocytosis by macrophages, 2) complement-dependent cytotoxicity which 

results in tumor cell lysis, or 3) direct induction of cell death due to specific binding of anti-GD2 

mAbs to GD2 and antibody crosslinking (Anderson et al., 2022; Cavdarli et al., 2019; Perez Horta et 

al., 2016).  

The primary mechanism of action is generally ADCC when using an anti-tumor monoclonal antibody. 

For ADCC, the antibody bound to the tumor engages NK cells and granulocytes via surface Fcγ 

receptors which triggers the release of granzyme B and perforin which causes pore generation in the 

target cell membrane which then causes Fc-dependent phagocytosis and lysis of the tumor cells 

(Gómez Román et al., 2014; Hanton & Pastoret, 1984; Osinska et al., 2014; Siebert et al., 2014) . It 

has been shown that high levels of baseline ADCC correlate with overall survival in cancer patients 

treated with mAb against their cancer (Lo Nigro et al., 2019).  

To increase the ADCC capability, Yu et al added the cytokine IL-2 to the treatment regimen.  

This was further observed in mouse model studies utilizing intratumoral injections of anti-GD2 

antibody or immunocytokine in combination with IL-2 and/or radiation which showed a strong 

synergistic effect (Morris et al., 2016; Yang et al., 2012).  

Radiation as an immune modulator 

Traditionally, radiation has been used as a potent anti-cancer treatment by inducing localized cell 

death via targeted administration of beams of radiation (usually X-rays or γ-rays). To this day, about 

half of all cancer patients will undergo radiation therapy (RT) at some point during their treatment 
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course, either as treatment with curative intent or as a palliative treatment. Radiation offers a 

possibility of treatment especially for patients with inoperable tumors or tumors where a complete 

resection was not possible, but is limited by the sensitivity of normal tissue to radiation and its 

associated toxicities (Barnett et al., 2009; Durante & Loeffler, 2010).  

One way to limit toxicity in healthy tissues and enhance the efficacy in tumor tissue is fractionated 

radiation where the same amount of radiation is administered in many small doses rather than one 

large dose. A current standard dosing regimen for patients consists of daily fractions of 1.8-2 Gray 

(Gy) over a course of 6-7 weeks. These small doses result in a cumulative dose of 50-70 Gy of 

radiation administered to the tumor (Crocenzi et al., 2016; Durante & Loeffler, 2010), while trying to 

minimize delivery of radiation to nearby normal tissues.  

Recent developments in radiation therapy are moving towards hypo-fractionated regimes where 

radiation is administered in higher doses (usually 8-30Gy) per session of radiation and the sessions 

are more spread out and have become standard of care especially for NSCLC (Ko et al., 2018; Nedzi, 

2008; von Reibnitz et al., 2018; Whelan et al., 2010). One reason to use hypo- rather than hyper-

fractionated radiation is that lymphocytes are very sensitive to radiation-induced cell death. With 

constant low doses of radiation, the immune response to the tumor might be ablated before having 

a chance of becoming effective (Lee et al., 2009; Trott, 1982). A study in mice showed that one high 

dose of radiation followed with a series of low doses of radiation was less effective in inducing 

tumor clearance than a single high dose alone. This correlated further with a decrease in CD8+ T 

cells which are especially radiosensitive, and with an increase in more radioresistant myeloid-

derived suppressor cells (MDSCs) (Filatenkov et al., 2015). Other studies have also shown that the 

effect of radiotherapy is largely connected to a functioning immune system as radiation efficacy is 

attenuated in immune incompetent mouse models (Chakravarty et al., 1999; Meng et al., 2005; 
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North, 1986; Stone et al., 1979) and an accumulation of immune cells can often be seen around 

regressing tumors following irradiation (Stewart, 1933).  

Mechanism of action of radiation-induced tumor regression 

Radiation currently used for therapy usually refers to ionizing radiation, which means it can excite 

electrons in atoms to higher energy states. This causes some electrons to be ejected from the outer 

shell and will induce nonspecific damage to proteins and DNA. This is then followed by damage 

repair responses and the potential for cell death. Roughly half of the damage is caused by water 

radicals [reactive oxygen species (ROS)] and the other half is induced by direct ionization of non-

water molecules like protein and DNA (Breimer, 1988; Sevilla et al., 2016). Alterations to the DNA in 

some cells can cause lasting damage to the irradiated tissue as the DNA changes (breakages, 

translocations, point mutations and deletions/insertions) can cause direct cell death and can also be 

passed on through cell divisions to surviving clones of daughter cells, making it the primary cause of 

radiation induced therapeutic anti-tumor responses (Thompson, 2012).  

One major way radiation engages the immune system is through immunogenic cell death (ICD). ICD 

is defined as “a form of regulated cell death that is sufficient to activate an adaptive immune 

response in immunocompetent syngeneic hosts” (Galluzzi et al., 2018). The ability of regulated cell 

death to drive adaptive immunity depends on antigenicity and adjuvanticity. Antigenicity implies 

that the host has T cell clones that can recognize antigens selectively expressed on infected or 

malignant cells (Han & Lotze, 2020; Palucka & Coussens, 2016). These might be neoepitopes which 

are highly immunogenic or immunogenic epitopes through gaps in central tolerance or incomplete 

peripheral tolerance (Goldszmid et al., 2014). Adjuvanticity refers to the spatiotemporally 

coordinated release or exposure of danger signals [such as DAMPS (damage -associated molecular 

patterns) and cytokines] necessary for recruitment, maturation and phagocytotic activity of antigen 
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presenting cells (APCs) (Bloy et al., 2017; Garg et al., 2015). These APCs then migrate to lymph nodes 

and prime a cytotoxic T lymphocyte (CTL) dependent immune response against the MHC-presented 

engulfed antigenic material of the cancer cell. In addition, interaction with naïve B cells takes place, 

where B cells start developing antibodies against the presented antigens from the tumor cells 

through their interaction with antigen presenting cells.  

There are three specific molecular signals leading to a perceived “dangerous” cell death by the 

immune system which aids adjuvanticity. One of those is the translocation of calreticulin to the 

surface of dying tumor cells which then facilitates uptake of tumor cell material by dendritic cells via 

scavenger receptors (Obeid et al., 2007). Another is the release of high-mobility group protein B1 

(HMGB1) which then binds TLR4 (toll-like receptor 4) which are both directly induced by radiation 

(Apetoh et al., 2007; Obeid et al., 2007). The third signal is the active release of ATP of cells that are 

committed to undergo apoptotic cell death. This then activates the NLRP3 (NOD-like receptor 

family, pyrin domain containing-3n protein) inflammasome (NLRP3-dependent caspase-1 activation 

complex) on dendritic cells which results in antigen presentation by this dendritic cell to T cells and B 

cells (Ghiringhelli et al., 2009). ATP-release is generally driven by autophagy, which is also promoted 

by ionizing radiation (Rieber & Rieber, 2008; Rodriguez-Rocha et al., 2011). This illustrates that 

ionizing radiation is well capable of inducing immunogenic cell death and can be used as an in situ 

cancer vaccine (Demaria & Formenti, 2012). 

Synergy between radiation and immunocytokine in a B78 melanoma mouse model 

Morris and colleagues demonstrated in 2016 that 12 Gy RT synergizes with intratumoral injections 

of an immunocytokine linking anti-GD2 mAb to IL-2 when treating GD2-positive B78 murine 

melanoma tumors in C57BL6 mice (Morris et al., 2016). They went on to show that the combination 

of radiation [given on day 1 via external beam radiation therapy (EBRT)] and the immunocytokine 
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given intratumorally on days 6 to 10 once daily, activated a potent T cell mediated in situ vaccine. 

This treatment was able to cure 70% of tumor-bearing mice of their moderate size (100-200 mm3) 

tumor. 90% of these cured mice were able to demonstrate immunologic memory against the B78 

melanoma as shown by successful rejection of a rechallenge with the B78 melanoma tumor around 

one to three months following primary cure. The authors furthermore were able to show 

immunologic memory to a related, but phenotypically distinct tumor cell line, B16, which does not 

express GD2. This immunologic memory to a related tumor lacking GD2 expression shows antigen 

spread and recognition of other tumor markers present on both cancer cell lines by the mouse ’s 

immune system.  

Furthermore, the authors showed that the day 6-10 timing of the immunotherapy following 

radiation was important. Early (days 1-5) or late (days 11-15) administration of the immunotherapy 

resulted in the loss of the synergistic effect seen when it was given on days 6-10. The timing used 

here (days 6-10) correlated with the largest expression changes observed in B78 melanoma after 

radiation with 12 Gy EBRT (Werner et al., 2017). Furthermore, it was shown that this treatment 

utilized, at least in part, anti-GD2 antibody mediated recognition to generate this anti-tumor 

response as mice lacking Fcγ receptors were not able to control tumor growth. Furthermore, Morris 

et al. found that this treatment response resulted in a memory T cell response as mice depleted of T 

cells were not able to reject a rechallenge with the same tumor type while mice without T cell 

depletion rejected 90% of rechallenged B78 tumors.  

This treatment regimen of combining 12 Gy EBRT with intratumoral administration of an 

immunocytokine targeting GD2 coupled to IL-2 was used as the treatment received by all animals 

further studied in this thesis.  
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Antibody generation and B cells in the context of a tumor 

Usually much fewer B cells and plasma cells are found in tumor infiltrates compared to T cells 

(Bindea et al., 2013; Chevrier et al., 2017; Jackson et al., 1996; Schoorl et al., 1976) , however, several 

studies have shown that tumor infiltrating B cells can be an important prognostic factor in cancer 

(Castino et al., 2016; Erdag et al., 2012; Germain et al., 2014; Kroeger et al., 2016; Ladanyi et al., 

2011; Lund & Randall, 2010). Just a few plasma cells in the tumor microenvironment can produce a 

large amount of antibody and cytokines (Dang et al., 2014) which can influence the TME and 

immune response to the tumor via ADCC and phagocytosis (Gilbert et al., 2011; Kurai et al., 2007), 

complement activation and enhancing antigen presentation via dendritic cells (Carmi et al., 2015). In 

addition, it has also been shown that B cells can act as antigen presenting cells  (APCs) to CD4 and 

CD8 T cells and shape antigen-specific immune responses in the tumor microenvironment (Bruno et 

al., 2017; Rivera et al., 2001; Rossetti et al., 2018). While many anti-cancer immune responses, 

especially when associated with long-term response and memory, are based on T cells, more recent 

work has established a crucial interaction between T and B cells either in tertiary lymphoid 

structures or in clusters of tumor-infiltrating lymphocytes (Sharonov et al., 2020). It has also been 

hypothesized that B cells contribute to the formation of tumor associated tertiary lymphoid 

structures in which the maturation and isotype switching of tumor-specific B cells as well as T cells 

can take place (Pitzalis et al., 2014; Sautes-Fridman et al., 2019; Zhu et al., 2015). When B cells were 

eliminated, an anti-GITR antibody was not capable of activating an antitumor T cell response in a 

colorectal and breast carcinoma mouse model (Zhou et al., 2010) and a CD73 inhibitor was not able 

to activate T helper cells in melanoma (Forte et al., 2012), further highlighting the need for B cells 

even in a T cell mediated response. Intratumoral B cell to T cell interactions can be explained by the 

B cell capability to serve as an APC (Rubtsov et al., 2015) and can help maintain additional T cell 
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expansion intratumorally after initial activation in the lymph nodes via dendritic cells (Bruno et al., 

2017; Rossetti et al., 2018).  

B cells located in tertiary lymphoid structures have been shown to undergo clonal expansion, 

somatic hypermutation, isotype switching and tumor-specific antibody production; which further 

suggests an active participation in the anti-tumor immune response (Bolotin et al., 2017; Cipponi et 

al., 2012; Coronella et al., 2002; Germain et al., 2014; Kroeger et al., 2016; Mose et al., 2016; Nzula 

et al., 2003; Sautes-Fridman et al., 2019). High levels of immunoglobulin mRNA in the tumor 

(measured by RNAseq) have been shown to be associated with increased survival in melanoma 

(Bolotin et al., 2017; Mose et al., 2016) and lung adenocarcinoma (Isaeva et al., 2019), further 

hinting at the importance of B cells and linking B cell responses to cancer driver mutations like KRAS 

and STK11 to B cell responses (Isaeva et al., 2019).  

Tumor-specific antibodies 

Tumor-specific antibodies are generally found in the tumor microenvironment and in serum and are 

usually directed against an array of tumor-expressed and self-antigens which can include 

overexpressed or differentially expressed self-antigens, modified proteins as well as normal 

intracellular molecules and, importantly, neoantigens created by mutated proteins (Gnjatic et al., 

2010; Reuschenbach et al., 2009; Sahin et al., 1995; Stockert et al., 1998). Serum antibodies can be 

useful and potent prognostic markers as they are easily accessible and have been validated in later 

stages of disease (Fremd et al., 2016; Garaud et al., 2018; Gnjatic et al., 2010; Hamanaka et al., 

2003; Hirasawa et al., 2000; Reuschenbach et al., 2009). Additionally, measurable amounts of 

antibodies against known tumor antigens can be detected in the serum of up to 50% of patients 

with breast cancer (Coronella-Wood & Hersh, 2003; Lu et al., 2008). As established above, it has 

been shown that anti-tumor antibodies can be produced directly in TLSs in the tumor 
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microenvironment (Bolotin et al., 2017; Cipponi et al., 2012; Kroeger et al., 2016), but they can also 

be produced by plasma cells in classical niches like the bone marrow or spleen as systemic B cell 

responses in the form of tumor-specific B cells, plasma blasts and plasma cells have been found in 

peripheral blood (DeFalco et al., 2018; Gilbert et al., 2011). DeFalco et al. reported that levels of 

plasma blasts in the blood of cancer patients was higher and antibodies cloned from some of these 

blasts were able to bind tumor tissue from other patients with the same kind of tumor.  

Technologies to identify antibody binding sites 

Identification of antibody targets is important in many settings. For example, knowing the exact 

target of an antibody is important to gain basic insight into antibody specificity and sensitivity as 

well as to facilitating the identification and design of antigens that can then be used for the 

generation of therapeutic antibodies and vaccines as well as for the generation of reagents for 

proteomics research (Irving et al., 2001; Nelson et al., 2010; Uhlen et al., 2010). Many different 

methods can be utilized to determine the epitopes of antibodies. Some examples are mass 

spectrometry (Baerga-Ortiz et al., 2002), bacterial display (Rockberg et al., 2008), phage display 

(Christiansen et al., 2015; Larman et al., 2011; Petersen et al., 1995) as well as peptide arrays 

(Bruschi et al., 2022; Buus et al., 2012; Forsstrom et al., 2014; Geysen et al., 1984) . Each one of these 

techniques has its own specific benefits and downfalls. Phage display is based on diverse peptide 

particles that are fused to phage surface proteins. A selection process called bio-panning is generally 

performed to reduce the number of targets (Pande et al., 2010). One issue with phage and bacterial 

display is the large selection of target unrelated peptides (TUPs) due to either providing proliferative 

advantage to the phage or to binding the constant part of the screening platform (Menendez & 

Scott, 2005; Vodnik et al., 2011). Besides these issues, phage display generally is a laborious process 

involving many iterations of screening and functional testing of individual phage clones (Pande et al., 

2010). The big advantage of mass spectrometry to identify antibody epitopes is that it can identify 
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discontinuous epitopes. However, the process is very labor intensive and limited in resolution. Since 

epitopes are identified either via epitope excision or limited proteolysis and comparing the bound 

vs. unbound protein-antibody complex, mapping is limited to epitope regions with cleavage sites. 

The identified peptide sequences are generally 30 to 60 residues long while a typical antibody 

binding epitope usually is much shorter (Baerga-Ortiz et al., 2002). Peptide arrays now offer a larger 

scale, faster approach to antibody mapping of multiple samples throughout the whole proteome 

(Bruschi et al., 2022; Forsstrom et al., 2014). 

Peptide array technology 

Peptide arrays have been developed for the past ~30 years with commercial products being 

available since the early 2000s. Most arrays typically consist of hundreds to thousands and now 

moving into millions of distinct peptide sequences and have been used for determining substrate 

specificities of enzymes, antibody profiling and identifying binding epitopes as well as ligands that 

mediate cell adhesion and studying ligand-receptor interactions.  

Arrays started out in the early 1990s with oligonucleotide arrays developed by Patrick Brown, 

Stephen Fodor and Edwin Southern (Fodor et al., 1991; Maskos & Southern, 1992; Schena et al., 

1995) and were able to profile roughly 1000 genes by 1996 (Schena et al., 1996). Oligonucleotide 

arrays are nowadays standard tools in many laboratories and often include several millions of 

oligonucleotides (Davies et al., 2012; Telenti et al., 2016). Thanks to the fast advances in technical 

development of the arrays, it is now possible to use robust and inexpensive arrays for clin ical 

applications to help understand human disease and viruses (Abegglen et al., 2015; Jabara et al., 

2016).  

However, the development of peptide arrays has been slower. For scientific discovery, it is vital to 

also utilize peptide, protein, and carbohydrate arrays as there often is a disconnect between gene 



 
21 

expression, mRNA, and protein activity as proteins are regulated by many additional factors,  

including post-translational modifications, alternative splicing, allosteric ligands, colocalization and 

degradation. Another issue with screening peptides and proteins is the increase in numbers of 

different proteins vs. a rather limited number of genes. Looking at the human genome, there are 

roughly 20,000 genes (International Human Genome Sequencing, 2004), however, this already 

increases to ~100,000 transcriptomes (Pan et al., 2008) and further expands to over 1 million 

proteoforms (Harper & Bennett, 2016; Jensen, 2004) requiring a much more computationally heavy 

and involved analysis.  

Other issues with protein arrays are the generation of proteins, stable immobilization of the protein 

in a specific orientation, and maintaining protein activity while immobilized while also preventing 

denaturation. One way around most of these issues is using a peptide array. Short peptides are 

relatively easy to synthesize, stable and compatible with different immobilization chemistries like 

biotinylation. One major downfall of peptides however is that they cannot represent the tertiary 

structure of a protein and therefore cannot mimic for example antibody binding to conformational 

epitopes. The first such array was performed in 1984 where Geysen et al. successfully mapped a 

linear epitope on the coat protein of hand foot and mouth disease virus by using a tiled approach of 

overlapping peptides (Geysen et al., 1984). Since then, Maier et al. were able to adapt the 

technology to facilitate a high-throughput epitope-mapping screen of a total of 2304 overlapping 

peptides comprising the vitamin D receptor (Maier et al., 2010). In the next few years peptide array 

technology rapidly expanded. Just 2 years later, in 2012, Buus et al. published that they successfully 

used an in situ synthesis on microarrays to generate 70,000 peptides of varying length (between 4 

and 20 aa long) for epitope mapping of antibodies (Buus et al., 2012). Then in 2014, Forsström et al. 

were able to utilize a peptide array with 2.1 million overlapping peptides covering the whole human 

proteome in 12-mer peptides overlapping by six amino acids (Forsstrom et al., 2014) and has since 
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expanded further to over 7 million peptides (Bruschi et al., 2022). Peptide array technology is now 

utilized in many ways, these include:  characterizing binding epitopes of monoclonal antibodies, 

quantitatively evaluating protein kinase activity (Houseman et al., 2002; Jarboe et al., 2012), 

defining autoantibody signatures in different diseases (Sahlstrom et al., 2020; Yan et al., 2019; 

Zandian et al., 2017) and assessing CD8 T cell epitope recognition via MHC class 1 binding peptides 

(Haj et al., 2020).  

Peptide arrays to characterize antibody epitopes 

Antibody epitopes are generally categorized as conformational (or discontinuous), or linear 

(continuous). Conformational epitopes require an intact protein structure for the antibody to bind 

and are therefore difficult to characterize concerning exact binding sites and binding sequence. 

However, linear epitopes can be assessed using peptide arrays. To evaluate antibody epitope 

sequences using peptide arrays, specific peptides need to be generated and placed in a de fined 

location. Generally, this used to be done using SPOTTM technology which can synthesize a couple 

thousand peptides in parallel (Frank, 2002; Halperin et al., 2011; Winkler et al., 2011). For specific 

epitope sequence identification peptides are often used as a mapping tool by either utilizing 

overlapping peptide sequences or by N or C-terminal truncations, amino-acid scan, or random 

single, double, or triple substitutions (Buus et al., 2012).  

The ultra-high-density peptide microarray is a relatively new way of using peptide arrays (developed 

within the last 10 years as highlighted above). It utilizes generation of peptides in a combined 

maskless photolithographic and solid phase peptide synthesis strategy employing a digital mirror 

device to project light of a specific wavelength (365nm) onto photosensitive 2-(2-nitrophenyl) propyl 

oxy-carbonyl (NPPOC)-photo-protected amino groups on a glass surface. The NPPOC-

photoprotection as well as the standard fluorenylmethoxycarbonyl (Fmoc)-protected amino acids 
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allow for individually predefined peptides to be generated in each synthesis field (Li et al., 2005; 

Wang et al., 2022). Side chain protection groups were removed using trifluoroacetic acid (TFA) 

treatment which leaves peptides attached to the glass slide at the C-terminus without the need for a 

biotin-streptavidin connection or other linker. This technology can generate on a single slide (a 

“chip”) over 7 million distinct microscale “lawns”, each presenting many identical copies of a single  

peptide, thereby allowing for whole proteome scanning of antibody binding of linear epitopes 

(Bruschi et al., 2022). Once the peptides are generated on the slide, the array is incubated with the 

serum or purified antibody sample. Primary sample binding of the antibody in the serum or purified 

antibody sample is detected utilizing an AlexaFluor®647 conjugated secondary antibody against 

the Immunoglublin of the primary host species. For example, if the sample being evaluated involves 

serum from an immune mouse, the secondary antibody is an AlexaFluor®647 conjugated goat anti-

mouse IgG antibody. The fluorescent signal of the secondary antibody is detected via scanning at 

635nm at a 2µm resolution using an MS200 microarray scanner and fluorescent intensity values are 

extracted for each peptide that can then be further analyzed to determine antibody binding to 

specific peptides. A schematic of the principles of in situ peptide array synthesis and antibody 

binding analysis can be seen in Figure 1.1 (Forsstrom et al., 2014). Using a tiled approach removes 

the necessity of exact replicate samples as consecutive peptides will serve as surrogate replicates 

and help in the identification of exact binding sequences. 
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Figure-1.1: The principle of in situ peptide array synthesis and subsequent antibody binding 

analysis.  

A: digital micromirrors individually activate square features on the array by reflecting light on the 

photo-labile protecting groups of the previously incorporated amino acids. Repeated cycles of 

selective activation, addition of amino acids, and removal of excess amino acids enables parallel 

synthesis of peptides with unique sequences. B: schematic picture of incubation of the peptide array 

with the primary antibody and fluorophore-labeled secondary antibody. C: a scan image of a part of 

a planar ultra-dense peptide array in which the bright spots correspond to peptide features bound 

by antibodies. (Forsstrom et al., 2014) 
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Thesis structure and hypotheses 

Cancer immunotherapy has the potential to engage a patient’s own immune system to systemically 

attack a patient’s cancer. Not just at the local site of disease, but also at distant sites and potentially 

prevent recurrence through immune memory. However, current response rates of patients to 

immunotherapy remain low. Ways to help the immune system selectively identify and destroy the 

tumor are still needed. One way to assist with this is identifying new possible tumor targets that 

differ from normal tissue either via mutations or differential expression patterns. This thesis aims to 

show a way to help identify new tumor targets that one ’s own immune system might be able to 

recognize, but an additional immunostimulatory boost may be needed to facilitate a sufficiently 

effective immune response.  

Hypotheses: This thesis focuses on work I performed as a Ph.D. student examining sera from 

immunocompetent naïve mice and serum from immunocompetent mice that were implanted with 

the syngeneic B78 melanoma, cured via treatment with radiotherapy followed by intratumoral 

hu14.18-IL-2 immunocytokine , and then proven to be immune by their rejection of a rechallenge of 

the B78 tumor. These immune serum samples, from multiple tumor-immune mice, were shown to 

be able to bind to the syngeneic murine melanoma, and were then tested against the entire 

C57BL/6 proteome using the high-density peptide array. Subsequent validation methods were then 

used, and analyses were performed to evaluate the scope of the antibody repertoire demonstrated, 

and to evaluate the nature of antigens recognized. We hypothesized that:  

A. Mice that reject a rechallenge with the same, or a related, tumor type have developed antibodies 

that recognize the cancer cells, and that some immunodominant antigens are recognized by 

antibodies in immune sera from multiple mice cured from the same tumor 
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B. A whole-proteome peptide array will be a useful tool in identification of antibody targets on 

cancer cells 

C. Antibody targets co-recognized by the antibodies of multiple immune mice may potentially be 

useful as future therapeutic targets, and possibly as a way to monitor patient ’s antibody responses 

as a biomarker of anti-tumor immunity.  

Chapter 2 addresses a new method of high-density peptide array tehnology to analyze the whole 

mouse proteome of normal proteins for antibody targets elicited by a potent anti-tumor in situ 

vaccine immunotherapy regimen in a C57BL6 mouse model of a low immunogenic B78 melanoma.  

The reproducibility of the methodology, the very large number of peptide targets recognized by the 

sera of immune mice, and the validation of this recognition using two separate ELISA like assays are 

presented. The work in chapter 2 is complete; and the manuscript is available as a preprint in 

BioRxiv (Hoefges et al., 2023), and has been submitted to an immunology journal for formal peer 

review for subsequent publication.   

Chapter 3 explores a phenomenon we have identified within the results of chapter 2 where half of 

the mice we analyzed using the whole proteome screen exhibited antibodies against an 

immunodominant motif consisting of four amino acids (SDTG). Most of the work is complete, but 

some components are still in progress. After the completion of the few remaining ongoing 

experiments, this manuscript will be deposited in BioRxiv, and submitted for peer review for 

publication in the summer of 2023.  

Chapter 4 summarizes the findings from chapter 2 and 3 and highlights conclusions we can already 

draw from this work. It discusses ongoing work still underway, but not far enough along to include in 

this thesis. It then presents future directions on how to further pursue the antibody targets we have 

already identified using this technology in these mice cured of B78 melanoma. It then briefly asks 



 
27 

additional questions that could now be pursued in further analyzing the immune targets recognized 

by sera of mice cured of B78 melanoma, or of mice with separate tumors we (and others) are curing 

using effective immunotherapy. Finally, we present our current ideas on how these methodologic 

approaches might be used to better understand the antibody targets of sera from human patients 

cured of their cancers via immunotherapy, and how this information might be used in the future to 

potentially benefit human cancer patients.   
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Chapter 2: Antibody landscape of C57BL/6 mice cured of B78 

melanoma via immunotherapy 

Preface 

This chapter includes the extensive work that was done to generate and analyze the peptide array 

datasets containing proteome-wide data in the form of 16-mer peptides overlapping by 12 or 14aa. 

The work leading up to the use of a whole proteome peptide array contained the generation of a 

melanoma and cancer-specific list of proteins to investigate via a targeted peptide array approach 

with roughly 700 proteins, the determination of the right serum concentration to use on such 

peptide arrays and the planning and generation of mouse serum samples to be used on these 

arrays. The serum sample selection process involved following tumor growth and rechallenge for 

extended periods of time, rechallenging with B78 melanoma as well as the parental B16 melanoma 

cell line, serum collection at pre-specified time points and flow cytometric analysis of tumor cell 

binding of the mouse serum. After generation and run of the screening chip (~700 melanoma and 

general cancer-specific proteins) with different serum dilutions, an anlysis approach needed to be 

developed. To develop the analysis method, we partnered with a bioinformatics lab with expertise 

in large datasets to develop a method answering exactly our question. It took some refinement and 

time to get to the final result and the analysis method developed is highlighted in Appendix A.  

The work in this chapter has been submitted for publication to an immunology journal and is 

currently available as a preprint in BioRxiv (Hoefges et al., 2023).  

Abstract 

Antibodies can play an important role in innate and adaptive immune responses against cancer, and 

in preventing infectious disease. Flow cytometry analysis of sera of immune mice that were 
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previously cured of their melanoma through a combined immunotherapy regimen with long-term 

memory showed strong antibody-binding against melanoma tumor cell lines. Using a high-density 

whole-proteome peptide array, we assessed potential protein-targets for antibodies found in 

immune sera. Sera from 6 of these cured mice were analyzed with this high-density, whole-

proteome peptide array to determine specific antibody-binding sites and their linear peptide 

sequence. We identified thousands of peptides that were targeted by 2 or more of these 6 mice and 

exhibited strong antibody binding only by immune, not naive sera. Confirmatory studies were done 

to validate these results using 2 separate ELISA-based systems. To the best of our knowledge, this is 

the first study of the “immunome” of protein-based epitopes that are recognized by immune sera 

from mice cured of cancer via immunotherapy.  

Introduction  

Cancer immunotherapy has revolutionized cancer treatment and has helped thousands of patients 

(Couzin-Frankel, 2013; Patel & Minn, 2018). However, most patients are still not showing positive 

responses to current cancer immunotherapy treatment regimens (Chiriva-Internati & Bot, 2015; 

Patel & Minn, 2018). Using radiation therapy (RT) and intratumoral injections of immunocytokine 

(IC), we have developed a local in-situ vaccine (ISV, RT+IC) regimen capable of curing 

immunocompetent C57BL/6 mice bearing syngeneic B78 melanoma tumors and resulting in 

protective immune memory (Morris et al., 2016). Even though B78 is considered a functionally 

“cold” tumor due to its lack of response to checkpoint inhibitors (Gentles et al., 2015; Morris et al., 

2018), our RT+IC regimen can cure many of them. With our in-situ vaccine, RT acts to increase the 

immunogenicity of the tumor by modifying its phenotype and releasing immune stimulatory 

cytokines. IC is an engineered fusion protein consisting of a tumor-specific monoclonal antibody 

targeting disialoganglioside (GD2) linked to IL-2. GD2 is a molecule expressed on the surface of most 

neuroectodermal tumors and some nerve fibers. We also demonstrated that our in-situ vaccine 
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causes epitope spread; 75% of cured mice reject a challenge with B16 melanoma cells (Morris et al., 

2016; Yang et al., 2012). B16 melanoma cells do not express the GD2 antigen and are the parental 

cell line to B78 (Haraguchi et al., 1994; Silagi, 1969; Silagi et al., 1972). We observed strong antibody-

binding to B16 cells using serum from cured as compared to naïve mice (Baniel, Heinze, et al., 2020). 

These antibodies might enable MHC-independent, CD8-T cell independent anti-tumor adaptive 

immune responses via macrophage-mediated antibody-dependent direct tumor cell killing 

(Jagodinsky et al., 2022). However, the exact antigen targets of these endogenous antibodies are 

unknown.  

Identifying epitopes on tumor cells that are recognized by antibodies may help identify the 

immunodominant antigens of cold human tumors, which may help in overcoming immune 

resistance in these cancers (Sasaki et al., 2020; Shen et al., 2013; Tarp et al., 2007). With the RT+IC 

regimen, although we are targeting GD2, the memory response does not require GD2 (Morris et al., 

2016). Knowledge of these additional antigenic targets may help to identify biomarkers of positive 

responses and identify potential new therapeutic targets.  

In this paper, we utilized a high-density peptide array approach to probe every protein of the mouse 

proteome, broken down into 16-mer peptides in a 2 or 4 amino acid (aa) tiling approach, to identify 

antibody targets, using serum from cured mice vs. their matched naïve sample. This high-density 

peptide array technology has been used for several productive applications recently (Engmark et al., 

2016; Haj et al., 2020; Lo et al., 2020; Lyamichev et al., 2017; Mishra et al., 2021; Shen et al., 2019). 

Using this approach, we identified many tumor antigens expressed by cold murine tumors in 

individual mice as well as some tumor antigens that are recognized by multiple mice.  
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Methods 

Mice and in vivo tumor treatment:  

The treatment model used here was previously described in detail (Baniel, Heinze, et al., 2020; 

Morris et al., 2016; Morris et al., 2018). In brief, B78-D14 (B78) tumor bearing mice were treated 

when tumors reached ~ 100 mm3 with a combination of 12 Gy local radiotherapy (RT), followed 5 

days later with 5 daily intratumoral (IT) injections of the hu14.18-IL-2 immunocytokine (IC). Mice 

that were cured were rechallenged after 90 days with an additional injection of the B78 tumor. Mice 

that rejected the rechallenge were considered immune (Figure 2.1A). At indicated timepoints 

(Figure 2.1A), blood via mandibular bleed was collected into BD serum collection tubes and serum 

was harvested. For select animals a terminal bleed was obtained via cardiac puncture immediately 

following euthanasia via CO2 to obtain larger volumes of serum from immune mice. Experiments 

were performed under an animal protocol approved by the Institutional Animal Care and Use 

Committee. A list of all serum samples from individual naïve and immune mice, used to generate the 

data presented in this report is included as Supplemental Table 2.1.  

Tumor cells:  

B78-D14 [“B78”, obtained from Ralph Reisfeld (Scripps Research Institute) in 2002] melanoma is a 

poorly immunogenic cell line derived from B78-H1 cells, which were originally derived from B16 

melanoma (Becker et al., 1996; Haraguchi et al., 1994; Silagi, 1969). B78-D14 cells lack melanin, but 

were transfected with functional GD2/GD3 synthase to express the disialoganglioside GD2 (Becker 

et al., 1996; Haraguchi et al., 1994), which is overexpressed on the surface of many human tumors 

including melanoma (Nazha et al., 2020). B16-F10 melanoma was obtained from American Type 

Culture Collection (ATCC) in 2005. The murine pancreatic ductal adenocarcinoma cell line Panc02 

was purchased from ATCC. Panc02, B78 and B16 cells were grown in vitro in RPMI-1640 (Mediatech) 
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supplemented with 10% FBS, 2mMol L-glutamine, 100U/ml penicillin, and 100g/ml streptomycin. 

Mycoplasma testing via PCR was routinely performed.  

 Flow cytometry: 

0.5x106 cells of B16, Panc02 or B78 were used per tube and incubated with 1l of serum for 

45minutes. After incubation, cells were washed with 3ml flow buffer (PBS with 2% FBS) at 300xg and 

stained with goat anti-mouse IgG-APC (BioLegend, clone Poly4053, catalog # 405308) and rat anti-

mouse IgM-PE (ThermoFisher, clone eB121, catalog # 12-5890-82) polyclonal antibodies. Cells were 

washed again at 300xg for 5min with 3ml flow buffer and resuspended in 50-100l flow buffer. A 

drop of DAPI (BioLegend, catalog # 422801) was added to each tube before data was acquired on a 

ThermoFisher Attune flow cytometer. Data analysis was performed using the software FlowJo 

version 10.  

 High-density peptide array:  

 Design of mouse whole proteome peptide microarray:  

The mouse whole proteome peptide microarray was designed based on the protein set downloaded 

from UniProt in December of 2018 for C57BL/6 mice (The UniProt, 2017). The library was generated 

in silico for synthesis on high-density peptide microarrays (Nimble Therapeutics, Madison WI). The 

library consisted of overlapping 16-mers representing the entire mouse proteome tiled at every 

second amino acid for reviewed proteins and every 4 amino acids for most unreviewed proteins. All 

redundant (non-unique) peptides were only printed once but later computationally mapped back to 

all UniProt IDs containing this peptide. The individual peptides in the library were randomly assigned 

to positions on the microarray to minimize the impact of spatial biases.  
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 Peptide array sample binding: 

Mouse serum samples were diluted 1:100 in binding buffer (0.01M Tris-Cl, pH 7.4, 1% alkali-soluble 

casein, 0.05% Tween-20). Diluted sample aliquots were bound to arrays overnight for 16–20 hours 

at 4 ̊C. After binding, the arrays were washed 3x in wash buffer (1x TBS, 0.05% Tween-20), 10 

minutes per wash. Sample binding was detected via goat-anti-mouse IgG Alexa Fluor 647 conjugated 

polyclonal antibody (Jackson ImmunoResearch, 115-605-071). The secondary antibody was diluted 

in secondary binding buffer (1x TBS, 1% alkali-soluble casein, 0.05% Tween- 20) and incubated with 

arrays for 3 hours at room temperature, then washed 3x in wash buffer (10 minutes per wash) and 

30 seconds in reagent-grade water. Then the array was washed 2x for 1 minute in 1x TBS and 

washed once for 30 seconds in reagent-grade water. Fluorescent signal of the secondary antibody 

was detected by scanning at 635 nm at 2μm resolution and 25% gain, using a micro-array scanner. 

Data were reported as arbitrary fluorescence units.  

 Peptide array data processing:  

The datasets generated and analyzed for this study can be found on Zenodo under the following 

DOI: 10.5281/zenodo.7871566.  

For each serum sample, the fluorescence intensity data from a single chip, for each unique peptide, 

was assayed and processed once; then results from identical peptides redundant to multiple 

proteins (i.e., were present in more than one protein represented) were restored to each protein. 

Raw fluorescence intensity signals from primary antibodies binding to peptides on the array, and 

secondary antibodies with a fluorescent tag binding to primary antibodies were reported. The 

amount of fluorescence signal is influenced by both the titer and affinity of primary antibodies 

binding to each peptide sequence. 
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 Data analysis workflow/pipeline of whole proteome data:  

Detailed bioinformatic/biostatistical data modeling, algorithms, analyses, and graphic presentation 

methodologies are beyond the scope of this manuscript focusing on the biology and immunology of 

what is detected using the sera of these immune mice. These issues, and their justification/rationale 

are presented in detail in a separate manuscript (McIlwain et al., 2023). 

 JPT peptide array:  

Samples were sent to JPT (JPT innovative Peptide Solutions, Berlin, Germany) and a custom designed 

PepStar Multiwell Peptide Microarray was performed following manufacturers protocol us ing a 

manufacturing process based on SPOT synthesis as described previously (Nahtman et al., 2007; 

Zerweck et al., 2016). Peptides were chosen based on different criteria from the high-density 

peptide array results, as described in the results section. We included 376 16-mer peptides with a 

range of signal from the high-density peptide array data and tested those on the same serum 

samples as well as additional serum samples from immune and naïve mice at a dilution of 1:100. 

Raw data obtained by JPT for these analyses were sent to us for further analysis and processing. 

Data were reported as arbitrary fluorescence units.  

 Peptide ELISA:  

For the peptide ELISA, 16 separate JPT BioTidesTM Biotinylated Peptides were purchased containing a 

TTDS-linker and biotinylation at the N-terminus. The peptides were generated using the same SPOT 

synthesis as the larger peptide array (Nahtman et al., 2007). Peptides were synthesized from C- to N-

terminus ensuring that only full-length peptides will have a biotin at the N-terminus. Coating of 

streptavidin plates was performed per manufacturers instruction with a 250-fold dilution of 

lyophilized BioTide peptides. ELISA was performed according to JPTs peptide ELISA protocol with the 

adaptation to a 384 well plate instead of the standard 96 well plate to conserve on serum samples. 
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Neutravidin coated 384 well plates by ThermoScientific (#15400) were used. Stop solution was 

added after a 30-minute TMB incubation. Plates were read at regular intervals during TMB substrate 

incubation (reads at 655 nm) and right after addition of stop solution (reads at 450 nm). Optical 

density values were used to analyze results.  

 Choosing of peptides for JPT and ELISA 

Peptides for JPT analysis were chosen before the second dataset of whole proteome data using the 

high-density peptide array was generated and analyzed. 376 peptides were chosen based on 

different signal strength and reactivity to sample types. In more detail, peptides were chosen based 

on high signal (>500) in at least one immune sample and low to no signal (<20) in naïve samples. 

Some peptides were included because they shared, or partially shared, amino acid sequences. 

Others were chosen because they exhibited no antibody binding in any tested sample or because 

they had binding in every single sample. We also chose some peptides that exhibited low to medium 

signal. 

For ELISA validation we chose a total of 16 peptides, 2 peptides without any reactivity in any tested 

sample, 5 peptides based on good correlation between JPT and whole -proteome results and 12 

peptides (3 of which were also included in the JPT to whole-proteome correlation category) that 

showed significant binding in at least 3 immune samples in the moderate (or restrictive) category. 

We also confirmed that the expected binding sequence within each of these 16 peptides did not 

have the same, or very similar, sequence to those of any of the other peptides in this group of 16 

peptides, to help ensure that each peptide would be identifying relatively distinct antibodies.  
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 Statistical analysis:  

Peptide array processing 

Data from 13 total unique serum samples were tested in the high-density microarray: 5 from naïve 

mice, 6 immune samples were obtained from mice following their RT+ IC induced cure from their 

initial B78 tumor, and then 8-12 days following their rechallenge with another injection of B78 

tumor; and two samples (replicates) were obtained from separate mice after a 2nd rechallenge 

injection of B78 tumor (Figure 2.1A). These 13 serum samples were assayed for antibody binding to 

6,090,593 unique sequence probes mapped to a total of 8,459,970 unique probe IDs (due to 

redundancies in tiling across protein sequences and using a mixed tiling of either 2aa or 4aa across 

each protein), or a total of 53,640 individual proteins. Using spatially corrected processed data from 

Nimble Therapeutics, the data were log2 transformed, quantile normalized, and further processed 

using a sliding average mean window across the protein location of +/-8aa. 

HERON (Hierarchical antibody binding Epitopes and pROteins from liNear peptides)  (McIlwain et al., 

2023) was developed and used to determine thresholds for calling antibody binding at the probe, 

epitope (consecutive probes), and protein level for each sample using meta-analyses methods to 

summarize binding across subjects in the post-rechallenge condition. Briefly, 1) a global p-value was 

calculated using a z-test for each probe signal using all sample and probe values, and 2) a differential 

p-value was calculated between the average of the naïve samples and each individual post-

rechallenge (Tumor-free) sample. The global p-value and differential p-value for each post-

rechallenge sample were then combined using the Wilkinson’s max meta p-value method 

(Wilkinson, 1951). After correcting for false discoveries using the Benjamini-Hochberg (BH) method 

(Benjamini & Hochberg, 1995), the individual probes for each post-rechallenge sample are 

considered bound by antibodies if their false discovery rates (FDR) are below a threshold. Epitope 



 
37 

regions were identified by applying the skater algorithm (AssunÇão et al., 2006) to identify groups of 

antibody-bound probes (spatially and across subjects), and epitope meta p-values were calculated 

using the Wilkinson’s max method on the 2nd highest probe p-value. Protein p-values were 

calculated using Wilkinson’s min (or Tippett’s) method (Tippett, 1931). After correcting the epitope 

and protein p-values using the BH algorithm, the epitope and protein sample calls were made using 

an FDR cutoff. To avoid prioritization of peptides that may be due to spurious noise, singleton probe 

and epitope calls without calls of neighboring probes or if the singleton call was not present in 

repeat immune samples it was removed. The number of samples that were bound by antibodies for 

each probe, epitope, and protein were tabulated as K of N statistics (K = # of samples with antibody 

binding; N = total # of samples). 

ICC score 

Statistical analysis was conducted using R (v. 4.1.1; R Core Team 2021) and the packages ‘lme4’ (v. 

1.1.27.1; (Bates et al., 2015) and ‘specr’ (v. 0.2.1; (Masur, 2020) for computing intraclass correlation 

coefficients (ICC). To analyze the agreement in the high-density whole-proteome, JPT, and ELISA 

instrument readings among selected peptides, log-transformed readings/intensity was modeled and 

compared using linear mixed-effects models, in which individual samples and the instruments were 

modeled, respectively, as random effects, while tumor stage and peptide, when applicable, were 

modeled as fixed effects. Intra-mouse correlation and intra-instrument correlation were 

accommodated via random intercepts. The ICC was computed from the instrument random effect to 

estimate their share of variance in the log-transformed readings. An ICC of 0-0.5 is considered poor 

reliability; 0.5-0.75 is considered moderate reliability, 0.75-0.9 are considered good reliability; 0.9-1 

are considered excellent reliability. 
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Linear regression/r2 score 

Simple linear regression was performed using GraphPad Prism (Version 9.5.0, 2022) and r2 values 

were reported. These values were used to describe how predictive the high-density peptide data for 

the same sample is of the JPT peptide data. The closer the r2 value is to 1, the more predictive the 

high-density peptide array value is of the JPT value.  

Test of proportions 

A test of proportions was used to compare the portion of positive reactivity between different 

peptide groups at a threshold of 2 or higher for OD readings. A p-value of 0.05 was considered 

statistically significant. The proportion of reactivity in the randomly selected peptides (1 of 200 with 

OD >2) were found to be significantly less reactive than the HERON validation set (3+ FDR 0.05, 48 of 

240 with OD>2), respectively.  

Hypergeometric testing  

The ELISA data replicates were first averaged together. A threshold of >2 O.D. (optical density) units 

was used to call positive antibody binding for each ELISA data point. For each peptide, the fraction 

of peptides with antibody binding was calculated for the immune samples in the original and 

validated ELISA set and for the naïve samples in the validated set. A peptide was considered 

validated if 25% or more of the respective samples were found to be positive.  

To calculate the likelihood of getting n antibody-bound (positive) peptides out of a random sample 

of 14 draws, a hypergeometric distribution was used to calculate the probability of getting at least x 

positive hits out of 14 random draws, where the total pool of peptides tested by high-density array 
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has K positive peptides1. As the true fraction of positive peptides (K / 6090593) within the pool of ~6 

million possible peptides to test from the high-density array is not known, we simulated the 

calculated p-value from the hypergeometric using different proposed fractions of the total positive 

peptides within the whole set of ~6 million peptides tested by Nimble.  

Results  

Mice elicit a tumor-specific adaptive humoral response to RT+ IC treatment 

B78 melanoma bearing mice treated with RT + IC + anti-CTLA4 generated an antibody response to 

surface proteins on the B78 (or B16) tumor cells that was measurable at day 22 post tumor 

implantation (Baniel, Heinze, et al., 2020). To further investigate these antibody responses and to 

ensure that the RT+IC treatment alone (without added anti-CTLA4) can elicit a similar antibody 

response, we collected serum at multiple times before, during and after successful RT+IC treatment 

of B78-bearing mice (Figure 2.1A). Serum was collected from mice at the following timepoints: 

before tumor cells were implanted (Naïve); once tumors reached treatment size but prior to 

treatment (Pre-treatment); within a week of mice completing the RT+IC regimen (Post-treatment); 

when the tumors were regressing but still present, weeks later after mice were deemed tumor-free 

and prior to a rechallenge (Tumor-free); and 8-12 days after subcutaneous rechallenge with 

injection of B78 cells, ~90 days after treatment and >30 days after the mice were tumor free 

(Immune). At this point, a strong memory response was demonstrated based on the rejection of the 

 

1 To simplify our explanation, we use the binomial distribution, which assumes the probability is the same for 

every trial (assumes replacement): if there are 10000 positive peptides within the pool of total possible peptides 

(6000000), the probability of getting k=8 positive peptides out of n=14 selected peptides (if all peptides are 

equally likely) is p=((6000000 – 10000)/6000000)k. The probability of 14-k failures is (1-p)(14-k). However, 

there are (14
𝑘
)  different ways of distributing k=8 successes in a sequence of n=14 trials, so 𝑃(𝑋 = 8) =

14!

8!6!
𝑝8(1 − 𝑝)6. Finally, we calculate the sum of the probabilities using 8 to 14 peptides to obtain the cumulative 

distribution function P(X >= 8). 
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rechallenged B78 tumors. These mice were monitored for an additional 5 weeks to ensure complete 

tumor clearance of the re-engrafted B78 tumor, proving that these mice were immune. 

Using flow cytometry, we tested the serum from each of these timepoints for IgG antibody binding 

to B78 cells. We observed the presence of endogenous anti-tumor antibodies against B78 in tumor-

bearing mice starting at the pre-treatment timepoint, with increasing levels of antibody detected by 

flow cytometry at all subsequent timepoints (Figure 2.1B). To determine the specificity of these anti-

tumor antibodies, we also incubated these serum samples with B16 melanoma cells, the parental 

line to B78 that is GD2 negative as well as a separate syngeneic pancreatic adenocarcinoma cell line, 

Panc02. Serum antibodies showed recognition of B16 to a very similar degree as to B78 and a lower 

recognition of Panc02 (Figure 2.1B). Recognition of Panc02 cells by these serum samples might 

reflect some shared surface antigens between B78 and Panc02 cancer cell lines. The data presented 

in Figure 1 are the summed flow cytometry results for 3 of the 6 mice studied subsequently in the 

high-density peptide array, described below; individual mice showed slight variations in the strength 

of the responses to these 3 tumor lines at different timepoints (Supplemental Figure 2.1). 

 Whole proteome peptide array results are reliable and repeatable at high signal levels 

To investigate what these antibodies are recognizing on the tumor cells, we used a whole proteome 

peptide array to profile antibody recognition comparing serum from the naïve vs. the immune 

timepoints (as shown in Figure 2.1A). First, we plotted the signal for each of the 6 mice against all 

8.46 x106 individual peptides, referred to as probes, as a boxplot for each individual sample ( Figure 

2.2A). The overall appearance of immune and naïve samples is very similar,  with most probes giving 

a signal near the baseline, and a small fraction of probes giving signals 100-1000 fold higher than 

baseline. Even so, more of the probes (detailed numerically in the next paragraph) have even 

stronger signals in the immune sera, such that the mean of all immune samples is greater than the 

mean of all naïve samples (Figure 2.2A). Our hypothesis was that specific peptides would show 
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significantly higher binding in immune samples compared to naïve samples. Overall, since we are 

measuring antibody responses to all native peptides within the mouse proteome, we did expect to 

see antibody binding to some of these peptides in naïve as well as immune samples as previously 

seen by Hulett et al in 2018 (Hulett et al., 2018).  

Prior to identifying high binding peptides recognized by individual or multiple mice, we evaluated 

how reproducible the signal strength is using this high-density peptide array system. Serum samples 

from an individual immune mouse (mouse B2), taken after rejection of rechallenge (the immune 

timepoint in Figure 2.1A) was divided and separate aliquots were analyzed in the same array assay, 

on independent “chips”, each quantifying the binding signal against all 8.46x106 16-mer peptides. 

The paired values for each of these peptides, in the 2 parallel samples are plotted on the X and Y 

axes in Figure 2.2B. We first looked at all peptides with significantly higher binding than the mean 

overall signal, defined as a signal that is larger than three standard deviations (SDs) above the mean 

(inclusive) (left panel of Figure 2.2B, red). Although difficult to appreciate due to the number of data 

points overlying each other, there are 8,424,675 black data points (corresponding to both of the 

values for that peptide being <3SD from the mean value), and only 35,295 non-black data points in 

the Inclusive group, indicating that at least one of the data points was >3SD (Figure 2.2B, red). A 

similar analysis was performed for 2 separate aliquots of immune serum from the same blood 

sample, but from a separate immune mouse (mouse PD1), that was performed on 2 separate 

identical chips against all peptides, but the analyses were run on separate days, ~ one year apart 

(Supplemental Figure 2.2A). As for Figure 2.2B, there are 8,423,302 black data points, and only 

36,668 non-black data points (Suppl. Figure 2.2A). However, when looking at all probes that fit these 

criteria and plotting replicate sample results against each other (Figure 2.2B and Suppl. Figure 2.2A), 

we noted that at 3SDs, we found a number of probes where one of the values was >3SD from the 

mean but where the replicate sample gave a result that was <3SD from the mean. In Figure 2.2B, 
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these are the probes shown off the diagonal in light-red or dark-red, while all the probes shown 

along the diagonal in red correspond to those where both values from the two separate “runs” of 

the same serum sample gave concordant values >3SD from the mean. In Figure 2.2B, the number of 

probes in red, (i.e., seen by both replicates, and designated in the legend box as “InclusiveXY”), 

corresponds to 65% of the non-black probes with 35% of the non-black probes comprised of the 

lighter and darker red probes (Figure 2.2B). Because one of the values for these lighter and darker 

red probes was not >3SD from the mean, these values were not consistent or reproducible, 

therefore less reliable to call as antibody binding hits.  

 

To enhance reliability and reproducibility of results, we increased the signal strength criteria to 

>6SDs above the mean (middle panel of Figure 2.2B, moderate, in blue) which included the top 

~0.1% of peptides compared to the top 0.4% of peptides at 3SDs in the inclusive category. This 

moderate category showed a larger concordance of recognition between the two replicates, with 

80% of the non-black probes being identified at this level by both samples, shown in blue (6653 

probes); only 20% of the probes showed discordant signals (one sample  >6SD with the paired 

sample being <6SD) in the lighter (591 probes) and darker blue (1027 probes). The best 

reproducibility between the 2 paired samples on a peptide level was achieved with the restrictive 

category which was set at 10 SDs (right panel of Figure 2.2B, restrictive, green), which includes only 

0.02% of all peptides. At 10SDs, over 85% of probes that are not black (at least one of the 2 values 

>10SD) were in the green category, with both probes >10SD (1422 probes) while only 15% of probes 

showed discordant signals (one sample >10SD with the paired sample being <10SD), in the lighter 

(95 probes) or darker (149 probes) green. The specific numbers of probes in each category, for each 

of the paired serum samples for Figures 2.2B and Supplemental Figure 2.2A are provided in 

Supplemental Table 2.2.  
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We developed the HERON algorithm to identify consecutive overlapping, reproducible probes with 

high signal, and categorized the shared aa sequences represented by those highly recognized probes 

as epitopes based on specified thresholds (Figure 2.3A). The mean signal of an epitope was 

calculated based on the mean signal of all peptides that comprise the epitope. We again used the 

categories of inclusive, moderate, and restrictive (based on the single probe calls, but now based on 

standard deviations as well as false discovery rates (FDRs) to assure that all epitopes with significant 

signal were counted. Reliability and reproducibility for each of these categories increased 

significantly by looking at epitopes rather than probes alone and helped eliminate many of the non-

reproducible binding events seen only on X or Y axes, but not both (Figure 2.2C and Supplemental 

Figure 2.2B, Supplemental Table 2.2). From samples from the same run, the percent of epitopes in 

the inclusive group of epitopes co-recognized by both samples improved from 65% (for peptides in 

Figure 2.2B, Supplemental Table 2.2) to 72% (for epitopes in Figure 2.2C, Supplemental Table 2.2); 

in the moderate category from 80% to 94% and in the inclusive category from 85% to 98.5% (Figure 

2.2C, Supplemental Table 2.2). When looking at data from separate runs of the same sample, it 

improved from 37% on the inclusive probe level to 43% on the epitope level. For the moderate 

category, it increased from 49% to 63%, and in the restrictive category, it increased from 53% to 

73% (Supplemental Figure 2.2B, Supplemental Table 2.2).  

We further assessed reactivity of the sera to which protein these peptides and epitopes could 

correspond to based on specific criteria. Proteins recognized by immune sera were defined as 

proteins containing epitopes recognized by the immune sera, using the same criteria for defining 

inclusive, moderate and restrictive categories of proteins based on the epitope signal for the 

strongest epitope signal in that protein being either >3, 6 or 10 x SD significantly greater than the 

mean at FDR adjusted levels of 0.2, 0.05, and 0.01 respectively, clustering across probe hits using 

skater (AssunÇão et al., 2006) to find epitopes, and filtering regions that are likely spurious signals 
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reflecting individual probes with a positive signal, but without a signal for the flanking peptides, and 

rescoring using the Wilkinson’s 2nd highest max and the Wilkinson’s min/Tippets (Dewey, 2022; 

Tippett, 1931; Wilkinson, 1951) for the epitope and protein p-values respectively and using 

Benjamini Hochberg to calculate adjusted p-values on the probe, epitope, and protein level before 

making calls at the corresponding FDR levels (Benjamini & Hochberg, 1995)(as shown in Figure 

2.4A). At the protein level, we again were able to see an increase in reliability of called proteins 

based on signal strength (Figure 2.2D). The stronger a protein was recognized (based on signal 

strength within each epitope in the protein), the higher the percentage of co-recognition by the 2 

replicate serum assays (plotted on the X and Y axes) were found: the inclusive category showing 

78%, moderate category showing 95% and restrictive category showing 99% of proteins co-

recognized by both replicate samples (Figure 2.2D, Supplemental Table 2.2). When comparing data 

from the same sample from different runs, the percent of proteins co-recognized by both replicate 

samples also increased in comparison to probes and epitopes, with 50% in inclusive, 66% in 

moderate and 75% in restrictive (Supplemental Figure 2.2C, Supplemental Table 2.2). Overall, we 

see increasing levels of reproducibility (namely co-recognition of the same peptides, epitopes or 

proteins by the 2 replicate samples evaluated on separate chips on the same day, or on different 

days), when going from the inclusive to the moderate to the exclusive category. Furthermore, we 

see increasing levels of reproducibility within each of these 3 categories, when going from peptide 

to epitope to protein.  

 Some epitopes are identified by multiple mice 

Using consecutive peptides that show high fluorescence signals in immune sera but not in naïve sera 

enabled us to identify binding epitopes as well as which part of the peptides contained the binding 

sequence. Figure 2.3A shows at the top an exemplary 16 aa sequence of the protein Titin (UniProt 

ID A2ASS6), ranging from aa position 8901 to position 8917. Under it are 8 more consecutive 16-mer 
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peptides, each shifted 2 positions to the right from the one above it, thus overlapping with it by 14 

amino acids. For this section of Titin, no binding was observed to any of these 9 peptides by the 2 

naïve sera tested (A3 & B2). However, strong binding was seen, reflected in high signal numbers, by 

sera from 2 immune mice, PD1 and B2. The center 5 peptides all show strong binding by both of the 

immune sera, indicating that the shared 8 aa sequence of these 5 peptides, SSDSGEYI, reflects the 

antibody binding sequence. The shared 8 aa sequence, recognized in these 5 overlapping peptides, 

is referred to as an epitope. Overall, using data from the high-density peptide array, we were able to 

identify an average of 6400 epitopes in the inclusive category, 2200 epitopes in the moderate 

category and just under 500 epitopes in the restrictive category by the immune serum samples from 

each of the 6 immune mice studied (Figure 2.3B). Of the identified epitopes, many were recognized 

by only one mouse, while some epitopes were recognized by sera from 2 or more mice, with one 

epitope being recognized by sera from all 6 mice in the inclusive category (Figure 2.3C). However, 

with increasing signal strength requirements, that same epitope was seen by fewer than 6 mice 

when using the moderate or restrictive category. In the highest binding (restrictive) category, twelve 

epitopes are each recognized by sera from 4 mice (Figure 2.3C), while 2450 of 2644 epitopes are 

recognized by only a single mouse (different epitopes for different mice). For the moderate 

category, 11491 of 12327 epitopes are recognized by only a single mouse. In the inclusive category, 

46493 of 51664 total epitopes are recognized by only a single mouse. These findings are in line with 

previous studies looking at protein arrays where the abundant and heterogeneous nature of plasma 

and serum auto-antibodies, regardless of disease status, was discussed (Ayoglu et al., 2013; Nagele 

et al., 2013). 

Previous reports stated that an average length for a linear B cell epitope is around 5 to 12 amino 

acids (Buus et al., 2012; Engmark et al., 2016; Kringelum et al., 2013). Consistent with this, over 90% 

of epitopes within the restrictive category are between 7 and 16 amino acids long (Figure 2.3D). 
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Note that a very small fraction of epitopes is identified with a length of 1-2 aa. These small epitopes 

may be an artifact of the computer algorithm, and most likely suggest that at least two separate 

antibodies in an individual mouse’s serum are binding to overlapping epitopes in this 1-2 aa region, 

such that we are actually measuring the overlap of the 2 longer epitopes. However, with the data 

that we have, it is impossible to determine the start and end for each individual overlapping epitope 

within the region. In general, we found that epitope length varies slightly across binding strength 

categories, an increase in shorter epitopes is visible in the lower categories (Supplemental Figure 

2.3A & B).  

A greater fraction of proteins than epitopes are bound by sera from multiple mice  

A greater fraction of recognized proteins was bound by sera from multiple mice than were found 

when evaluating epitopes. This difference in proteins vs. epitopes recognized by multiple mice 

reflects the different requirements for the determination of recognition of a protein vs. an  epitope. 

For an epitope to be recognized by sera from 2 separate mice, the 2 serum samples need to 

recognize the same epitope. In contrast, for a protein to be recognized by sera from 2 separate 

mice, each of the 2 serum samples need to recognize that protein, but not necessarily at the same 

place on the protein; in other words, if the 2 serum samples recognize distinct epitopes, even at 

opposite ends of the protein, then these 2 serum samples still recognize that individual protein, as 

shown schematically in Figure 2.4A. For each of the 6 mice tested, an average of 5089 recognized 

proteins were in the inclusive category as compared to 1963 in the moderate and 447 in the 

restrictive category (Figure 2.4B). However, using sera from multiple mice, 4323 proteins were 

recognized by at least 3 mice within the inclusive category, but only 136 proteins were found to be 

recognized by sera from all 6 mice. In the restrictive category, 74 proteins were recognized by sera 

from at least 3 of 6 mice, and 469 proteins from the moderate category were recognized by at least 

3 of 6 mice (Figure 2.4C).  
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To broaden the criteria for recognition by sera from multiple mice, we focused on all proteins that 

were detected in the restrictive category by at least one mouse (2188 total unique UniProt IDs) and 

looked at these UniProt IDs to see if they were detected by sera from any of the other 5 mice using 

the restrictive to moderate (purple) criteria (Figure 2.4D) to see how many of these mice would 

recognize these same proteins when the signal strength requirement was loosened. We were able 

to detect 2 proteins that were now recognized by all 6 mice in this restrictive to moderate category. 

Overall, 33% of proteins seen by at least one mouse using the restrictive category were seen by 2 or 

more mice, and 11.4% were seen by 3 or more mice. A similar analysis is also shown for proteins 

recognized by at least one mouse in the restrictive category, and by other mice using the inclusive 

(orange) criteria (Figure 2.4D). This showed 66% of proteins seen strongly by at least one mouse are 

recognized by two or more immune mice, while 40% are recognized by 3 or more mice. These 

analyses indicate that there are several proteins recognized by more than one mouse, while the 

strength of the recognition signal of the peptide array system can vary from mouse to mouse.  

 Separate peptide ELISA techniques validate whole proteome peptide array data  

After we established HERON, the method used above for the detailed analyses of peptide array data 

of the proteome recognized by immune sera from mice (and detailed further in a separate 

companion bioinformatic manuscript, (McIlwain et al., 2023), we wanted to validate our findings 

with a separate, independent, antibody detection system for 16-mer aa probes that uses a different 

technology. For this we used a JPT multi-well peptide array to test 189 16-mer peptides per slide, 

allowing for testing of a larger number of serum samples. We chose peptides to use in this JPT 

system based on the results obtained using HERON analysis applied to data from the analyses of the 

entire proteome, summarized above. We chose to include a small number of peptides that showed 

no binding in any (naïve and immune) serum samples and chose a larger number of peptides that 

showed significant level of binding by one or more of the immune serum samples using the data 
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from the proteome analyses from the 6 immune mice tested. The full panel of peptides selected, 

and the level of their reactivity with naïve and immune serum samples are presented in 

Supplemental Table 2.3. We used some of the same serum samples that we previously tested on 

the whole proteome high-density array (Figure 2.5A) to test these 189 peptides on the JPT array 

(Figure 2.5B). We show the mean reactivity for these same peptides and these same sera using the 

whole proteome data and the JPT system data (Figure 2.5A&B). Both naïve samples show no 

binding in either the high signal peptide or no signal peptide groups on the whole proteome peptide 

array as well as the JPT multi-well peptide array (Figures 2.5A&B). Immune serum samples showed 

very similar trends, with higher mean signals seen for the high signal peptides than for the no signal 

peptides. The A3 and A4 immune samples have a low mean signal for the high signal peptides in the 

whole proteome array as well as JPT. Overall, these results show that Nimble peptide array data can 

be qualitatively reproduced using an independent JPT multi-well peptide array. Note that the 

peptides in the Nimble system are biotinylated at the opposite end from that for the JPT peptides, 

and thereby fixed to the plate at opposite ends; this makes the peptide available to the sera in 

reverse orientation, thereby partially accounting for non-identical recognition patterns for the same 

peptides in these two systems.  

The assessment of responses to some of the individual single peptides tested in both systems, 

demonstrates a qualitative relationship between the magnitude of responses by individual immune 

mouse serum samples, when tested on the same peptide in the Nimble and JPT systems ( Figure 

2.5C). We examined the same peptides recognized by the same serum samples as shown in Figure 

2.5C utilizing a separate peptide ELISA system (Figure 2.5D). The ELISA data showed these same 

serum samples show a qualitatively similar pattern to that seen using the Nimble data for these 

same peptides. A summary of Nimble to JPT to ELISA comparison for 11 peptides using 4 immune 

and 2 naïve samples is shown in Figure 2.5E. The overall intraclass correlation coefficient (ICC) for 
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instrument (Nimble, JPT, ELISA), considering peptide, tumor stage, and intra-mouse correlation, was 

0.86. At the peptide-level, accounting for naïve vs. immune and intra-mouse correlation, these 

comparisons show 4 peptides with excellent ICCs (> 0.90: Gria4, Scn4b, Srsy and Vsig2) and 7 with 

good ICCs (0.75-0.90). None of the tested peptides received a moderate (0.5-0.75) or poor (< 0.5) 

ICC, thereby demonstrating that these 3 ways of measuring antibody responses are not important 

sources of variation in the measurement of antibodies to these peptides. Overall, these three assay 

systems showed similar patterns of response for the peptides we chose to evaluate.  

 Single peptides follow a similar trend in reactivity as seen with surface staining via 

flow cytometry 

We chose 3 peptides to test all timepoints of serum collection shown in Figure 2.1 using samples 

from 2 mice. These peptides were chosen based on high signals for these 3 peptides us ing most 

immune samples tested, as well as low signals with most naïve samples tested. Figure 2.6A shows 

how the level of antibody from mouse B2 towards the specific peptide increases with each 

subsequent serum sample (as detected by peptide ELISA) until reaching a plateau and then remains 

at that peak level while Figure 2.6B shows overall lower levels of antibody (as detected by peptide 

ELISA) for mouse A3 towards the selected peptides. Furthermore, we were able to observe stable 

antibody concentrations from post-treatment to tumor-free timepoints followed by an increase in 

antibody in our immune timepoints. In contrast to the flow data reactivity to B16 cells ( Figure 2.1B), 

we were not able to see that the post-treatment timepoint exhibited the highest antibody binding 

for these three specific peptides.  
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 Validation cohort shows binding to most of the 14 peptides selected for binding in 

immune samples 

Lastly, we hypothesized that peptides recognized by immune (but not naïve) sera by 50% or more of 

our initial cohort of 6 mice would also be seen by sera from additional similarly treated immune 

mice (as in Figure 2.1A) that were not ever previously tested on any peptide array or ELISA. To test 

this hypothesis, we selected 14 well-recognized peptides with binding by sera from at least 3 of 6 

immune mice in the moderate category (Figure 2.2B) as tested in the whole proteome peptide array 

and selected 2 peptides without any significant binding in any serum samples from the Nimble 

system. Of the 6.09 x106 unique peptides tested in the Nimble system for these 6 immune mice, 

only 316 peptides (0.005%) showed recognition at the moderate level for at least 3 of 6 immune 

mice. Figure 2.7A shows, by heat map, the original whole proteome data for these 14 recognized 

and 2 non-recognized peptides for 5 of the original 6 mice. We then tested these same 16 peptides 

via ELISA on the same naïve and immune samples as we had run on the whole-proteome peptide 

array (in Figure 2.7A) and obtained qualitatively comparable results (Figure 2.7B). We were able to 

test the same 5 mice but didn’t have enough serum left for all peptides with mice A4 or PD1. In this 

ELISA 12 of the 14 previously selected peptides show significant recognition by at least 1 immune 

mouse, and 8 of the 14 peptides are recognized by at least 2 of these 5 mice. We then proceeded to 

run these same 14 reactive peptides (and 2 non-recognized peptides) on new naïve and immune 

samples (previously untested by array or ELISA) collected from mice who had the same B78 tumor 

and received the same RT + IC therapy as our initially treated mice. ELISA results of the 20 new 

immune and 14 new matched naïve serum samples are shown in Figure 2.7C. Overall, we were able 

to show that ~13 of the 20 new immune mice (65%) have antibodies against at least 1 of the 14 

reactive peptides with 10 mice showing reactivity to multiple peptides. All new samples exhibited no 

antibody binding against the 16-mer peptides from Gria4 or P53, just like none of the original 
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samples did in Figures 2.7A&B. However, 6 peptides showed binding to at least 1 naïve sample with 

4 of the 14 naïve samples showing some antibody reactivity against at least 1 peptide (Figure 2.7C). 

To contrast the large amount of antibody binding observed within this targeted selection of peptides 

we developed and utilized HERON to choose peptides recognized by at least 3 of the 6 mice included 

on the whole proteome dataset, we used a random number generator to pick 10 peptides out of the 

whole proteome array dataset of 6,090,593 unique peptide sequences. The log-transformed 

fluorescence intensity values associated with these 10 random peptides and the negative control 

Gria4 peptide, used previously from the whole proteome peptide array, are shown in Figure 2.8A. 

All 10 of these random peptides showed virtually no reactivity with any of the sera from the 6 

immune mice tested, except for one peptide that showed low, but detectible, reactivity with the B2 

immune sample on the original whole proteome dataset (Whrn).  This one somewhat positive 

reaction out of the 60 possible combinations of 10 random peptides with 6 serum samples in Figure 

8A corresponds to 1.7% positive. We used these 10 random peptides to probe the immune serum 

samples from the same 20 validation set mice utilized in Figure 2.7C for antibody binding to any of 

these randomly selected peptides (Figure 2.8B). We observed moderate antibody binding by one of 

the 20 validation set immune samples (V16) to one of the 10 tested random peptides (Podnl1). No 

other validation serum samples showed detectible binding to any of these 10 peptides. Thus, of 200 

possible combinations of the 20 serum samples with the 10 randomly selected peptides in Figure 8B, 

only one (0.5%) was positive. Contrasting the relatively absent reactivity of these 20 new validation 

immune samples to these randomly selected peptides, we now show the relatively strong reactivity 

of these same 20 validation immune serum samples to the 12 peptides from Figure 7C selected 

utilizing HERON analyses of the original Nimble data, that were recognized by at least 3 of the 

original 6 immune mice. These data are shown in Figure 2.8C, using a selection of data also shown in 

Figure 2.7C. Unlike the 1 positive reaction out of 200 possible combinations shown in Figure 2.8B, 
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these same 20 immune serum samples now show 20% positive reactions with these 12 HERON 

selected peptides (48 reactions with an OD reading of >=2 out of 240 possible combinations = 20%). 

This substantial reactivity of these 20 validation sera to these 12 HERON selected peptides is 

significantly greater (p< 0.001) from the 0.5% reactivity in the randomly selected peptides.  

We acknowledge that our sample size of 10 randomly selected peptides in Figure 2.8B is a small 

fraction of the over 6 million peptides present on the array. To approach and analyze the ability of 

the HERON method to identify peptides from the initial Nimble data with the original 6 mice that 

will show greater than chance reactivity with a new set of immune serum samples, using a 

calculation that includes a larger number of randomly selected peptides, we employed a model 

utilizing the hypergeometric distribution (Supplemental Figure 4). When calculating the probability 

of having a quarter of the previously untested mice recognize a specific peptide with a high ELISA 

threshold (minimum O.D. signal of 2) if the peptides would have been chosen at random using a 

hypergeometric test (P(X >= 8 given 14 draws out of a pool of ~6 million), the chance of having this 

occur with a separate set of mice is almost zero (Supplemental Figure 2.4). For example, if we 

assume that 1% (60,906) of the peptides from the set of the ~6 million unique peptides are reactive, 

the probability of randomly choosing 14 peptides from the pool of possible peptides and finding that 

at least 8 of the peptides that are responsive to 25% or more of the mice in the new validation set is 

1.9x10-15. If we are sampling with replacement from the pool of samples, i.e. using a binomial 

distribution rather than hypergeometric, the probability is still 2.85x10-13. The similar result between 

the hypergeometric and binomial approach is due to the low likelihood of randomly choosing the 

same peptide twice amongst the large pool of possible peptides. These analyses indicate that 

peptides recognized at the moderate level using the Nimble array data for immune sera from 50% of 

multiple mice are highly likely to be recognized by separate, similarly immunized mice, in a 

validation set, using ELISA data as a validation system. 
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Since only 0.45% of peptides tested are recognized at the moderate level by at least one mouse  

(27639 peptides), and only 0.005% of peptides tested are recognized at the moderate level by 3 or 

more mice (316 peptides), the fact that 13 of 20 (65%) of independent immune mice from the 

validation set are recognizing at least one of the 14 peptides (selected from the 0.005% of peptides 

recognized in the Nimble system by 3 or more mice) by the ELISA system indicates that these 

peptides co-recognized by multiple mice in the Nimble system are identifying peptides likely to be 

recognized by independent (validation set) immune mice. 

Discussion and conclusions 

The aim of this study was to establish a method to utilize a high-density overlapping stacked array of 

peptides representing the entire C57BL/6 proteome in order to identify the “immunome” of 

epitopes recognized by antibody induced in mice that received curative immunotherapy associated 

with complete and durable eradication of B78 melanoma tumors with induction of tumor-specific 

immune memory. In this work, we demonstrated the utility of high-density peptide microarrays for 

profiling the antibody repertoire in immune serum samples by using a proteome -scale peptide 

microarray representing all proteins in the mouse proteome. This enabled a fine-mapping of all 

regions of linear epitopes recognized by circulating antibodies induced during the growth and 

subsequent complete rejection of a syngeneic murine melanoma. Although these whole -proteome 

peptide microarrays contained peptides representing the proteome, this study is not a complete 

analysis of the antibody detected “immunome”. The length of the 16-mer peptides is a limitation, as 

conformational (or discontinuous) epitopes may remain undetected. Nevertheless, these proteome-

scale peptide microarrays, along with the development and use of HERON analytic methods, 

provided an in-depth snapshot of the information stored in the antibody repertoire of mice immune 

to B78 melanoma after successful RT+IC immunotherapy. 
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We were able to achieve improved reliability and reproducibility when considering epitopes rather 

than single peptide probes (Figures 2.2B vs. 2.2C). A couple of factors contribute to this; first, there 

are many more probes than epitopes in the proteome, giving a larger number of possible 

mismatches. Second, an individual epitope can be a component of several overlapping probes; our 

HERON algorithm for detecting epitopes recognized by separate assessments of serum samples, 

requires a degree of similar recognition of the related epitope containing probes by the 2 samples, 

but does not require complete identity of probe recognition and signal. This enables higher 

reproducibility of epitopes recognized with high signals than peptides recognized with high signals 

when replicate chips are evaluated for separate aliquots of the same immune serum sample ( Figures 

2.2B vs. 2.2C). Somewhat similarly, when evaluating proteins that are recognized, since a single 

protein might be recognized by different mice at different regions, the number of proteins 

recognized by 4, 5 or 6 of the 6 immune mice (at inclusive, moderate and restrictive recognition 

levels) is substantially higher than the number of epitopes mutually recognized by 4, 5 or 6 of the 6 

immune mice (comparing Figures 2.3C vs. 2.4C).  

While we were able to use signal strength as a predictor for peptide binding reliability, it cannot be 

used as a measure of antibody affinity (Buus et al., 2012). Signal strength in peptide arrays is 

determined by many factors, including quality of synthesized peptide, variations in peptide 

solvation, presence, or absence of high-affinity antibodies as well as presence or absence of multiple 

lower-affinity antibodies towards the peptide. As seen in Figure 2.3B, the number of recognized 

epitopes is similar across all 6 immune mice, while the epitopes recognized by individual mice show 

a large heterogeneity between mice. This heterogeneity in epitopes recognized is demonstrated by 

the very large number of epitopes recognized by at least one mouse, compared to the substantially 

smaller number of epitopes with mutual recognition by any 2 of the 6 immune mice (Figure 2.3C) 

and only a much smaller fraction of epitopes mutually recognized by 3 or more (50%) of the 6 
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immune mice. A large heterogeneity in antibody repertoire between individuals has been shown 

before in humans (Ayoglu et al., 2013; Nagele et al., 2013) and was expected due to the stochastic 

nature of V-D-J recombination leading to the specific binding characteristics of an individual 

antibody generated by a clonally expanded mature B cell.  

Interestingly, when validating just a small cohort of 12 peptides, representing ~2.86% of the 

peptides examined out of the total of 420 peptides, which were each recognized by at least 3 of our 

original 6 mice based on the Nimble system data, we were able to show reactivity to at least one of 

these peptides in 65% of our validation cohort of 20 separate immune mice (Figure 2.7D). While we 

did not achieve the same rate of recognition for each individual peptide, having at least one peptide 

recognized by some of these additional 20 mice supports the biological relevance of these proteins 

being antibody targets by multiple mice in our system. This biological importance is further 

supported by the testing of random peptides with immune serum samples from 20 additional mice 

(Figure 2.8) where 10 randomly selected peptides showed only one of the 20 mice recognized just 

one of the 10 peptides barely above the threshold of an OD value of 2 (mean value of 2.28), 

corresponding to 0.05% positive reactions of 200). In contrast when these same 20 validation 

immune serum samples were used to recognize the 12 HERON-selected peptides that showed 

reactivity with at least 3 of the original 6 mice in the Nimble data, 48 out of the 240 possible 

combinations had an OD reading of 2 or higher (20%, p< 0.001). This validation indicates that the 

HERON method of selecting peptides from the Nimble data successfully identifies peptides that are 

being recognized reproducibly in validation assays at a rate far greater than would be seen merely 

by chance. More importantly, because the antibody repertoire is determined by stochastic gene 

rearrangements of V-D-J immunoglobulin gene components, the antibody repertoires of distinct 

genetically identical mice, should have substantial differences. Thus the ability of the HERON 

method to identify peptides based on their recognition by an initial set of mice using the Nimble 
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data and these same peptides are subsequently strongly recognized using an independent ELISA 

assay, on a separate set of previously untested validation immune serum samples, indicates that the 

peptides (and epitopes) identified by the HERON-method have immunologic importance for other 

mice from the same strain immunized to the same B78 tumor using the same immunotherapy 

regimen.  

There are several limitations to the current assay configuration to evaluate peptide binding by 

serum antibodies using a high-density peptide array technology. The assay is set up to provide end-

point binding of a complex mixture of antibodies at a single serum dilution. It is difficult to estimate 

the absolute binding affinity of each antibody clone in the complex sera from such a mixture model. 

By using different dilutions of known concentrations of well characterized mAbs known to recognize 

specific epitopes or peptides on the Nimble array, a “standard curve” could be created enabling one 

to interpolate signals seen with immune sera to the standard curve with the mAb dilutions, allowing 

calculation of a “mAb concentration equivalent”. We have not pursued this and do not think this has 

been done yet by others using this technology. By evaluating serial dilutions of multiple different 

mAbs, at the same concentrations, on this high-density proteome array, one might be able to 

investigate some general patterns to allow quantitative assessments of binding to elements of the 

proteome with this technology. Once this knowledge has been acquired, this peptide array might be 

an optimal way to characterize the binding and specificity/cross-reactivity for new mAbs being 

developed.  

It is also possible that this array misses the antibody target of some clinically important antibody 

responses. These include antibody reactivity against conformationally determined epitopes that are 

not generated in relatively small 16-mer peptides. Second, as the peptides used in this array are 

strictly 16-mer aa sequences, no glycosylation is applied to these peptides. Thus, circulating 

antibodies that recognize differentially glycosylated peptides would not be detected. Third, some 
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clinically important antibody targets have no peptide component. A major example is the GD2 

disialoganglioside, proven to be a clinically important target on neuroblastoma; this glycolipid has 

no peptide component and is recognized by the Dinutuximab mAb (Yu et al., 2010), and the 

hu14.18-IL-2 immunocytokine used to cure mice of B78 melanoma in this study (Baniel, Heinze, et 

al., 2020; Morris et al., 2016), and also recognized by circulating antibody in patients immunized 

with a GD2-containing vaccine (Cheung et al., 2021). This peptide array would not be able to identify 

antibodies that might have been turned on to such non-peptide antigens, even if they were strongly 

induced in the process of these mice rejecting, and developing, a memory immune response to 

these B78 tumors. However, the array would be able to detect antibody binding to peptide 

mimotopes of such antigens as they are cross-reactive with the non-peptide antigens (Bolesta et al., 

2005; Horwacik et al., 2015; Wondimu et al., 2008). Finally, some of the antigenic targets on tumors 

that have been recognized by adaptive immunity are mutation-driven neo-antigens, with aa 

sequences different from that controlled by the inherited germline genome. As each individual 

tumor will have its own unique set of neoantigens, the detection of antibodies to these neoantigens 

using this high-density peptide array technology would require independently created proteome 

arrays to be established for each individual tumor being evaluated. This would seem currently 

impractical.  

As such, while other epitope discovery methods are superior in probing more limited numbers of 

targets to define discontinuous or conformational or glycosylated, or non-peptide, or mutated 

epitopes and immunodominant responses, this technology appears useful in identifying 

immunoreactive regions within the entire proteome, not previously considered as potential 

epitopes, on a large scale. 

Beyond the possible utility of identifying biomarkers for effective immune responses induced by 

cancer immunotherapy, we are hopeful that this technology can be used in profiling antibody 
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responses to many other diseases. This tool was able to detect known and previously unknown 

protein targets of antibody responses throughout the mouse proteome. This approach could 

potentially be applied to other cancers to advance diagnostic and cancer vaccine development.  

This initial description of the results of our analyses to probe the detection of linear epitopes 

recognized by sera of mice cured of their B78 tumors, relies on the novel bioinformatic approaches 

developed to analyze these large data sets, reported separately (McIlwain et al., 2023). This report 

presents: 1) the immunologic methods used to obtain data and validate it using additional JPT and 

ELISA systems; 2) the spectrum of peptides, epitopes and proteins recognized; and 3) initial 

description of what fraction of targets recognized by at least one immune mouse are also 

recognized by some other mice, despite the stochastic nature of each mouse’s individual B-cell 

repertoires. Important additional analyses are still underway and are beyond the scope of this initial 

report. These include characterizing which antigens are recognized by these immune sera and 

determining their relationship to the B78 melanoma tumor that responded to the immunotherapy 

in the process of turning on these adaptive antibody responses. These ongoing studies also include 

identifying which of the proteins recognized by these immune antisera are expressed or over-

expressed by the tumor cells themselves, and if expressed by the tumor cells, what is their cellular 

location (membrane, cytoplasmic or nuclear). Furthermore, even though these antibodies were not 

seen in naïve mice, and were thus induced by bearing the tumor, and responding to the 

immunotherapy (as demonstrated in Figure 2.5D), given the very large number of proteins 

recognized by these immune sera (~10,000 proteins recognized by at least 1 immune mouse, as 

shown in Figure 2.4C), it seems very unlikely that all of these are selectively expressed by the tumor 

cells and not normal tissues. As such these antibodies induced in these mice by implanting and 

successfully treating these tumors may also reflect antibodies that can recognize proteins from 

normal tissues and may thereby be considered “auto-antibodies”. Such auto-antibodies may be the 
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mechanism behind auto-immune, paraneoplastic, syndromes seen frequently in patients with 

cancer (Ong et al., 2022; Villagran-Garcia et al., 2023). Finally, even though multiple distinct proteins 

are recognized by these immune sera, might some of these antibodies be recognizing shared or 

similar amino acid sequences on these distinct proteins, reflecting possible immune cross-reactivity 

of similar antibodies to seemingly distinct proteins? These issues are now being pursued and will be 

presented in a subsequent separate report (Hoefges et al., 2022). 

In summary, this work shows that peptide array technology can be used to detect the linear 

antibody-recognized “immunome” of sera from mice immune to B78 tumors through RT+IC 

treatment. While we saw a large heterogeneity between individual mice, some proteins were 

strongly recognized by sera from multiple immune mice and may potentially be of importance in 

achieving immunity to the cancer, or as a biomarker of a potent adaptive response to the cancer. 

This same type of workflow could be applied to other types of cancer or diseases as well as to the 

analyses of patients that have received effective immunotherapy associated with a clear immune 

mediated anti-tumor response to their cancer to evaluate the equivalent antibody-recognized 

human tumor “immunome”. Some work in this cancer realm, and in analyses of auto-immunity and 

anti-viral immunity has been reported and is underway (Heffron et al., 2021; Mergaert et al., 2022; 

Potluri et al., 2020; Zheng et al., 2021). 
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Figures 

 

Figure 2.1: Mice develop antibodies against melanoma tumors throughout treatment 

A: Timeline of blood serum collection. C57BL/6 purchased from vendors are allowed to acclimate 1-

2 weeks prior to Naïve sample collection and B78 tumor implantation. After measurable tumors 

have established, Pre-treatment samples are collected prior to initiation of radio-immunotherapy 

[12 Gy external beam radiotherapy (EBRT) and intratumoral hu14.18-IL-2 immunocytokine (IT-IC)]. 

Following completion of therapy, Post-treatment samples are collected. Tumor-free samples are 

collected from animals that have no palpable tumors ~30 days following treatment initiation. ~90 

days post treatment initiation, these “cured” animals are rechallenged with tumor cells and Immune 

samples are collected the following week. Schematic created using BioRender.  

B: Flow cytometric analysis of serum antibody binding to tumor cells. Murine blood serum was 

incubated with murine tumor cells prior to staining with fluorescently tagged anti-mouse IgG 

antibodies and flow cytometric analysis. Median fluorescence intensity values corresponding to the 

timepoints described in A are shown. Serum samples were tested against B16 melanoma (black), 

B78 melanoma (pink) and Panc02 pancreatic adenocarcinoma (green) murine tumor cell lines. Error 

bars show standard error of the mean, n=3 mice for each datapoint. 
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Figure 2.2: Overview of array data and reproducibility and reliability of probe, epitope, and 

protein calls. 
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Figure 2.2: Overview of array data and reproducibility and reliability of probe, epitope, and protein 

calls. 

Serum samples from mice described in Figure 1A were run on the Nimble Therapeutics mouse whole 

proteome peptide microarray.  

A: Summary boxplot of signal intensity for sera from each of 6 mice, for which Immune sera were 

tested (designated: PD1, AC5, B2, A3, A4 and C4). For 3 of these mice, (B2, A3 and A4) naive sera 

results are also shown. Naive-1, and Naïve-2 are pools of sera from 6 separate naive mice (4 

individual mouse samples per pool), and immune-1 and immune-2 are pools of Immune sera from 6 

mice (4 individual mouse samples per pool). PD1-1 and PD1-2 are 2 replicate serum samples of 

cryopreserved Immune sera run independently, one year apart, on separate whole proteome 

microarray chips; B2-1 and B2-2 similarly are Immune sera from 2 replicate cryopreserved serum 

samples, run independently on separate whole proteome microarray chips within a day of each 

other. Data are presented as log-log transformed smoothed fluorescent intensities for all peptides in 

the array. Median values for all Immune (red) and Naïve samples (blue) shown are represented with 

dotted horizontal lines.  

B: Correlation of fluorescence intensity values from two separate whole -proteome microarray chips 

run one day apart (B2-1 and B2-2) on the same Immune-serum from one representative mouse. 

Each dot represents the log transformed processed raw array data for an individual called peptide. 

These peptides were then separated into 3 categories based on their signal strength: restrictive 

(highest signal, >10xSD above the mean), moderate (>6xSD above the mean), and inclusive (>3x SD 

above the mean) based on the statistical significance for each value above the mean signal strength 

for all peptides. Lighter colored dots represent peptide only called in the B2-1 assay, darker colored 

dots represent peptides only called in the B2-2 assay, for its respective category (Red: inclusive, 
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Blue: moderate and green: restrictive). For each graph, the black dots are those peptides that were 

not called for that graph (at the indicated signal strength level) either in the B2-1 or the B2-2 assay.  

C: Scatter plots of epitope-level data based on the peptide data shown in Figure 2.2B, again 

segmented into restrictive, moderate, and inclusive rankings. Epitopes were identified based on 

overlapping consecutive recognized peptides and values plotted based on the -log10 p-values. 

Lighter colored dots represent peptides only called for sample B2-1, darker colored dots represent 

peptides only called for sample B2-2, for its respective category. D: Scatter plots of predicted 

protein-level data based on the peptide and epitope data shown in Figure 2.2B&C, segmented into 

restrictive, moderate, and inclusive rankings. Proteins were identified by combining epitope data 

and generating a protein p-value and values plotted based on the -log10 p-values.  Lighter colored 

dots represent peptide only called in replicate sample B2-1, darker colored dots represent peptides 

only called in replicate sample B2-2, for its respective category. For Figures 2.2 B-D the numbers in 

the legend box within each figure indicate the number of dots in each category.  
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Figure 2.3: Number of epitopes identified and categorized from mouse whole proteome peptide 

microarray for all Immune samples 

A: Example of raw data highlighting a predicted epitope, defined as a clustered and overlapping 

antibody binding region in the peptide microarray. A section of the titin protein is shown, with 9 

stacked 16-mer peptides, each shifted by 2 aa positions, starting at aa position 8901- 8917. 
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Fluorescence intensity results are shown for each of these 9 16-mer peptides for separate serum 

samples from 2 naïve mice (naïve B2 and naïve A3) and 2 immune mice (PD1 and B2). Five of the 

consecutive 16-mers show strong binding by the 2 immune sera, while the other 4 16-mers show 

very weak binding by all 4 sera shown. The 5 well recognized 16mers each share the 8 sequential aa 

shown in the green box, indicating a recognized epitope.  

B: Number of inclusive, moderate, and restrictive epitopes identified in the Immune samples with 

significantly higher antibody binding in Immune serum than in Naïve serum samples. Each dot 

represents the number of epitopes in that category, for each of the 6 separate mice tested.  The 

individual mouse identifications are indicated next to each dot.  

C: Number of unique epitopes each recognized by any individual immune mouse, or co-recognized 

by 2, 3, 4, 5 or 6 Immune mice (of 6 total mice), segmented by cutoff category of inclusive, 

moderate, and restrictive of the epitopes. Within each category, the single dot plotted above the 

individual numbers plotted on the X axis indicate the number of epitopes recognized by exactly that 

number of mice.  

D: Categorization of epitopes by peptide length, based on the clustering as in Fig. 3A, using data 

from the restrictive category. Above each pair of numbers (i.e.: 1-2, 3-4, etc.) on the X axis are 6 

colored dots each indicating the number of epitopes of that aa length recognized by each of the  6 

mice tested. 
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Figure 2.4: Protein level analysis of Nimble Therapeutics mouse whole proteome peptide 

microarray data and identified epitopes 

A: Schematic showing examples of conditions that can lead to identification of one protein 

recognized by sera from 2 separate mice, including conditions where the same epitope within the 

protein is not recognized by antibodies from both mice, even though the protein is recognized by 

sera from both mice.  

B: Number of unique UniProt IDs recognized per Immune sample, segmented by the inclusive, 

moderate, and restrictive categorization of the called protein. Mouse IDs are labeled on each dot to 

demonstrate similar overall distribution within each category.  

C: Number of inclusive, moderate, and restrictive unique proteins recognized by at least 1, 2, 3, 4, 5 

or 6 of the 6 mice tested.  
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D: Number of proteins identified by the given number of mice on the X axis, where at least one 

mouse recognized the protein within the restrictive category and the other mice identified that 

same protein at least in the moderate category (purple dots) or at least in the inclusive category 

(orange dots) in the other samples.  
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Figure 2.5: Comparisons of data from Nimble and JPT systems, for the same peptides and serum 

samples. 

A & B: Comparison of results using the same 10 serum samples tested in both JPT and whole 

proteome (Nimble) systems, for 11 peptides selected from the whole proteome data to show no 

significant signal with any serum samples (naïve or immune) vs. 272 peptides showing a high signal 

with at least one immune serum sample (A&B). 

A: Median fluorescence intensity values (from the whole proteome system) for peptides with a high 

signal (>1000 fluorescence units, >10SD over the mean) in at least 1 immune serum sample that 

were also tested on the JPT peptide array (pink triangle, high signal, 272 peptides) and on 12 

peptides with a signal below 10 fluorescence units in all samples (identified based on the immune 

and naïve samples from the first whole proteome chipset) (black circle, no signal, 11 peptides) are 

displayed for 10 serum samples tested in the whole proteome system.  

B: Median values for the same peptides as shown in A are shown for the same samples (minus the 

repeat PD1 sample which was only run once on JPT) run on JPT multi-well peptide array.  

C: JPT (Y-axis) vs. Nimble (whole proteome, X-axis) fluorescence signal data-comparison plots for 5 

exemplary peptides.  

D: Whole proteome data to ELISA comparison plots for 6 representative peptides (5 of which are the 

same as displayed in C) on 7 separate serum samples. For each peptide shown, the left Y axis shows 

ELISA data as optical density readings, and the right Y axis shows original whole proteome peptide 

array fluorescence intensity data for the same serum samples on the same peptide. The 7 individual 

serum samples are displayed in each graph with the same color, ELISA data are shown as circles, 

whole proteome data are shown as stars. The vertical dotted line separates ELISA from Nimble data. 
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Multiple datapoints [dots (ELISA) or stars (Nimble, whole proteome) for one sample] show 

replicates.  

E: Heat map of 11 peptides from 11 different proteins with results from 4 immune serum samples 

and 2 naïve samples across 3 different peptide binding assays. Results from Nimble whole proteome 

peptide array as well as JPT peptide array and peptide ELISA were performed on the same serum 

samples and peptides; results are visualized via heatmap. Eight of the peptides shown were selected 

based on significant binding by at least 50% of immune serum samples in the whole proteome 

system. ICC: Intraclass correlation coefficient, is the reliability measure of the instrument for that 

specific peptide accounting for time of treatment and mouse. ICC scores of 0-0.5 show poor 

reliability,0.5 - 0.75: Moderate reliability, 0.75 -0.9: Good reliability and 0.9-1 excellent reliability.  
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Figure 2.6: Time-course analysis and validation of Nimble peptide array results via peptide ELISA. 

A&B: Peptide ELISA of three exemplary peptides (16-mer peptides belonging to Hmcn1, Vsig2 and 

Scn4b) on all serum collection timepoints shown in Figure 2.1 on the indicated separate serum 

samples from 2 immune mice [B2, top row (A) and A3, bottom row (B)] are shown as optical density 

on the left Y axis. Right Y axis displays the corresponding fluorescence intensity from the Nimble 

Peptide array system for the indicated naïve and immune timepoints. Three separate replicate data 

points are shown for each serum specimen for each peptide in the ELISA (left Y axis), and 2 replicate 

data points are shown (at times these overlap) for each serum sample on each peptide for the 

immune Nimble (whole proteome) data (right Y-axis).  
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Figure 2.7: Peptides identified by the whole proteome array are also seen by ELISA testing for the 

same 6 immune mice, and for a separate validation set of 20 separate immune mice. 

A: Heatmap of 16 chosen peptides from whole proteome peptide array displaying whole proteome 

peptide array sample results for 12 serum samples including 2 replicate samples (B2 immune and 

PD1 immune). Data are shown as log transformed fluorescence intensity. Dotted pink line separates 

naïve serum samples on left from immune serum samples on right. Fourteen of these 16 Peptides 

were chosen, based on whole proteome data, demonstrating significant binding by serum samples 

from at least 3 of the 6 immune samples. Two of these 16 peptides shown were selected because 

they exhibited no binding by any of the immune or naïve serum samples tested in the whole 

proteome system (Gria4 & P53, at the top and bottom of the list shown). Data shown are log10 of 

the fluorescence units of the peptide array signal.  
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B: Heatmap of ELISA results using the same peptides and serum samples as in Figure 2.7A. Grey 

areas indicate peptides not tested for the 4 indicated serum samples. Data shown are Optical 

Density (O.D.) values read at 450 nm length on a scale from 0 to 3.5.  

C: ELISA data for the same peptides as in A & B but using immune mouse serum samples never 

tested before from 20 separate mice that have received the same treatment to cure their B78 

cancer (together with matched naïve serum samples for 14 of these 20 immune mice). Also included 

here is a repeat immune serum sample from one of the 6 immune mice used in the original whole 

proteome samples as an internal control (B2 immune, also shown in whole proteome data in Figure 

2.7A, and ELISA data for original whole proteome samples in Figure 2.7B). Data shown are optical 

density values read at 450nm length on a scale from 0 to 3.5.  
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Figure 2.8: Peptides selected at random from whole proteome array 

Peptides selected at random from whole proteome array are similarly recognized by ELISA testing 

for a separate validation set of 20 separate immune mice and show much lower antibody 

recognition in comparison to HERON-identified peptides present in 50% or more of the original 

cohort.  
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A: Heatmap of 11 peptides from the whole proteome dataset displaying whole proteome peptide 

array sample results for 6 immune serum samples (the same 6 immune serum samples used for 

figures 2 & 3). Ten of these 11 Peptides were chosen at random utilizing a random number 

generator out of all probed peptides from the whole proteome array. One peptide is included as a 

negative control peptide that was intentionally selected as a negative control; we have never 

observed antibody binding to it in any of our original or validation tested samples (Gria4, at the 

bottom of the list). Data shown are log10 of the fluorescence units of the peptide array signal.  

B: ELISA data for the same peptides as in A but using immune mouse serum samples not tested on 

the whole proteome array from 20 separate immune mice that have received the same treatment 

to cure their B78 cancer. These 20 new immune serum samples are identical to the 20 new immune 

serum samples shown in Figure 7C. Also included here is a repeat immune serum sample from one 

of the 6 immune mice used in the original whole proteome samples as an internal control (B2 

immune, also shown in whole proteome data in Figure 2.8A). Data shown are optical density values 

read at 450nm length on a scale from 0 to 3.5.  

C: ELISA data for 13 of the 16 peptides highlighted in Figure 7 on the same immune serum samples 

as in Figure 2.7C. The peptides included here reflect 12 peptides chosen for strong antibody 

reactivity in 3 or more of the original 6 mice tested on the whole proteome array. As in Fig. 8A and 

B, the Gria4 peptide is included as a negative control peptide (at the bottom of the list). Also 

included here is a repeat immune serum sample from one of the 6 immune mice used in the original 

whole proteome samples as an internal control (B2 immune, also shown in the whole proteome 

data in Figure 2.7A, and ELISA data for original whole proteome samples in Figure 2.7B). Data shown 

are optical density values read at 450nm length on a scale from 0 to 3.5. Scales used for the 

heatmaps in Figure 2.8 A-C are consistent with the scales used in Figure 2.7 A-C.  
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Supplemental Figures and Tables 

 

Supplemental Figure 2.1: Histograms of IgG binding to tumor cells for three individual mice (A3, A4 

and B2) on 3 different tumor cell lines.  

Timepoints correspond to the sample collection timeline in Figure 2.1A. A: Binding of serum 

antibodies to B16 tumor cells as measured via flow cytometry. B: Binding of serum antibodies to B78 

tumor cells as measured via flow cytometry. C: Binding of serum antibodies to Panc02 tumor cells as 

measured via flow cytometry. Data are shown as fluorescence intensities detected in the red 

channel measuring fluorescence signal for APC. The samples for each individual mouse are 

normalized to mode to enable comparison between the different time points for each mouse.  
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Supplemental Figure 2.2: Reproducibility and reliability of probe, epitope, and protein calls  

A-C: Reliability of Peptide array: Called peptides were separated in 3 categories [ left panel inclusive; 

middle panel moderate; right panel restrictive] based on signal strength of the bound peptides. A: 

Cryopreserved serum samples from the same Immune blood sample from mouse PD1, were tested 

independently (sample PD1-1 and PD1-2) on identical whole proteome chips, in assays that were 

performed 1 year apart. These showed high correlation between signal strength and repeatability of 

results after data pre-processing on a probe level. Shown are the log transformed processed raw 
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peptide array data generated in arbitrary fluorescence units. In the inclusive category (signal >3xSD 

greater than the mean) 58% of probes recognized in sample PD1-2 are also recognized in sample 

PD1-1. In the moderate category (signal >6xSD greater than the mean) 70% of probes recognized in 

sample PD1-2 are also recognized in sample PD1-1 and in the restrictive category (Signal > 10xSD 

greater than the mean) 80% of probes recognized in sample PD1-2 are also recognized in sample 

PD1-1. Shown are the log transformed values of background corrected smoothed raw peptide array 

data generated in arbitrary fluorescence units. B: Scatter plot of the same serum sample from A 

looking at epitope level data instead of individual peptides. Plotted are the -log10 values of the 

epitope p values for each epitope recognized in sample PD1-1 and sample PD1-2. Graphs are split up 

into each category, B-left, showing inclusive category with 43% of epitopes co-recognized by both 

samples, B-middle showing moderate category with 63% of epitopes co-recognized by both samples 

and B-right showing restrictive category with 73%. of epitopes co-recognized by both samples, C: 

Scatter plot of the same serum sample from A & B looking at protein level data instead of individual 

peptides or epitopes. Plotted are the -log10 values of the protein p values for each protein 

recognized in sample PD1-1 and sample PD1-2. Graphs are split up into each category, C-left 

showing inclusive category with 50% of proteins co-recognized by both samples, C-middle showing 

moderate category with 66% of proteins co-recognized by both samples and C-right showing 

restrictive category with 75% of proteins co-recognized by both samples.  
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Supplemental Figure 2.3: Epitope length divided by intensity of binding signal 

A & B: Epitopes were split in epitope length spanning between 1 and 8 consecutive 16-mer probes 

tiled at 2 amino acids. Over 80% of epitopes required amino acid sequences of 7-16 amino acids for 

binding in the moderate (A) and inclusive category(B). Only linear epitopes were probed, but small 

conformational epitopes are possible within a 16-mer peptide. The X axis shows the length of the 

detected epitope in 2aa steps as most peptides were tiled at 2 amino acids. The Y-axis shows the 

percentage of all epitopes per sample, for each of the 6 mice tested, with the corresponding epitope 

length. The designation for each of the individual 6 mice is shown in small letters next to each of the 

6 dots appearing in each of the columns.  
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Supplemental Figure 2.4: Plot of the hypergeometric p-value of getting at least x or more positives 

out of a sample of 14 randomly chosen peptides versus the % of proposed total peptides in the 

whole set of ~6.5 million unique peptides. Green - original ELISA results on immune mice, Red - 

validation ELISA results on immune mice, Blue - validation ELISA results on Naive mice. Both the red 

and green line show very significant p-values for up to almost 50% of peptides of the 6.5million 

unique peptides giving a positive signal. However, looking at the Naïve samples a significant p-Value 

is only reached by a maximum of 5% of positive peptides in this simulation using values derived from 

the Nimble and ELISA data generated. 
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Supplemental Table 2.1: List of serum samples used across Nimble Peptide arrays, JPT multi-well 

peptide array and peptide ELISA with data displayed in this manuscript. Identifiers refer to individual 

mouse IDs, used for naïve as well as immune (noted in column labeled status). Samples marked as 

(Pool) on Nimble whole proteome array 1 were only used for Figure 2.2A, Naïve 1, Naïve 2 and 

Immune 1, Immune 2. These were array chips run with pooled samples where it was not possible to 

distinguish which serum sample caused each specific antibody binding. Samples were used at a 

1:200 concentration for each specific sample, 1:50 concentration for overall serum concentration in 

the corresponding array chip.  
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Identifier Status

Nimble 

whole 

proteome 

array 1

Nimble 

whole 

proteome 

array 2

JPT 

multiwell 

peptide 

array

ELISA

naïve X 

immune X X X

naïve X X

immune X X X X

naïve X X X

immune X X X

naïve X X X

immune X X X

C4 immune X X

naïve X X

immune X X X

naïve pool 1 naive X

naïve pool 2 naive X

immune pool 1 immune X

immune pool 2 immune X

Validation cohort for ELISA only: 

naïve X

immune X

naïve X

immune X

naïve X

immune X

naïve X

immune X

naïve X

immune X

naïve X

immune X

naïve X

immune X

naïve X

immune X

naïve X

immune X

naïve X

immune X

naïve X

immune X

naïve X

immune X

naïve X

immune X

naïve X

immune X

V15 immune X

V16 immune X

V17 immune X

V18 immune X

V19 immune X

V20 immune X

V7

V8

V9

V3

AC5

PD1 

V14

B2

A3

V1

V2

V10

V11

V12

V13

V4

V5

A4

V6



 
85 

Supplemental Table 2.2: Co-recognized probe, epitope and protein calculations between repeat 

samples. 

Values corresponding to Figure 2.2 and supplemental Figure 2.2 and percentage calculations based 

on the respective called probes, epitopes, or proteins for serum samples from the same mice at the 

same timepoints (using the same cut-offs as shown in Figure 2.2 and Supplemental Figure 2.2) 

either run within a day of each other (for mouse B2 in Figure 2.2) or a year apart (for mouse PD1, in 

Supplemental Figure 2.2). In addition: calculations comparing serum from 2 different mice tested in 

the same run (B2 vs. repeat of PD1) show that different mice demonstrate co-recognition of a small 

fraction of the samples seen by those same individual mice. Calculations for % were done as 

following: overall=X only +Y only + X&Y; % overall=(overall/all probes)x100; % X&Y=(X&Y/all 

probes)x100; % of called (X)=(X&Y/(X only + X&Y))/100; % of called (Y)=(X&Y/(Y only + X&Y))x100; % 

of called X&Y=(X&Y/overall)x100.  

 

Sample X (.1) only Y (.2) only X&Y overall all probes not called % overall % X&Y
% of called 

(X)

% of called 

(Y)

% of called 

X&Y

B2 Z3 5311 7178 22806 35295 8459970 8424675 0.417 0.270 81.11 76.06 64.62

PD1 Z3 12975 10057 13636 36668 8459970 8423302 0.433 0.161 51.24 57.55 37.19

B2 Z6 591 1027 6653 8271 8459970 8451699 0.098 0.079 91.84 86.63 80.44

PD1 Z6 2610 1857 4326 8793 8459970 8451177 0.104 0.051 62.37 69.97 49.20

B2 Z10 95 149 1422 1666 8459970 8458304 0.020 0.017 93.74 90.52 85.35

PD1 Z10 688 276 1068 2032 8459970 8457938 0.024 0.013 60.82 79.46 52.56

B2vsPD1 (same run, different mice)

Z3 25536 21112 2581 49229 8459970 8410741 0.582 0.031 9.18 10.89 5.24

Z6 6408 5347 836 12591 8459970 8447379 0.149 0.010 11.54 13.52 6.64

Z10 1355 1128 216 2699 8459970 8457271 0.032 0.003 13.75 16.07 8.00

B2 Z3 1374 1724 7868 10966 85.13 82.03 71.75

PD1 Z3 3725 3067 5025 11817 57.43 62.10 42.52

B2 Z6 58 89 2376 2523 97.62 96.39 94.17

PD1 Z6 561 453 1752 2766 75.75 79.46 63.34

B2 Z10 6 2 526 534 98.87 99.62 98.50

PD1 Z10 132 53 495 680 78.95 90.33 72.79

B2vsPD1 (same run, different mice)

Z3 8036 6886 1206 16128 13.05 14.90 7.48

Z6 2434 1844 361 4639 12.92 16.37 7.78

Z10 427 443 105 975 19.74 19.16 10.77

B2 Z3 806 1137 6440 8383 53640 45257 15.628 12.006 88.88 84.99 76.82

PD1 Z3 2295 2001 4249 8545 53640 45095 15.930 7.921 64.93 67.98 49.72

B2 Z6 45 73 2166 2284 53639 51355 4.258 4.038 97.96 96.74 94.83

PD1 Z6 437 375 1544 2356 53639 51283 4.392 2.879 77.94 80.46 65.53

B2 Z10 4 3 501 508 53640 53132 0.947 0.934 99.21 99.40 98.62

PD1 Z10 107 50 458 615 53640 53025 1.147 0.854 81.06 90.16 74.47

B2vsPD1 (same run, different mice)

Z3 5058 4062 2188 11308 53640 42332 21.081 4.079 30.20 35.01 19.35

Z6 1767 1475 445 3687 53640 49953 6.874 0.830 20.12 23.18 12.07

Z10 404 407 101 912 53640 52728 1.700 0.188 20.00 19.88 11.07
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Supplemental Table 2.3: Peptides used in Figure 5 with Nimble and JPT data 

284 peptides tested on JPT, and Nimble platform used in Figure 2.5 in no or high signal category. 

Data provided for all samples from Nimble and JPT shown in Figure 2.5. Categories were chosen 

based on Nimble whole proteome array 1 and then tested on JPT and Nimble whole proteome array 

2. All data from JPT multi-well peptide array runs and matched Nimble peptides on all samples can 

be found in Supplemental Data 1.  
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AC5 immune PD1 immune B2 naïve A3 naïve
B2-1 

immune
A3 immune A4 immune C4 immune

B2-2 

immune

Naïve Pool 

1

PD1-1 

immune

Immune 

pool 1

Naïve pool 

2

AC5 

immune

Immune 

Pool 2

PD1-2 

immune
B2 naïve

B2-1 

immune

B2-2 

immune
A3 naïve A3 immune A4 naïve A4 immune C4 immune

Gpsm1_Q6IR34 AEATAAPSVEDRAAQS Q6IR34;523 high 2377.3 1000.7 406.7 347.3 11863.7 3874.0 2744.3 1520.0 8033.0 1.1 1.74 2.72 2.42 1227.22 1336.99 2.17 2.47 1.97 2.46 2.82 2.34 1.56 1.9 1.78

Kalrn_A2CG49 AELEKCIQEQDRLAQL A2CG49;1963 high 50833.3 5212.3 1858.7 1374.3 21404.3 6433.0 5490.7 5165.3 17793.7 1.1 3.32 2.5 6.78 30693.74 21038.1 2 3 1.83 2.73 2.81 1.59 2.43 3.59 2.6

Hmcn1_D3YXG0 AEVSDTGQYVCRAINV D3YXG0;3119 high 10216.3 2796.7 864.3 756.3 11821.7 4455.3 3716.7 3050.3 10785.7 1.2 2668.88 601.9 3.21 671.68 1401.95 810.64 1.41 1379.14 1861.54 4.18 4.82 1.39 3.75 1.54

Junb_P09450 AGSYFSGQGSDTGASL P09450;65 high 12726.3 3162.0 613.7 368.7 13989.3 5302.7 3272.0 2802.7 11362.0 1.8 6694.16 3406.04 2.85 18205.02 8918.1 2797.53 1.91 5989.02 4183.11 5.54 138.55 5.42 5.13 3.87

Ptchd4_B9EKX1 AIDHCAPLLYTFVLAT B9EKX1;783 no signal 1289.3 1801.7 576.3 577.7 1428.0 1183.0 6079.0 983.0 1818.3 1.3 1.79 2.19 2.66 2.33 3.36 2.08 1.75 2.18 7.07 2.69 4.19 2.96 1.75 3.02

Fbxl6_Q9QXW0 AKPRTKPRPEPSLDQG Q9QXW0;83 high 11765.7 6755.0 1118.0 913.7 28131.7 10270.0 7314.3 10497.3 26891.7 140 1012.03 732.76 1189.44 1360.22 1214.41 506.66 911.92 985.5 828.04 555.03 925.44 891.91 995.64 910.73

Usp43_A6PWR8 AKSEDSGRAIGQGTTG A6PWR8;869 high 4266.0 3397.7 482.0 521.7 19507.3 5881.0 3950.0 3068.3 12960.3 390 8337.36 3424.69 220.69 11.86 2844.34 5555.16 1.95 11.37 14 193.64 252.04 78.7 173.81 725.96

Impdh2_P24547 ARHGFCGIPITDTGRM P24547;135 high 39318.7 28761.3 1997.0 7319.3 36065.0 31475.7 35677.7 25978.3 37545.7 1.1 3.6 4.75 3.56 7759.6 2911.04 1.6 2.07 38.46 19.57 2.76 3.68 1.11 2.84 3.14

Unc5d_Q8K1S2 ARLSDSGNYTCMAANI Q8K1S2;219 high 4769.3 5182.7 835.0 642.7 14652.3 5273.3 4675.0 3075.7 12800.3 1.1 2567.12 502.1 4.04 1711.82 1635.77 824.42 1.91 2292.31 2005.35 2.47 18.96 1.57 3.35 1.69

Fam8a1_Q3URQ4 ARTASDTGRQAGREYV Q3URQ4;213 high 12981.3 2817.7 733.0 685.0 22097.3 11611.3 9653.0 1855.0 13642.0 1.4 2297.26 663.76 5.37 9882.02 4008.7 287.34 1.95 1023.48 1131.52 2.31 27.31 1.96 4.4 2.11

Ift122_E9Q9G8 ASCSSSDFGLWSPEQK E9Q9G8;109 high 6349.7 4398.7 1112.0 996.3 15007.3 5296.0 5166.7 4367.7 13440.7 2.4 8388.85 2569.44 3.33 288.48 2489.97 287.98 8.91 4668.22 5394.44 3.22 48.94 2.3 4.1 3.71

Gm44511_A0A0N4SW10 ASDNRWICQKELNHET A0A0N4SW10;203 high 8402.0 6051.0 2520.0 2159.0 21905.7 9873.7 6449.3 9816.0 20510.3 1.2 5866.9 526.81 7.74 1.7 1575.59 2587.5 3.12 318.74 356.71 2.85 33.54 4.14 1.98 3.32

Irx2_P81066 ASDTGKAGSHSLESHY P81066;431 high 27182.7 16258.3 2795.0 2809.3 30342.7 18473.0 9487.0 12157.7 27526.0 1.5 1210.06 191.32 2.35 3357.21 928.72 288.3 1.5 461.05 435.29 2.36 7.91 1.74 2.72 1.65

Tmem129_A0A0J9YVH4 ASVKLVKTCQEPAVGE A0A0J9YVH4;5 high 3873.5 1445.3 2052.0 873.3 5569.3 2021.3 2705.3 3969.0 6811.0 110 12660.98 8111.32 2351.14 35.73 7276.93 5774.13 212.51 31.23 27.64 21.51 8.82 10.62 4.97 2.2

Zcchc8_Q9CYA6 ATGITPFEFENMAEST Q9CYA6;669 high 5443.0 2674.0 1112.0 982.7 16268.7 5711.3 3499.0 4217.7 13619.0 28 7354.12 3474.92 112.27 2.66 2326.18 4089.66 1.98 4.68 4.88 2.68 6.72 1.55 410.12 5

Kiaa1107_Q80TK0 ATHQRESPESDTGSAT Q80TK0;819 high 6724.0 2084.7 428.5 371.7 14293.7 6090.7 3811.0 1968.3 9548.3 1.3 1423.03 365.65 2.14 802.72 2102.71 191.06 2.08 1289.46 639.47 2.84 2.11 2.53 2.81 2.11

Tm9sf3_Q571B0 AVCCICFFVILPLNLV Q9ET30;395 no signal 1127.0 768.0 471.0 513.0 1577.3 1391.0 3212.3 910.3 1733.0 0.96 1.38 2.54 2.39 1.52 2.52 1.74 1.32 1.83 2.73 4.59 1.93 4.29 2.33 2.26

Spsb3_E9PW49 CAAPPGFFVDGRGEVL E9PW49;129 high 9069.3 7273.0 1886.7 1952.3 39092.3 8266.0 6669.7 8242.3 37693.0 1.3 1897.65 252.15 2.06 5.64 350.88 841.37 3.06 5.08 13.9 2.69 2.27 1.46 4.72 2.11

Clec2h_Q8C1T8 CGFLSDNGISSGRSYT Q8C1T8;179 high 13423.3 6438.0 1063.7 935.7 18457.7 11475.0 7247.7 5442.7 19941.7 1.1 11.84 2.03 3.22 5853.13 1302.67 5.03 1.76 8.71 39.17 2.44 5.81 1.55 2.7 2.02

Dync2li1_Q8K0T2 CQIGSPPVPDSDIGKL Q8K0T2;265 high 15026.7 4908.0 2250.0 1427.0 20447.7 7942.7 5764.3 5837.0 21229.7 1.4 7.87 4.16 1.49 9616.79 5330.52 8.66 2.36 6.68 18.22 2.27 1.68 1.28 2.54 2.31

Ank2_Q8C8R3 CSITGGTTPAQWEDIT Q8C8R3;1229 high 5750.0 3079.3 1133.7 978.7 14313.7 3896.0 3402.3 3276.0 13996.7 1 2.07 23 7.48 8344.06 3374.81 2.7 5.98 4.87 8.14 2.79 1.76 1.29 4.57 2.31

Ube2v1_B7ZBY7 CVQDCRMSDSGPWLPG B7ZBY7;19 high 12651.0 14439.7 5283.0 4073.0 22951.0 16708.7 9509.7 16117.3 24436.0 1.3 15439.83 3034.54 3.43 128.75 9595.54 3872.78 5.9 5658.65 5500.44 2.32 44.57 1.64 2.97 21.84

Abca3_Q8R420 DAFVGGYSISSDIGKV Q8R420;1439 high 8126.0 3243.7 709.0 591.7 7637.0 3257.3 2997.0 2724.3 9368.0 1.8 1.69 2.36 4.16 11136.62 5443.55 1.57 1.71 4.68 12.73 2.96 3 3.49 2.31 2.95

Lmx1b_O88609 DCFLGSSDVGSLQARV O88609;363 high 13236.3 4775.7 785.7 752.3 17071.0 6243.3 3781.0 4194.3 17051.7 1.2 270.02 15.31 2.77 2650.16 697.55 27.79 2.14 91.8 118.42 1.97 5.34 1.31 3.29 2.3

Ift80_Q8K057 DLYITSVKRFGKEEQI Q8K057;487 high 5878.0 3369.3 1538.7 1463.3 8402.0 3681.0 4461.3 4525.0 10756.7 1.1 859.31 212.43 50.61 2.75 1984.53 1983.34 96.61 9.82 24.39 3.81 2.75 1.99 6.74 8.47

Tp53bp1_P70399 DSASSQLGFGVLELSQ P70399;165 no signal 2643.7 1428.0 449.7 379.7 9567.0 3734.0 2813.0 2212.0 8194.3 1.2 2.07 3.53 1.91 6.41 2.22 2.17 3.82 2.46 4.05 3.18 2.82 1.2 5.07 3.15

En2_P09066 DSDTGRRRALMLPEVL P09066;35 high 28939.0 15732.3 2738.5 3292.3 42420.3 39806.0 24702.7 8483.5 35034.0 1.2 179.33 4.22 1.88 2544.37 534.84 85.51 1.25 239.21 269.02 2.84 48.25 1.67 5.82 1.72

Pbrm1_Q8BSQ9 DSMISSATSDTGSAKR Q8BSQ9;497 high 5923.0 2000.3 408.3 356.7 11388.0 4343.3 3464.3 1982.3 8571.7 1.1 2241.35 400.44 2.01 3705.21 725.96 851 2.26 558.64 580.46 3.36 38.59 5.75 8.82 2.77

Pelp1_Q9DBD5 DSPKVQPEAEPEPGLL Q9DBD5;987 high 2820.7 1223.3 469.0 429.7 10419.7 3972.7 2792.0 2664.3 10094.0 1.1 3627.3 1274.79 1.73 1.64 889.38 1512.09 2.62 2.44 4.02 2.94 2.05 1.71 5.05 2.51

Phip_Q8VDD9 DTEKMSPWDMELIPNN Q8VDD9;1111 high 6863.7 3892.0 2013.7 2265.0 20083.0 7346.0 4077.0 5231.3 17521.3 1.2 2618.46 470.92 3.86 1.3 383.66 833.65 2.46 3.56 2.82 3.6 2.27 2.9 1.81 1.42

Matn1_P51942 DTLDVSDRLAQVGLVQ P51942;307 high 2129.7 1407.7 446.0 420.7 10517.3 4003.7 2761.3 1330.0 8881.3 1.1 2.16 2.93 2.66 15525.69 6874.25 1.98 9.56 2.19 3.25 2.42 1.68 2.23 3.47 1.55

Gfy_A0A1B0GRI3 DTPKLSPGEESKIPSP A0A1B0GRI3;181 high 3712.7 2063.7 430.5 426.3 16885.0 5675.0 3622.3 2761.3 12266.3 31 6688.53 2709.61 30.66 466.31 2645.32 3549.1 6.12 2.14 3.53 3.17 2.05 77.26 1644.62 1.82

Hmcn1_D3YXG0 EAQISDTGRYTCVASN D3YXG0;2733 high 12654.7 3708.0 589.0 452.0 14602.7 4874.7 3762.0 3375.0 11738.7 1.1 5260.34 2154.59 2.61 3983.77 3978.65 3332.27 3.19 1959.11 2384.52 3.02 19.95 1.29 3.08 4.94

Fam13b_Q8K2H3 EEIWSANSLAAVFGPD Q8K2H3;165 high 3547.0 1364.7 519.7 419.3 8448.0 2793.3 2899.7 1935.3 8309.0 1.1 1.5 1.86 1.81 5640.42 3516.49 2.24 2.08 2.2 2.98 2.63 2.03 1.63 2.46 1.52

Ace_P09470 EFAEVWGKKAKELYES P09470;97 high 6622.7 4844.7 1736.3 1606.3 12184.0 5595.0 5416.7 5111.7 13826.0 1.2 1.96 5.49 7.26 16171 8564.03 1.94 13.01 1.98 3.06 6.12 1.77 2.58 2.85 4.2

Snx8_Q3U0I9 EFALLADRAAQQGKKE Q3U0I9;241 high 56463.0 11694.3 4667.3 2827.0 31060.7 13276.7 10505.3 17499.0 31331.3 1.2 2.67 2.82 2.65 18660.54 9795.33 2.81 55.53 3.93 2.69 4.87 2.63 1.89 6.8 18.24

Col12a1_E9PX70 EGDGGRTSDTGRTLVR E9PX70;1921 high 2376.5 946.3 470.5 406.3 13129.3 4748.0 4762.3 758.5 9477.0 1 1320.84 160.3 4.52 5116.55 1897.58 547.73 5.08 1269.79 1176.63 3.26 52.67 1.54 5.21 2.4

Mmp21_Q8K3F2 EHFTPLSSDTGISLLK Q8K3F2;263 high 2712.0 4223.0 1242.7 1496.3 49971.0 10607.7 10612.7 7515.7 38878.3 0.93 1084.01 131.17 2.2 2500.81 1363.46 464.23 14 1030.35 967.45 2.43 1.77 1.31 3.51 2.3

Gria4_Q9Z2W8 EIAIAPLTITLVREEV Q9Z2W8;495 no signal 2130.0 1278.7 638.3 647.3 2658.3 2029.3 2661.7 1433.7 3207.7 1 1.8 1.97 2.32 2.2 2.33 2.13 1.66 2.27 2.1 3.19 1.46 3.01 1.69 1.57

Ubqln4_Q99NB8 EIVICDQASVKEFKEE Q99NB8;25 high 1895.3 1287.7 505.7 392.7 11858.3 3833.7 2859.7 2646.7 10492.3 1.4 5744.57 2178.56 3.72 4.67 3993.11 2635.73 5.55 2.11 11.96 3.79 1.66 1.7 3.89 3.24

Fshr_P35378 EKANNLLYINPEAFQN P35378;103 high 7237.3 2796.3 2076.7 1923.0 12659.0 5220.0 3575.3 4002.0 13185.7 1.1 3.24 3.21 2.26 5521.36 2864.44 1.76 2.29 4.01 2.38 2.74 2.35 1.92 3.16 2.45

Kalrn_D3Z535 ELEKCIQEQDRLAQLF D3Z535;333 high 32365.0 3558.7 827.7 662.0 13727.0 5338.7 5530.3 4102.7 14554.3 1.3 1.76 2.29 2.85 17869.75 12411.63 2.85 1.49 4.1 3.37 2.69 2.38 1.38 2.34 2.84

Hspg2_B1B0C7 ELHFPSVQPSDAGVYI B1B0C7;1729 high 27496.0 25172.7 1622.7 1700.7 21150.7 9658.7 9026.7 6482.7 20802.0 1.5 1611.21 160.7 9.91 5378.82 3599.17 527.7 1.29 478.91 356.74 2.69 2.52 1.85 2.1 2.13

Ptk7_Q8BKG3 ELVFVTIAESDTGVYT Q8BKG3;367 high 5738.0 1854.0 513.0 402.7 3837.7 1634.7 2142.7 1560.0 3727.7 1.6 4453.14 1603.81 2.19 2098.75 5263.94 851.91 1.56 1927.78 1786.2 2.73 12.63 1.35 3.12 1.66

Zmym5_Q3U2E2 EMHINNSVKYSKLKSD Q3U2E2;591 high 3740.3 3766.3 992.0 997.0 7597.3 3070.7 4434.3 4362.3 7699.0 2.8 4434.23 3312.1 9.31 1.88 2674.88 5392.1 5.02 32.97 51.57 4.16 5.11 1.25 4.27 1.48

Tubb3_Q9ERD7 EMYEDDDEESEAQGPK Q9ERD7;435 high 1740.0 1220.3 450.3 374.7 10135.0 3239.3 2551.7 2114.0 7896.0 1.2 1.52 2.16 2.31 1298.46 1165.94 2.93 2.49 4.83 3.91 2.09 20.71 2.97 11.79 4.9

Gpsm2_Q8VDU0 ENLSLVTALGDRAAQG Q8VDU0;187 high 7359.3 2578.7 772.0 601.3 15913.7 4976.0 3880.7 3614.7 14947.3 1.6 1.59 2.71 1.61 19442.88 14762.09 1.98 2.13 2.31 3.53 2.77 2.51 1.22 2.75 3.62

Atrn_Q9WU60 EPSDAGFCGILSEPST Q9WU60;885 high 3617.0 1770.3 506.7 445.0 7798.0 2730.7 2693.0 2014.0 8359.3 1.4 1154.14 35.26 3.36 4.49 197.69 78.26 2.6 344.28 577.68 3.86 2.35 2 3.54 2.72

Gak_D6RHK5 ESDTGQAEFLLLTELC D6RHK5;111 high 2027.0 1161.3 456.0 414.7 3240.7 1899.0 3117.7 1580.5 9907.3 1.1 8413.26 4429.42 2.39 134.63 3583.12 4137.61 7.13 6438.45 8194 3.06 67.72 1.56 2.05 1.51

Ptk7_Q8BKG3 ESDTGVYTCHASNLAG Q8BKG3;375 high 18127.0 8701.0 1647.0 1257.7 15412.7 5615.0 4762.0 6070.0 19306.3 1.7 6027.81 3809.9 5.23 5077.71 5847.15 2559.98 2.79 3390.35 4382.81 2.41 203.01 2.92 3.76 2.59

Cacna2d3_A0A286YCF6 ESSDSAHGLLDPYKAF A0A286YCF6;85 high 14812.0 10720.3 2145.3 2352.7 22709.7 10051.0 7089.7 8312.3 24355.0 1.1 6355.05 482.54 2.86 2.86 1354.35 1527.38 1.22 1132.08 929.14 3.64 4.03 1.49 1.98 1.29

Abcb4_P21440 FDTLVGDRGAQLSGGQ P21440;519 high 8214.0 4371.3 730.0 856.3 20094.0 6995.3 5620.3 4967.7 19329.3 1.1 1.61 2.46 1.99 18143.5 12059.31 2.07 2.33 1.97 4.23 2.3 2.33 1.59 14.18 4.08

Cyp2c54_Q6XVG2 FDYKDRDFLNLLEKLD Q6XVG2;187 high 7518.3 3832.0 523.3 695.7 3849.0 2533.0 3156.0 3130.5 7327.3 24 1.58 2.54 47.81 6075.2 2728.34 1.71 1.77 4.47 4.75 2.69 3.12 1.28 109.3 6.99

Rhag_Q9QUT0 FEASDTGASMTIHAFG Q9QUT0;173 high 12438.0 5770.3 1176.7 701.3 20311.3 8213.3 4766.3 6519.7 20340.0 1.3 2345.04 976.04 3.23 963 1445.55 632.08 1.45 1211.48 1699.45 2.94 5.44 1.73 6.12 4.27

Pdia3_P27773 FESRVSDTGSAGLMLV P27773;35 high 17224.7 7792.7 1073.3 926.3 19391.3 8653.0 4913.3 9057.7 22204.3 1.3 2311.16 412.97 2.33 4471.42 1989.11 506.31 1.31 1452.84 1414.4 3.66 9.29 1.68 1.7 1.86

Wnk2_F7BQG5 FKFDLDGDAPDEIATY F7BQG5;44 high 4684.0 1720.7 633.0 619.0 6847.3 2803.0 2479.7 2510.0 8780.0 2.2 56.53 7756.62 3.44 718.39 8623.43 3.94 34.06 302.88 409.3 6.41 1.49 7.08 3.74 5.75

Capn2_O08529 FKIFKQLDPENTGTIQ O08529;673 high 11203.7 6402.0 1387.3 1573.7 10446.0 4828.7 6472.7 7664.7 16750.7 1.6 3987.57 2432.3 2.98 2.52 1859.91 3096.54 2.43 2.76 4.18 2.83 1.76 3.98 3.51 2.28

Trpv3_Q8K424 FLMHKLTASDTGKTCL Q8K424;157 high 25301.7 19199.3 1641.0 2086.3 17097.0 10231.7 13257.3 9172.3 19412.0 1.6 1459.87 439.18 1.75 7233.13 5383.48 219.86 3.13 820.06 683.33 2.45 4.91 1.49 2.86 3.23

Uck2_Q99PM9 FNFDHPDAFDNELIFK Q99PM9;81 high 4262.0 2666.0 751.0 517.0 15536.0 6186.3 5063.0 4032.0 18689.7 1.1 549.03 114.88 3.89 1022.73 626.79 766.85 206.54 138.88 165.5 1477.98 3928.68 122.59 192.39 32.7

Atg4b_D3YZP6 FPAIGGTGPTSDTGWG D3YZP6;61 high 22309.7 14226.3 2439.7 2131.0 23224.3 12676.3 7447.3 6856.7 20563.0 2.4 7646.99 2557.94 3.26 1719.02 5557.3 997.67 277.61 5627.66 4629.95 2.15 129.49 1.46 3.33 2.22

Cntnap4_Q99P47 FSDSGRNWKQYRQEDS Q99P47;115 high 21560.7 17646.0 3065.0 2095.0 37379.3 26896.0 12859.0 11802.7 30778.7 1.1 1412.11 272.01 9.26 148.32 331.28 363.97 4.38 1046.91 1170.71 2.26 3.03 1.22 2.94 1.91

Scn4b_Q7M729 FSDTGRYTCFVRNPKE Q7M729;123 high 51993.0 62070.0 4745.0 4032.7 62173.7 38786.7 21575.7 19136.0 62511.3 1.4 4122.02 807.78 3.74 1686.2 2119.58 1088.29 6.45 1825.4 2715.64 3.03 8.36 1.55 3.96 4.24

Vdac3_Q60931 FSTSGHAYTDTGKASG Q60931;41 high 16213.0 11781.3 1270.0 954.7 19107.7 9204.7 4644.3 7464.0 17356.3 7 471.01 49.18 2.92 21515.12 7602.55 18.16 1.61 149.95 115.91 3.98 3.31 1.64 3.78 3.97

Ttn_F7CR78 FTQVDSSDSGEYICRA F7CR78;4685 high 1592.0 2131.0 744.3 448.3 12372.7 4762.0 4175.0 2848.7 11326.3 1 8863.18 3781.28 1.89 411.38 7019.61 4223.57 16.32 9004.59 6086.68 2 84.85 1.79 2.83 5.51

Mybpc2_Q5XKE0 FVRQAARSDSGEYELS Q5XKE0;893 high 10278.3 10868.7 983.5 956.3 27790.3 8510.3 5409.0 5719.7 21795.0 1.8 5886.28 2287.19 3.22 135.59 2523.57 2278.68 4.39 3312.99 3702.44 2.39 79.11 1.87 1.81 1.76

Apc2_G5E832 FYDSDEEPPATAPPPR G5E832;1493 high 4443.7 1994.7 651.0 518.7 12219.3 4749.7 2956.0 2372.7 11376.3 0.94 1.47 3.23 8.31 3857.07 416.24 1.41 1.92 3.74 2.61 2.57 2.01 2.09 2.61 1.9

Ap1g2_D6RFT7 GAQHLWSQRPLLAGPD D6RFT7;209 high 30744.0 20860.3 9020.7 13658.7 37405.7 25521.7 18692.7 27039.3 37664.7 1.1 2.03 276.44 25.5 4370.67 2662.15 2.36 3.79 928.3 808.64 2.79 2.47 1.99 2.76 1.73

Lzts2_Q91YU6 GCPSGTLSDSGRNSLS Q91YU6;211 high 15901.7 7662.0 1102.3 774.0 42057.7 10555.0 6616.7 6110.0 34540.0 1.2 1130.84 226.06 3.9 787.39 893.12 365.36 3.61 2174.01 1404.68 2.82 40.6 1.5 2.84 5.36

Zfp687_D3Z524 GDMAPPPFSTPFELAP D3Z524;189 high 8880.0 7262.7 2470.0 2531.7 24357.7 10610.7 6633.0 9381.7 21467.0 1.5 3070.2 2085.09 21.62 1.44 1019.05 1310.27 1.33 2.62 2.42 2.71 1.88 3.14 6.62 2.96

Hykk_Q5U5V2 GFKVSKIQPLPSYEDQ Q5U5V2;31 high 8035.0 12887.7 1414.0 2027.3 12882.7 3939.7 4599.7 8180.7 14950.0 1.2 9208.45 8260.54 4.75 1.35 3044.41 5101.84 2.78 7.69 5.37 140.95 1.59 1.67 2.03 2.42

Myo16_A0A140LJ46 GGDLNGTDDRYWTPLH A0A140LJ46;245 high 14628.3 12111.7 4881.0 5751.3 29410.0 15330.3 9434.7 13876.3 28713.0 1.4 8845.65 1308.34 3.34 6.02 2852.9 775.54 2.59 15.57 16.25 2.81 1.95 1.23 2.97 1.74

Shb_Q6PD21 GGFKPIKHGSPEFCGI Q6PD21;373 high 17983.3 19225.0 4083.0 3797.7 21162.3 9680.3 13557.7 14841.7 26406.7 1.3 6856.39 3324.46 2.71 2.08 1813.24 3827.65 1.89 3.19 5.03 5.07 4.15 1.6 3.63 1.37

Acot6_Q32Q92 GGKPRAQSRAQLDAWQ Q32Q92;383 high 8332.3 5270.7 1930.5 1426.7 28027.3 11268.3 9858.7 8657.0 23463.3 1000 1119.42 1249.86 834.37 1099.5 1255.12 1030.75 856.92 883.7 1062.16 968.86 1092.41 1146.87 1174.1 1073.24

Ogdh_Q60597 GGQEPALPLREIIRRL Q60597;195 high 11797.0 4780.3 2162.3 1826.3 23747.7 9825.3 8393.7 6842.3 21903.3 1 2.37 3.81 3.75 2122.07 823.53 2.52 2.21 32.35 58.43 2.88 2.39 18.61 3.36 1.72

Rps6kc1_Q8BLK9 GGSSFESRGSDTGSML Q8BLK9;451 high 1189.5 1957.7 980.7 429.3 17404.7 6173.7 3649.3 4299.0 14999.7 1.1 3377.96 1088.63 4.18 6747.51 6427.9 2875.3 1.45 5270.09 4940.02 2.55 130.19 1.42 3.07 41.1

Pgam5_Q8BX10 GKPRGGGDADTRATEP Q8BX10;29 high 2872.3 2266.3 472.0 443.0 18566.7 6459.0 4617.3 2381.5 15273.3 2100 3030.2 1794.26 1775.06 18783.27 808.22 1835.42 1621.86 1360.63 1758.51 2592.51 1505.29 1295.07 1440.72 1144.7

Obscn_H7BX05 GLAPTDSGRYTCQVST H7BX05;5189 high 15519.7 10747.0 944.7 649.3 17340.3 8876.7 5068.7 4406.3 16196.7 1.2 2599.86 495.36 4.19 4166.23 2181.97 946.4 1.39 704.59 804.67 2.44 3.87 1.3 2.36 12.67

Fancd2_Q80V62 GLLDCPLFLPDLEPGE Q80V62;751 high 4708.0 1855.3 618.0 688.7 3289.7 1893.3 2706.3 1779.7 5144.0 1.6 1.95 2.3 21.19 1.34 4758.83 2.66 1.67 5.58 4.62 2.84 13.21 2.8 2.88 17.05

Pxdn_A0A1W2P6L9 GLYIQNVAQSDSGEYT A0A1W2P6L9;213 high 1154.3 1496.3 410.7 360.0 8099.3 2007.3 2585.0 1290.7 7877.7 1 10784.14 6361.61 1.51 3170.4 8799.85 3514.75 4.89 7717.25 7797.35 2.4 56.75 1.41 3.23 11.62

Ttc16_E9PZ84 GNLAFAEADYKQALAL E9PZ84;393 high 3809.0 2056.7 646.7 577.7 10101.7 3065.7 2977.3 2580.3 9136.7 1.1 1.74 4.82 2.82 8334.31 6388.62 3.47 2.78 2.47 3.51 2.82 2.59 1.34 2.03 3.54

Atg4b_A0A087WRT0 GPTSDTGWGCMLRCGQ A0A087WRT0;65 high 9287.0 4296.7 1206.0 750.7 14582.7 6617.3 5366.3 3279.7 12960.0 1 6959.43 1794.65 4.01 1266.14 1952.59 704.75 129.19 3548.21 3251.36 2.89 121.82 2.13 3.05 2.12

Avl9_Q80U56 GQEPSDSGRYLELPPR Q80U56;307 high 4895.0 2797.7 803.0 656.0 26459.3 9228.3 6129.7 1907.0 14611.3 1.1 7855.33 3773.24 3.67 1200.65 3394.31 3014.45 2.08 5946.08 4781.75 2.68 270.07 2 14.44 19.15

Focad_A2AKG8 GQQMNLLLMKSLDALE A2AKG8;1107 high 5654.7 2319.7 846.7 785.3 8761.7 3524.7 3430.3 4861.3 11070.3 1.1 3.22 4.53 2.68 7327.42 2847.35 1.64 1.2 2.14 2.52 3.57 2.08 2.87 4.05 3.35

Capn7_Q9R1S8 GRYSENDVKNWTPELQ Q9R1S8;487 high 11052.7 4926.0 2523.7 2241.7 20250.0 9083.7 6610.3 5976.3 21942.0 0.98 21975.45 3535.95 3.69 2.81 7219.65 4840.78 2.06 570.25 468.14 2.22 259.67 3.9 3.86 2.43

Pdcd4_Q61823 GSEAVRSGVAVPTSPK Q61823;81 high 10501.3 26252.7 414.0 331.3 17389.0 7526.7 6805.3 7040.3 19449.3 200 7863.26 3726.6 33.25 59.49 2848.7 4517.36 6.02 14826.36 15348.9 2.83 2428.85 7.84 264.07 1524.12

Plekha5_A0A0N4SVR9 GSKPFSSVKYKSEGPD A0A0N4SVR9;9 high 7669.0 3548.7 1475.0 966.0 17212.7 5605.3 3914.0 8222.3 18877.0 1.3 1547.91 2546.66 27.18 13.86 4583.5 2889.53 84.6 39.27 37.18 3.76 2.09 4.06 14.21 5.69

Cdk1_P11440 GSLASHVKNLDENGLD P11440;247 high 13212.3 7168.0 1368.0 1914.0 13507.0 4834.3 4413.3 8555.7 21879.3 1.2 2010.16 1534.41 4.18 75.55 877.06 1200.07 3.08 2.38 2.11 3.83 1.67 2.07 2.08 1.81

Boll_F6TV20 GSVKEVKIVNDRAGVS F6TV20;69 high 7346.7 4364.3 1185.7 674.0 10217.7 3396.0 3748.0 6883.7 16145.7 1.2 5735.17 7414.82 6.43 3.12 1779.97 3243.16 5.31 2.94 27.31 3.79 1.7 2 2.16 3.53

Nes_Q6P5H2 GTQWWGPGPSGGGVKV Q6P5H2;1683 no signal 9374.0 6885.7 3093.0 2975.0 20273.0 9319.3 7678.0 12545.0 20392.3 10 6.05 3.37 6.15 6.35 6.14 4.99 6.11 2.19 2.86 6.44 1.8 15.79 14.24 2.08

Hmcn1_D3YXG0 HIRRAEVSDTGQYVCR D3YXG0;3115 high 14271.3 4989.7 1564.7 1350.3 22286.7 9681.7 8732.3 5031.3 18270.3 1.2 2088.78 617.7 3.18 2181.96 3003.52 418.45 1.72 2195.25 1389.7 2.84 2.62 2.64 3.77 10.55

Capn3_Q64691 HLNSQLYDIITMRYAD Q64691;757 no signal 11786.3 8998.0 1660.3 1978.0 12233.3 5947.0 6295.0 6164.3 18193.3 1.3 1.77 2.3 2.92 2.15 3.27 1.44 1.43 3.57 2.12 2.62 1.71 1.56 2.28 2.77

Prrt4_B2RU40 HLRGPAAVWGNPVTET B2RU40;59 high 20345.7 19537.7 6046.3 7717.7 31592.3 21664.3 12166.3 25477.0 34519.3 1.2 1.81 3.2 4.32 3507.21 1241.94 2.74 2.2 1.88 2.76 2.33 3.99 1.83 3.37 2.9

Dbh_Q64237 HLVYGILEEPFQSLEA Q64237;171 no signal 5157.5 1779.3 582.0 561.3 3356.7 1658.0 2628.7 1465.0 3542.7 1 1.65 2.01 2.51 1.76 2.43 1.65 1.78 1.98 3.78 2.6 1.8 1.16 2.24 1.86

Ptk7_Q8BKG3 IAESDTGVYTCHASNL Q8BKG3;373 high 18120.3 11692.0 1155.3 1172.0 22960.3 5680.0 3774.3 5005.3 26669.3 3 7880.76 3949.89 2.74 4041.24 7323.48 4288.98 2 3905.25 5701.76 3.81 91.22 2 4.8 4.06

Hmcn1_D3YXG0 IEQAVISDAGVYTCAA D3YXG0;1227 high 9785.7 4072.3 521.7 745.3 5709.3 2986.0 2723.0 1388.7 5675.7 1.5 191.51 4.03 4.32 3935.32 1746.91 50.87 6.77 100.75 92.43 2.79 2.88 2.17 1.96 2.83

Igsf11_P0C673 IFINNTQLSDTGTYQC P0C673;105 high 3173.7 2017.0 468.7 399.5 8207.0 3417.0 4134.3 1912.3 6640.3 1.2 1886.33 136.36 3.27 1370.36 1284.58 482.38 14.54 924.02 842.54 3.18 5.67 1.51 2.74 2.85

Rnf169_E9Q7F2 IFRTPIKLSKPGELSE E9Q7F2;157 high 11973.0 10727.0 3399.0 5960.3 24626.0 13067.3 7854.3 14225.3 27072.0 1 1.45 2.47 1.79 1486.73 746.23 1.56 1.32 1.92 3.16 3.88 1.97 2.48 2.94 2.42

Hmcn1_D3YXG0 IKEAQISDTGRYTCVA D3YXG0;2731 high 22472.7 15691.3 1366.3 1218.7 25177.3 12550.7 6869.3 6385.0 21767.7 1.2 6578.78 2372.27 4.25 9801.4 6758.03 3207.79 3.96 4740.43 3222.2 2.83 46.29 12.52 2.73 3.66

Ssrp1_Q08943 IKNRGLKEGINPGYDD Q08943;425 high 10239.3 6820.3 2734.7 3414.3 22905.7 10099.7 6169.7 9425.3 24336.7 330 347.51 1523.39 1280.72 1231.41 612.86 965.13 1220.71 1052.72 1347.35 1074.25 1165.14 953.89 1162.12 626.84

Acan_Q61282 ISKARPNCGGNLLGVR Q61282;311 high 10228.3 6806.0 1670.3 2200.7 21599.0 9453.7 16412.0 11803.7 20196.3 2600 2984.84 1296.83 2099.74 1671.94 1648.53 2482.4 2837.59 2355.96 2831.34 3324.55 2429.28 1873.9 2346.07 2407.64

Lipk_Q8BM14 ISKMRVPTAMWSGGQD Q8BM14;327 high 12498.7 10468.0 2244.0 3789.3 32512.3 15573.0 12183.7 21001.3 33490.3 2500 3515.37 1658.69 1915.17 2489.95 1345.12 1952.22 1981.34 1269.96 1881.15 3013.43 1805.78 1183.36 2047.48 1236.47

H1fnt_Q8CJI4 ISKPREKAGQSRLTLG Q8CJI4;109 high 4740.0 4767.0 1268.5 1578.0 29873.7 11941.3 11363.3 11627.7 28068.3 2400 2828.77 2590.21 1708.99 2140.63 1893.92 2617.71 2729.72 2842.89 2794.92 3014.48 2447.25 2777.32 2779.09 2527.56

Creb3l2_Q8BH52 ISTPFEKEESPLDMNA Q8BH52;149 high 6823.7 3796.3 1205.7 1105.3 11266.0 4488.3 3734.7 3300.0 14266.0 14 5809.4 3518.62 35.87 2.44 1859.07 3213.75 1.96 2.94 3.49 2.77 1.53 1.78 11.36 1.64

Hapln1_Q9QUP5 ITKPREPCGGQNTVPG Q9QUP5;221 high 7909.3 4262.3 664.0 457.0 15583.7 5157.0 3927.3 5429.3 17331.7 3900 2722.47 2721 2539.54 2909.36 2417.51 1974.51 3128.69 3568.59 3323.29 3408.61 2954.52 2681.82 2605.3 2366.02

Nectin3_Q9JLB9 ITLHNIGFSDSGKYIC Q9JLB9;133 high 2968.0 1979.0 804.3 777.0 2896.7 1712.7 3137.3 2248.3 3663.0 1.4 6534.57 1441.13 2.66 210.71 5797.59 680 1.92 3155.29 1927.41 2.19 30.72 1.4 6.38 6.53

Ms4a10_Q99N03 KDVAQGHSSSDTGRAL Q99N03;225 high 15334.7 7824.0 661.5 614.3 22719.0 12574.7 5472.3 6178.3 20164.7 5.1 8541.39 4829.36 2.81 10182.33 13522.29 7504.96 1.79 13083.01 10410.8 3.17 143.84 1.15 4.75 30.48

Lemd3_Q9WU40 KLHDRLAQIAGDHECG Q9WU40;543 high 42459.3 9752.0 2163.0 2720.7 10516.7 5770.0 13614.3 8797.3 14251.3 1.1 2.34 3.54 2.52 14228.28 7536.01 2.51 1.76 3.11 5.64 2.67 1.39 2.28 3.18 23.15

Rnf169_E9Q7F2 KLSKPGELSEEYGCLR E9Q7F2;163 high 6200.0 3663.3 1493.7 1502.7 15435.3 5176.3 5124.0 4977.3 17136.7 1 3.11 2.67 3.79 2081.38 752.96 2.01 1.8 3.59 5.09 5.94 2.71 1.85 3.74 4.23

Lzts1_P60853 KPGLCSGALSDSGRNS P60853;163 high 22106.0 13042.3 742.0 811.0 26282.7 16263.7 9099.0 6423.0 21342.3 1.3 1004.5 48.4 3.5 5414.99 4720.48 642.11 10.36 1055.67 889.27 4.51 12.05 1.98 2.06 2.36

Gm49337_A0A1L1ST33 KPRGPTATNPASEATN A0A1L1ST33;45 high 2722.0 1155.7 458.0 336.7 17182.0 5240.3 3252.3 2708.0 11634.7 2100 1342.48 2117.15 1977.3 2569.83 1078.36 1410.67 1334.16 1443.86 1589.98 1842.58 1264.75 932.79 1656.13 1094.05

Dkc1_Q9ESX5 KQDYIDYSDSGKNTLV Q9ESX5;413 high 5159.3 1787.3 564.3 671.3 14420.0 5661.7 3513.3 1910.7 10792.7 1.2 928.15 83.53 5.17 2722.67 1325.92 89.19 1.84 135.1 156.17 2.95 3.36 1.99 1.81 32.54

Hsp90b1_P08113 KVEKTVWDWELMNDIK P08113;325 high 11250.7 7060.0 3701.3 3876.7 19412.3 10821.0 7780.3 9404.0 21559.7 1.7 1.96 3.22 10.55 7862.64 3398.36 2.36 28.82 11.38 17.01 3.65 9.51 1.38 4.44 4.43

Hnrnpr_F7B5B5 KYGGPPPDSVYSGVQP F7B5B5;45 high 12945.7 31632.0 2304.0 2121.7 30120.7 12057.7 7779.0 7018.7 22443.7 50 7188.41 3520.36 2.76 3.52 5014 2854.75 21.41 1846.48 1805.84 3.01 868.74 1.27 23.2 195.11

Hmcn1_D3YXG0 LALTSAQMSDAGRYTC D3YXG0;2067 high 19652.7 16366.0 1466.3 1283.0 23002.0 18570.3 12485.3 7601.0 21328.3 1.2 1354.85 82.98 7.01 4195.16 3589.07 427.19 4.63 832.6 466.45 2.27 5.26 1.75 4.52 4.37

Rabgef1_Q9JM13 LCVPVNEEIPEVSDMV Q9JM13;253 high 5202.0 2661.0 1546.3 1284.3 9768.3 3464.3 2834.0 4693.7 11553.0 1.8 2.65 7.99 3.65 5289.74 2789.3 1.6 1.89 5.95 2.71 2.39 1.88 2.37 3.39 1.58

Kalrn_D3Z534 LEKCIQEQDRLAQLFI D3Z534;265 high 2559.7 1585.0 638.0 565.3 8301.3 3233.3 4091.0 2298.3 8042.7 1.1 2.07 4.04 4.12 15266.24 5587.7 4.52 1.69 1.65 7.55 2.4 2.2 1.52 3.85 4.1

Washc2_A0A0N4SUJ0 LFDEDEDKVEDESSTC A0A0N4SUJ0;713 high 2324.3 1043.0 450.0 385.3 4047.3 1842.3 2506.0 1423.0 4255.0 1.3 2.56 3.01 2.38 11290.37 7412.05 1.69 32.05 2.13 3.82 26.73 1.7 2.3 2.15 7.04

B3galt4_Q9Z0F0 LGKPRRQQLADLSSES Q9Z0F0;111 high 6308.0 3132.3 802.0 1174.7 24463.3 9567.7 7140.7 4277.0 19251.3 1700 2624.21 2292.05 1521.38 1511.25 459.69 1990.83 1338.49 522.7 1336.46 3325.85 1690.38 1041.75 1738.81 748.94

Add2_Q9QYB8 LGQMTTNADTDGDSYK Q9QYB8;665 high 5342.3 2485.7 527.0 601.3 15381.3 5200.7 3481.7 2715.7 14273.7 1.1 1.89 2.48 2.33 1678.73 900.33 1.66 1.55 2.27 5.01 2.96 1.69 1.31 1.6 3.64

Tm9sf2_P58021 LHKDIARYNQMDSTED P58021;325 high 11950.0 7637.0 2519.7 1379.0 21110.0 8889.0 6341.3 12313.7 25800.7 13 4351.05 2719.08 2.42 5693.85 2171.19 117.43 6.39 1.56 3.29 2.47 2.75 1.88 2.5 35.41

Ttn_E9Q8K5 LIIVPASPSDSGEWTV E9Q8K5;1521 high 3658.3 1852.3 878.0 1015.7 3819.7 2120.0 2832.7 2127.7 3619.7 1.5 7970.13 1572.68 2.43 435.76 4475.98 2423.85 1.65 3113.3 3369.68 3.31 21.49 2.54 4.52 1.42

Krt9_Q6RHW0 LISKNRQDIEQHYESK Q6RHW0;311 high 9358.0 6112.3 2563.0 3602.3 16094.0 7580.3 11618.7 10037.3 16893.0 1100 1183.47 926.84 878.57 1314.12 1005.73 1096.23 1274.47 1236.68 1401.22 1845.77 996.44 956.31 1086.62 823.2

Adamtsl1_Q8BLI0 LKIHRLKPSDAGIYTC Q8BLI0;907 high 37198.7 64682.7 1807.3 2290.3 64359.3 19925.3 16551.3 7624.0 60323.3 1.1 7.77 2.94 2.34 3830.21 5103.79 62.35 4.18 121.94 73.42 3.74 3.31 1.36 3.74 2.3

Xpot_Q9CRT8 LKLLLDRLAQVSPELV Q9CRT8;409 high 10995.0 1006.0 479.7 427.0 2067.3 1640.7 2482.7 1360.7 2936.3 0.96 1.91 2.59 3.37 12302.88 8025.99 2.3 5.9 2.48 2.31 3.4 6.2 13.77 2.8 2.78

Vsig2_Q4KL36 LKLTDLRPSDTGTYLC Q4KL36;107 high 20117.7 60840.7 1765.7 2005.7 55661.0 13644.3 5788.0 6496.7 62635.3 2 9448.32 6387.33 8.59 3486.16 9463.71 544.41 5.94 5348.57 4687.48 3.64 132.77 1.24 2.86 16.59

Mettl21c_Q8BLU2 LLAEYSESSVKLFKGI Q8BLU2;229 high 4516.0 2539.7 1128.3 1016.0 5735.3 2931.7 5635.3 4210.7 7197.3 2.1 6028.52 2951.76 12.6 7.96 3347.32 8018.62 31.45 6.3 9.07 5.69 2.63 1.45 5.08 5.66

Hectd4_E9Q2E4 LLCSWLEETSDTGRHI E9Q2E4;201 high 19541.3 16500.3 1736.7 2214.0 14928.0 8413.0 6674.3 7064.3 15887.7 1.1 1889.95 447.8 2.65 1039.77 2619.83 1605.75 2.48 3385.12 3455.85 2.92 90.99 2.3 2.21 2.2

Ceacam5_Q3UKK2 LLLQEVMQSDTGFYTL Q3UKK2;227 high 14533.7 7564.3 805.0 972.3 11244.0 6387.7 3629.3 3016.0 11643.3 1.1 3018.37 458.49 2.43 133.48 1404.28 416.23 2.94 958.9 1217.63 2.42 4.9 1.47 1.76 1.65

Hes3_A0A1W2P7Y8 LLQRREGSTTDSANPQ A0A1W2P7Y8;119 high 3592.7 1973.0 429.0 394.7 16460.0 6144.3 4352.7 1880.0 12524.3 1.1 2.38 7.53 2.07 2041.05 1710.72 1.88 134.2 3.13 2.37 120.18 2.07 2.14 2.48 181.77

Nynrin_Q5DTZ0 LNTPFEMNLSEEPGNP Q5DTZ0;723 high 5169.7 2636.0 988.3 775.3 14341.3 4405.3 2573.3 3649.0 13696.0 7.7 5824.81 2598.82 31.46 3.41 1679.05 2120.58 3.22 4.32 3.67 2.66 3.71 4.21 14.11 5.1

Spire2_Q8K1S6 LPTEFQLTPFEMLMQD Q8K1S6;273 high 13337.3 10083.3 3920.7 5241.7 27455.7 10302.7 6512.0 13179.3 28394.0 21 6262.25 2101.93 62.69 3.49 2236.83 4520.73 2.33 10.49 8.64 7.8 3.98 2.88 76.28 11.08

Hmcn1_D3YXG0 LQIKEAQISDTGRYTC D3YXG0;2729 high 12074.0 13060.0 1015.5 1526.7 24157.0 14967.3 9196.7 5430.0 19457.0 1 5337.33 2082.73 2.71 6233.89 7752.83 1172.38 1.73 3910.34 3937.6 2.32 37.52 1.27 2.04 2.11

Hmcn2_A2AJ76 LQIQPTQVSDSGRYLC A2AJ76;2729 high 19104.0 25267.0 1561.0 1224.0 44832.3 13014.3 7708.3 5614.0 28861.3 1.5 8638.48 3661.3 11.33 661.24 8131.2 5945.12 1.4 13227.7 11886.07 2.43 274.84 2.81 2.14 35.81

Ripk2_P58801 LSAPQDKGFLSGAPQD P58801;363 high 7583.3 4925.3 1608.0 1278.0 19857.0 6465.7 3712.0 6253.0 21113.0 1.3 2.03 1767.13 2.31 380.4 1151.98 1.78 1.61 63.55 71.24 2.97 2.43 2.54 2.12 1.86

Lzts2_Q91YU6 LSDSGRNSLSSLPTYS Q91YU6;217 high 28518.7 15753.0 1497.0 1055.7 26191.3 24114.7 11324.3 6590.3 25135.7 2.4 1185.08 107.17 2.68 827.13 297.3 189.86 10.28 499.21 611.09 3.57 15.72 1.43 2.33 9.16

Hmcn1_D3YXG0 LSIEQAVISDAGVYTC D3YXG0;1225 high 5505.7 2752.0 439.7 441.3 4384.0 2151.3 2487.3 1322.0 4873.0 1.2 613.44 52.15 2.14 9651.29 5765.04 53.59 1.81 561.73 370.28 2.52 2.16 1.21 2.18 1.54

Hspb3_Q9QZ57 LSKARGAGTPQALAED Q9QZ57;45 high 10523.0 5423.3 664.0 541.3 22095.3 8082.3 6010.0 7214.3 24313.3 3100 2609.86 2939.4 2708.63 3522.74 2383.74 2252.51 2293.95 2187.43 2197.57 2908.54 2141.05 1689.55 2222.66 1617.94

Znrf1_G3UYU9 LSKPRLSYNDDVLTKD G3UYU9;3 high 7682.3 5250.3 1472.3 2026.3 16404.7 6668.3 4880.3 6679.3 15087.0 3300 3599.44 3297.27 3789.12 3958.02 2909.57 3043.09 3361.87 3428.78 3591.83 3093.14 2914.36 2369.52 3083.94 2461.66

Trpc4_A0A0G2JEV6 LSPSEKAYLNAVEKGD A0A0G2JEV6;29 high 7080.7 2697.3 2428.7 993.0 16870.7 5713.3 4351.3 5145.0 16061.7 130 2.53 2.51 182.5 7822.12 3999.2 2.16 1.46 2.25 3.22 3.25 7.94 1.51 1.95 7.46

Ttn_F7CR78 LSSLEPSDTGAYTCVA F7CR78;3465 high 8107.7 3118.0 538.0 721.3 7614.0 3913.0 2672.0 2092.7 7400.3 1.1 3085.47 1742 3.07 2834.95 2285.42 664.16 1.8 2344.93 1717 2.57 18.93 1.3 8 2.15

Ash1l_Q99MY8 LSSTGFYPSYGMPYSP Q99MY8;1371 high 12294.0 8763.7 2994.3 2654.3 19171.7 7705.7 6061.0 9039.7 23355.0 1.1 355.18 101.91 2.13 2.96 620.55 45.69 1.39 3.57 2.6 3.12 1.89 2.38 3.65 1.72

Shroom4_E9PUX3 LSWHSGCNTSDVSVQW E9PUX3;75 high 13625.7 5452.0 2691.3 2559.3 11140.7 5448.7 4936.0 6491.7 12982.3 1.3 1.37 11.66 2.21 5540.74 1703 3.06 10.24 2.54 5.06 2.37 1.69 1.25 2.1 3.09

Slc22a18_Q78KK3 LTKAVSASDTGTMLGL Q78KK3;335 high 18269.0 8194.3 705.0 511.3 14493.7 6177.0 3936.0 5057.0 15896.0 1.2 1276.85 215.03 2.66 3982.91 2524.31 468.1 4.35 1115.18 661.01 2.91 16.56 1.88 5.39 2.29

Ttn_A2AT70 LTLSSLEPSDTGAYTC A2AT70;701 high 5675.3 3101.3 556.3 605.7 7952.7 3303.0 3381.0 2601.7 7889.3 1.3 4389.82 2382.66 4.89 2735.8 4854.1 1392.44 6.95 4758.96 3616.16 2.24 45.83 2.02 3.63 2.14

Hmcn1_D3YXG0 LTSAQMSDAGRYTCVA D3YXG0;2069 high 17605.0 11046.7 1257.7 796.3 18590.7 13836.0 5950.0 4775.7 16361.7 1.6 1476.73 206.6 1.77 5615.97 2114.13 307.01 1.89 419.43 249.68 3.53 11.33 2.36 5.11 2.46

Obscn_A2AAJ9 LVTGLAPTDSGRYTCQ A2AAJ9;5897 high 27219.7 22426.3 1727.0 1400.7 22744.0 18492.3 13911.0 8037.3 26377.3 2.3 4478.67 2336.51 12.08 8859.13 5853.85 554.12 3.7 1074.27 1236.84 2.98 9.09 1.86 3.3 13.45

Ttn_A2ASS6 LVVYDCQKSDAGKYTI A2ASS6;21829 high 11926.0 23211.3 901.3 882.0 10137.3 6256.0 5411.7 2558.0 11048.3 2 3406.13 74.36 3.84 13214.63 8822.66 513.05 4.04 911.98 709.48 3.59 6.43 1.7 4.17 3.27

Ap1g2_D6RFT7 LWSQRPLLAGPDTPPT D6RFT7;213 high 18625.3 9287.7 3381.7 4610.0 46375.0 11855.0 7808.0 11414.0 38878.3 4.7 2.65 797.06 14.02 5490.61 2990.47 2.22 2.07 717.41 739.5 2.3 6.6 2.32 2.79 1.89

Smpd3_Q9JJY3 LYDEDVCTPDNLQKVL Q9JJY3;555 high 6050.7 2204.7 587.3 872.0 8094.0 3117.7 3388.3 3446.7 10053.3 1.5 5.4 2.08 14.75 2143.57 817.06 2.66 6.4 1.74 4.44 2.76 2.82 66.18 3.92 2.1

Bad_D3YZR8 MFQIPEFEPSEQEDAS D3YZR8;43 high 6129.3 3103.7 982.7 1007.0 6357.0 2827.0 2917.7 3814.3 9736.7 0.94 1.68 2.34 2.82 1499.53 235.16 1.63 4.48 2.7 2.92 3.63 5.64 2.7 2.8 1.95

Pacsin2_Q3UP40 MGGFKETKEAEDGFRK Q3UP40;125 high 7717.7 4244.3 1245.7 858.3 23306.0 7610.3 7441.7 5885.3 23924.3 1.6 7133.52 1572.29 2.27 2.77 1072.82 2524.21 2.35 4.64 6.74 2.58 1.62 2.87 2.41 2.65

Anxa1_P10107 MLKTPAQFDADELRGA P10107;111 high 10578.0 7038.7 1397.0 1611.7 22930.0 8471.3 5962.3 7749.7 25063.7 1.1 1.69 4.61 3.08 1071.53 533.8 2.58 6.71 2.05 5.73 3.24 2.1 3.71 2.01 46.03

Cntnap2_Q9CPW0 MLYSDTGRNWKPYHQD Q9CPW0;115 high 40202.3 38401.3 6943.3 7917.7 53023.0 35872.3 17655.7 16803.3 44248.7 1.1 5466.4 1242.16 8.6 1849.87 2564.39 1321.72 2.56 1916.12 2047.13 2.91 17.8 1.71 8.03 3.25

Ror1_Q9Z139 MNQGDLHEFLIMRSPH Q9Z139;555 high 25905.7 30614.7 6943.0 13440.7 40024.3 31776.7 22391.3 33392.0 43376.7 40 1794.29 752.8 898.13 2300.4 4684.59 2117.23 3.07 2.15 2.49 2.81 1.94 1.31 3.76 653.99

Trip12_G5E870 MQRLLDTNPEINQSDS G5E870;1595 high 9060.5 4257.3 1118.5 1076.7 25504.3 8359.0 4694.0 6739.0 23389.7 1.2 2.71 2.58 3 5320.29 4056.86 2.26 2.3 1.78 5.11 2.35 2.66 2.37 2.02 1.89

Dpep3_Q9DA79 MRDFPLVDGHNDLPLL Q9DA79;85 high 18238.0 13999.3 4510.7 5430.3 31190.0 15319.3 10017.7 11407.3 30814.3 1.3 1.76 1385.15 4.95 658.58 2952.18 1.69 2.34 158.46 327.57 187.36 2.55 1.26 2.18 2.06

Arhgef18_Q6P9R4 MSEIEGIQSLICQRHL Q6P9R4;915 no signal 17749.7 13132.0 3015.7 5225.3 21926.7 11510.3 15648.3 15351.7 27736.0 1.2 1.97 3.2 4.5 8.13 3.22 2.11 2.27 15.1 56.12 3.06 1.99 2.14 2.6 1.76

Cluap1_Q8R3P7 MSKPRTAMEVLMQGRP Q8R3P7;333 high 12968.3 7520.3 1470.5 1644.7 41012.7 19781.3 17560.0 16371.0 33005.7 610 1006.19 662.48 1253.44 1795.07 1143.61 1727.8 2846.96 2259.7 2516.61 3357.09 1731.61 1000.33 2457.63 1438.96

Srsy_A8HG57 MTNINFATSDSAKGAC A8HG57;1 high 2663.0 4429.3 932.0 557.7 16227.7 15017.7 9729.7 4100.0 15123.7 6.3 15198.06 3933.62 19.28 760.68 8309.51 6424.77 9.01 4319.82 4097.79 6.53 407.27 6.42 4.12 19.99

Gm21788_J3QNH3 MTNINFTTSDSAKGAC J3QNH3;1 high 5162.3 3503.3 439.5 408.7 13977.3 14031.7 8903.7 2524.3 10486.7 1.5 10372.58 3391.62 36.15 458.81 7012.03 1921.94 1.26 1438.27 1162.34 3.2 208.5 4.22 4.46 6.11

Flnb_Q80X90 NADGTYQVEYTPFEKG Q80X90;1285 high 3977.7 1834.7 549.3 770.0 10412.7 4094.3 2697.0 2276.7 9466.7 1 3436.66 1349.5 40.1 1.59 1261.78 1945.27 2.51 12.53 3.47 3.19 2.75 5.23 11.23 2.25

Srrm4_Q8BKA3 NCGNTSDSGNSFTTSS Q8BKA3;321 high 2781.7 2458.7 675.7 403.0 13777.3 4335.7 3043.0 3275.0 13266.0 2.2 1197.29 324.36 2.37 44.58 477.14 500.36 6.85 1167.39 1143.34 3.06 23.36 1.51 2.28 2.76

Micall1_Q8BGT6 NEGSEDDMLVDWFKLI Q8BGT6;721 high 7508.0 4346.3 461.3 377.3 7809.7 2775.7 3001.0 2515.3 7275.3 1 10077.06 4163.98 2.17 1.62 8589.72 6480.97 1.54 2.35 3.2 3.61 1.61 1.77 2.36 2.61

Uck1_F7CBX2 NFDHPDAFDNDLMHKT F7CBX2;18 high 11541.3 8043.3 3533.3 3156.0 29294.0 11881.7 6991.7 10896.3 28101.3 1.1 756.16 118.38 2.55 1772.52 1216.7 1289.75 494.13 50.34 52.49 3418.66 7046.58 268.49 625.42 8.97

Pdia3_F6Q404 NFESRVSDTGSAGLML F6Q404;11 high 17678.3 8803.3 669.0 417.5 22731.0 10499.7 5516.0 6520.7 22144.3 1.3 3438 830.28 5.78 4699.67 4216.94 875.96 1.48 1608.05 1990.04 2.96 27.98 2.53 2.77 2

Atg4b_A0A0R4J065 NFPAIGGTGPTSDTGW A0A0R4J065;57 high 15624.3 7172.0 2259.3 1594.7 19791.3 8765.0 5155.0 7102.0 20836.7 1 3225.62 1067.52 1.8 5155.83 3916.47 568.95 11.08 3088.95 2445.43 6.18 45.51 1.59 2.58 2.55

Rpl11_A2BH06 NFSDTGNFGFGIQEHI A2BH06;101 high 17567.7 10966.0 2264.7 2213.3 25361.0 9764.7 5321.0 8967.0 25712.3 1.9 7972.81 2617.61 6.61 35.27 3238.83 2050.57 4.45 2143.99 2625.27 2.93 36.82 2.35 2.93 6

Srsy_A8HG57 NINFATSDSAKGACRC A8HG57;3 high 29630.0 33566.3 1023.5 1048.7 32810.0 40950.0 42755.0 16548.7 34712.7 11 15680.8 3191.88 51.5 870.73 5514.5 5755.28 3.71 1405.3 1864.39 2.7 200.34 2.34 3.46 3.46

Ttc16_Q8C1F5 NLAFAEADYKQALALS Q8C1F5;337 high 8245.3 2377.0 880.0 645.7 10696.3 3251.7 2791.3 5293.7 10595.7 1.1 1.85 2.49 2.05 6151.97 4459 1.48 2.44 2.21 5.18 3.22 2.15 1.83 3.4 39.48

Fbxl14_Q8BID8 NLRSCDNISDTGIMHL Q8BID8;259 high 28883.7 12305.3 1872.0 2862.0 24689.0 11580.3 11956.3 12181.3 27324.3 1.6 356.76 41.25 4.31 1927.36 1257.29 435.75 1.52 670.55 615.02 2.3 1.56 1.25 2.43 2.72

Avl9_Q80U56 NNNKGQEPSDSGRYLE Q80U56;303 high 2946.3 1469.0 431.0 437.3 14959.7 5637.7 3934.3 1424.0 11375.7 1.1 3386.3 1753.07 10.86 991.25 3721.61 1526.15 2.15 4639.81 3342.15 2.98 110.94 1.68 5.65 4.49

Ift80_Q8K057 NRDLYITSVKRFGKEE Q8K057;485 high 4598.7 2714.7 1216.3 1166.3 9228.7 3733.0 5731.3 3915.3 10606.0 1.2 453.66 291.97 23.39 21.37 2038.67 1116.63 39.04 3.8 9.91 3.7 4.23 3.56 5.14 2.12

Tgm1_A0A2I3BS02 NREYESSDRIAL A0A2I3BS02;153 high 3391.0 2361.7 422.0 416.3 10143.0 3978.0 4095.3 2098.3 8791.7 1.2 6870.02 581.39 2.37 6.03 4859.52 96.47 6.86 6.99 5.1 2.11 2.81 1.56 3.75 2.59

Vgll4_D3YZY3 NSSDTGRSAVERQQNR D3YZY3;137 high 2074.0 3139.0 498.0 442.3 14510.0 5637.0 6449.0 2747.7 11070.3 1.1 1844.09 326.61 2.42 1477.05 935.66 810.16 12.55 1089.38 1038.98 2.4 42.19 5.72 3.82 3.36

Igsf11_P0C673 NTQLSDTGTYQCLVNN P0C673;109 high 3947.0 1600.0 687.7 509.3 10731.0 3704.3 2787.3 2207.0 8101.3 1.4 1636.86 218.06 2.34 189.39 708.18 610.25 1.73 1277.94 1029.7 2.88 5.18 1.41 2.24 1.89

Srebf2_Q3U1N2 PASDSGSQAGFSPYSI Q3U1N2;423 high 12143.5 9267.3 1194.7 489.7 21906.3 13070.0 6190.7 4489.3 18528.3 2.1 2284.7 384.15 5.87 311.15 1002.78 818.53 1.3 1178.43 1282.03 3.13 9.6 1.81 4.31 2.39

Slc24a5_Q8C261 PEGFFTKQESTDGGIV Q8C261;55 high 6750.0 3885.7 867.3 437.0 15336.7 5590.3 3222.7 4367.3 15689.3 1.2 1816.4 189.5 1.98 3.17 83.96 161.92 1.55 3.52 4.39 2.48 1.98 2.23 2.1 1.74

Zfp687_D3Z524 PFSTPFELAPEN D3Z524;195 high 3021.3 1372.3 476.3 413.7 12421.3 4879.7 3210.3 2230.7 9356.7 23 6199.28 2439.03 57.51 3.26 2411.32 3382.47 3.74 6.32 3.22 3.31 1.79 1.49 40.23 1.89

Spsb3_E9PW49 PGFFVDGRGEVLSTMA E9PW49;133 high 11198.7 8910.0 1507.5 1861.0 29019.0 10830.3 7588.3 12318.0 30218.0 1 2010.77 612.39 9.14 1.45 412.04 1156.54 1.62 5.83 2.68 3 4.23 2.14 3.37 3.32

Klhl9_Q6ZPT1 PIAAMLRGQSDVGVAV Q6ZPT1;527 high 16915.7 3629.3 431.5 658.7 14206.0 5341.3 2712.3 4279.0 12292.7 1.1 2 2.13 1.67 7719.8 2065.72 2.03 1.94 1.94 4.55 3.05 1.76 1.88 3.08 6.97

Ints5_Q8CHT3 PLLLHPEEEVAEAAAS Q8CHT3;611 high 6541.0 3192.3 1223.0 1198.7 11399.0 4049.3 3463.7 4755.3 12888.3 1.3 2.32 4.33 2.02 1679.75 497.82 1.66 2.24 2.06 2.39 2.93 1.89 1.18 407.98 1.62

Tmem145_Q8C4U2 PLTPFETSDPAGLRNT Q8C4U2;655 high 5895.7 4321.7 1526.3 1203.0 20115.3 7418.7 4993.7 5984.3 19381.7 24 6051.05 4250.18 91.98 3.97 1856.91 2701.66 2.92 3.36 10.05 2.24 2.12 1.95 2.5 8.23

Sgcb_P82347 PRLPRGSYTPTGTRQK P82347;243 no signal 4517.3 3719.3 1526.7 1063.0 12624.7 6017.7 10075.3 6636.7 14317.7 5.1 10.88 6.88 7.68 16.2 4.95 38.52 67.23 40.91 66.65 53.44 48.35 41.96 16.06 64.34

Ttn_A2ASS6 PSDTGAYTCVAANVAG A2ASS6;7693 high 706.0 2759.0 979.0 849.3 12464.7 4925.3 6746.3 3483.3 9794.3 1.4 4153.8 1580.44 6.39 1762.46 1361.34 1136.83 1.59 868.79 1104.75 2.59 6.44 1.43 4.02 2.01

Ror1_Q9Z139 PSIRWFKNDAPVVQEP Q9Z139;87 high 14922.3 15101.3 5279.0 5468.7 27958.3 16308.3 9761.3 13540.3 30696.3 1.6 2194.12 934.91 3.76 1.65 622.5 1492.32 10.17 2.2 18.03 2.39 5.33 3.34 5.64 11.61

Bmpr2_O35607 PSKPRRAQRPNSLDLS O35607;929 high 7501.3 4984.7 2437.3 1276.0 24304.0 10953.3 11464.7 8794.7 21656.3 2400 2642.06 1608.26 1664.81 1373.52 1169.35 2288.03 2105.77 2039.86 2300.86 1995.66 1925.76 2050.18 2084.11 2239.91

Atg4b_D3YZP6 PTSDTGWGCMLRCGQM D3YZP6;69 high 7903.7 4242.0 1127.0 846.7 16793.3 7859.3 4884.3 4501.3 15247.7 1.4 5993.18 1217.86 3.66 445.84 1276.9 508.06 114.39 2919.25 3444.28 3.26 85.73 1.75 2.95 5.07

Hmcn1_D3YXG0 QAVISDAGVYTCAATN D3YXG0;1229 high 10947.7 5768.0 654.7 548.7 8118.0 4449.0 2859.0 2326.7 7779.7 1 119.84 44.08 2.12 7173.03 1125.03 15.3 2.53 35.51 64.69 3.24 2.18 2.19 2.84 1.81

Trrap_E9QLK7 QEAAQINAGLQPTNLG E9QLK7;2925 high 4463.3 22095.3 522.0 467.0 16343.3 8538.0 3675.0 4018.0 14361.0 1.5 2579.89 676.32 1.81 1.67 1207.41 544.59 1.94 63.3 42.61 3.08 434.92 1.53 7.07 5.71

Kif2c_Q922S8 QFAIPSHPRASCSTVT Q922S8;139 high 6472.7 2806.7 677.3 685.0 6670.0 2383.0 4818.7 10142.0 8976.0 1.2 1026.71 283.37 2.57 5.56 168.76 570.41 1.8 3.43 19.55 5.09 2.13 1.32 2.13 4.88

Fubp1_A0A0G2JG00 QFKPDDGTTPDRIAQI A0A0G2JG00;305 high 5363.0 2482.7 1012.0 1115.0 17882.0 6479.0 5109.3 2294.5 14675.0 1.4 1.55 2.79 2.57 6380.29 6635.32 3.51 21.53 2.26 3.42 6.01 1.67 1.52 4.66 2.37

Hmcn1_D3YXG0 QISDTGRYTCVASNLA D3YXG0;2735 high 16572.3 7419.7 918.7 846.3 16499.3 7685.3 5406.7 5144.7 15210.3 1.2 4379.77 1092.35 1.66 6233.59 3852.47 2622.8 3.67 2028.45 2040.02 2.88 3.87 1.37 2.42 3.61

Cplane2_A2A825 QLWHQDQVAAGLLPSS A2A825;237 high 19014.0 41706.3 5791.3 7337.7 38072.0 23732.3 12084.7 15060.3 35995.7 38 9285.73 1522.51 23.55 5.95 7298.71 1815.88 5.13 6362.89 7581.77 2.39 3910.27 1.26 29.51 253.15

Pmel_Q60696 QPPAQRLCQSVPPSPD Q60696;501 high 14295.0 3989.0 1346.7 1612.0 21859.3 5239.0 3822.7 6005.3 19890.0 1.1 2.19 5.62 6.19 3688.11 1264.55 3.09 1.49 3.13 4.1 17.38 5.47 5.15 3.01 1.95

Pxdn_A0A1W2P6L9 QSDSGEYTCFASNSVD A0A1W2P6L9;221 high 2347.7 2581.3 562.0 349.7 8889.7 2951.3 2718.0 1765.3 6671.3 1.2 8458.69 3284.64 4.48 673.45 4553.52 3949.34 5.32 5079.64 5267.62 3.45 48.62 1.39 2.33 4.13

Ttn_A2AT70 QVDSSDSGEYICRAEN A2AT70;1925 high 1063.0 1493.0 497.0 428.3 9108.7 3628.3 3081.7 2019.3 8219.3 1.1 8482.88 4265.58 5.43 611.76 5629.43 3295.54 1.9 6891.95 7966.78 3.2 170.64 2.07 3.49 7.57

Zfp623_Q9CY99 REFHEDRLAQLLGNPD Q9CY99;17 high 30116.0 13002.7 2205.0 3936.7 30869.0 15641.0 9257.0 10955.3 29489.0 1.2 2.17 2.65 2.71 22603.73 18782.23 1.36 238.96 2.54 2.88 2.59 2.26 1.58 1.84 6.64

Mtx2_O88441 RGEQILLSDNAASLAV O88441;29 high 1374.7 958.3 404.0 332.7 7851.3 3017.0 3024.3 1191.7 6447.7 1.1 1.42 2.67 7.71 5554.9 909.32 6.83 1.21 142.81 101.28 2.31 4.93 2.33 9.13 2.32

Gpsm1_Q6IR34 RNLSLVKELGDRAAQG Q6IR34;191 high 16856.0 12069.7 2118.0 3004.7 39720.3 19673.3 11963.3 16847.7 38653.7 1.7 2.34 2.74 4.26 1126.22 2291.89 6.63 4.32 4.84 4.16 5.01 3.14 1.77 2.09 2.32

Slc12a4_Q9JIS8 RQMRLTKTERDREAQL Q9JIS8;937 high 17918.0 6252.0 2633.0 2290.3 26956.3 10806.0 10186.7 7990.7 24339.0 1.9 2.41 2.33 19.34 2318.42 4837.95 8.16 1.67 3.28 9.5 7.45 2.4 3.06 2.5 139.5

Hmcn1_D3YXG0 RRAEVSDTGQYVCRAI D3YXG0;3117 high 16155.3 5526.7 1348.7 1134.0 19479.0 7089.7 7475.7 5431.0 20373.0 1.2 2176.83 297.87 1.86 2318.63 1782.31 669.13 1.28 1014.39 1119.81 6.24 9.41 1.91 3 1.89

Get4_Q9D1H7 RRDPMYNEYLDRIGQL Q9D1H7;267 high 15212.7 8423.3 6222.3 5097.3 39281.7 20636.0 12075.0 12702.0 33115.3 1.1 1.56 2.17 2.94 8937.52 4189.52 3.11 3.03 31.86 4.92 3.23 2.46 2.16 10.11 3.28

Fbxl14_Q8BID8 RSCDNISDTGIMHLAM Q8BID8;261 high 26318.7 12487.3 1544.3 2283.3 21224.3 11304.7 15029.7 17314.0 29446.3 1.6 715.29 70.05 1.93 1513.9 576.84 198.29 3.29 676.51 527.31 2.65 2.74 1.12 2.76 2.62

Dhtkd1_A2ATU0 RSSLYSSDIGKLVGCA A2ATU0;379 high 18479.0 10136.0 1035.7 1042.7 12601.7 7053.0 9699.0 5596.0 14303.3 1 1.83 4.82 2.44 13038.94 3758.89 2.78 1.52 3.34 9.49 2.53 3.19 1.54 4.14 1.78

Muc6_F8WIM6 RTSAPHLSQPSTVTPT F8WIM6;1889 high 5484.7 3416.0 1537.3 466.3 25806.3 7372.7 7334.7 7034.7 23860.3 6.3 11632.91 3309.74 3.92 45.01 4548.49 7476.24 47.02 15.78 40.22 6.58 1.67 1.57 4.52 2.29

Ccdc9_D3YW42 SDFERVRSGLEQERQG D3YW42;225 high 13217.3 20384.7 1376.0 1271.7 31331.3 29122.0 8207.0 5398.5 23214.0 200 10510.7 2819.76 35.74 149.6 14376.69 8147.64 17.48 15197.85 14157.73 2.88 16919.74 1.73 219.88 4010.6

Yme1l1_O88967 SEKLGVMTYSDTGKLS O88967;637 high 19736.3 11545.0 1020.3 692.3 19732.3 11251.3 4836.7 5583.3 15952.7 2.9 1441.06 66.84 2.75 17131.65 10629.83 645.5 2.39 579.59 570.69 2.51 8.01 1.44 7.35 4.9

Lzts3_A2AHG0 SGYQDLGTSDSGRASS A2AHG0;295 high 4921.3 5018.7 516.0 356.3 15525.0 7632.0 3949.7 3514.7 14093.7 14 12230.07 6026.13 3.44 2236.13 9543 8196.72 6.98 14559.88 11825.43 5.28 452.55 1.61 16.06 2.58

Lgi4_Q8K1S1 SHVFQPLLIARDQLAI Q8K1S1;453 no signal 8470.3 6622.3 1625.0 2248.7 26419.3 8636.0 6955.3 9771.7 24344.7 1 1.93 2.04 1.65 2.17 2.42 1.56 4.58 3.33 3.38 4.15 1.8 1.92 1.9 2.56

Nhlrc1_Q8BR37 SIKVFKVMEGNGG Q8BR37;389 high 4199.3 12884.0 1351.0 875.7 12297.7 4513.7 4722.3 5738.7 12632.0 1.1 6932.77 4105.03 4.54 1.55 4715.46 7390.26 1.41 3.29 2.87 2.23 2.17 1.62 4.83 1.9

Reps2_Q80XA6 SKLRSGTEQMHPAPYE Q80XA6;73 high 8404.0 6239.7 1834.0 1935.0 28828.7 11712.3 8213.0 10906.7 27948.7 910 1097.8 1263.94 706.13 1159.32 673.82 1063.15 1062.73 858.58 1179.35 1834.65 911.43 735.67 901.26 809.22

M6pr_P24668 SKPRNVPAAYRGVGDD P24668;247 high 12529.3 7369.3 1342.0 1527.0 28156.0 12400.3 9019.3 9877.7 26312.0 3000 3317.98 2760.41 2992.1 2512.08 1740.8 2316.25 2114.01 1603.95 2348 3310.72 2108.52 1564.8 2598.33 2014.22

Zfpm2_Q8CCH7 SKPRQIKRPLEDAIDD Q8CCH7;7 high 8243.0 4940.0 1530.3 1214.7 21883.3 8090.3 6099.3 6612.3 18929.3 3600 3001.85 3432.12 2696.47 2543.21 2280.23 2520.86 2756.41 1561.18 1976.46 3473.76 2088.02 1804.75 2344.04 2109.57

Emsy_A0A0U1RNQ4 SKPRQPTIDLSQMAVP A0A0U1RNQ4;77 high 6356.0 3481.7 894.5 726.0 26889.7 8745.3 6606.3 6209.3 22702.7 2400 2579.21 2372.1 1396.45 1427.86 1210.46 2016.03 2158.62 2255.39 2688.84 3058.53 2239.63 2054.39 1991.42 1982.26

Ssh1_Q76I79 SKPRSDSLPQVEELEK Q76I79;579 high 4823.0 2790.0 953.0 460.7 16545.0 4900.7 4231.0 4467.0 17152.0 2100 2916.53 2632.04 1728.28 1903.3 1479.72 1411.78 1624.41 1133.02 1481.58 2353.77 1196.66 1121.51 1832.98 959.52

Gpsm1_F6SX81 SLVKELGDRAAQGRAY F6SX81;70 high 17358.3 13213.3 2524.0 3720.0 39265.3 20626.7 13000.0 17698.7 34545.7 1.1 1.97 3.57 4.27 2665.54 1154.03 3.36 2 2.76 17.66 2.79 2.11 1.76 3.05 4.22

Fxr1_A0A0H2UH27 SNPYSLLDNTESDQTA A0A0H2UH27;389 high 3981.3 1266.0 450.0 388.3 7788.7 2712.7 2946.3 1869.7 7843.3 1.2 1.73 2.7 3.96 13419.64 9468.14 1.66 11.3 1.56 14.77 2 4.63 1.57 2.48 5.56

Fxr2_Q9WVR4 SNPYSLLDTSEPEPPV Q9WVR4;517 high 4722.3 1889.7 777.0 519.0 10494.0 4119.3 3085.3 2503.7 10579.7 1.2 1.55 3 3.68 17652.02 7661.62 1.78 1.94 4.33 4.69 2.92 8.41 1.53 2.66 2.38

Mepe_Q8K4L6 SPDLLVRGDNDVPPFS Q8K4L6;177 high 6675.0 3817.7 1750.7 1453.3 22085.0 7799.0 4901.0 5142.3 20121.0 0.98 1.49 883.09 2.69 392.27 1257.24 1.66 2.38 35.68 110.18 2.72 2.83 1.65 2.85 1.29

Nt5c_A2A9X5 SPGFFLNLEPIPGALD A2A9X5;69 high 6630.0 3288.7 1101.0 1417.7 7950.0 3893.5 3349.3 4199.7 11992.7 1.4 1398.21 415.1 1.98 3.81 260.27 233 1.94 1.86 3.74 2.68 3.23 1.73 1.64 2.28

Srebf2_Q3U1N2 SPPASDSGSQAGFSPY Q3U1N2;421 high 2095.0 5483.3 482.0 384.0 17355.3 9488.7 4357.7 3503.3 14377.7 1.2 2710.53 742.76 2.53 720.55 1459.25 606.07 1.4 1222.2 1247.38 2.71 16.33 1.5 5.1 1.82

C2cd4c_Q5HZI2 SPSRYFSGGESDTGSS Q5HZI2;203 high 3558.3 1444.7 461.5 409.3 16440.7 5170.7 3883.3 1422.5 11890.7 1.2 1470.7 239.02 12.39 1806.35 1683.06 653.32 3.17 1379.39 1372.29 3.26 24.99 1.51 4.08 1.76

Ms4a10_Q99N03 SSDTGRALATSSGLLL Q99N03;233 high 13453.0 14502.3 501.3 518.0 26831.0 5897.0 3583.3 2576.0 17660.3 1 9434.99 3699.06 2.11 3962.62 4939.58 3562.01 2.57 6604.3 8609.93 2.33 91.18 1.78 3.35 2.74

Unk_Q8BL48 SSLAPGSYKKAPGFER Q8BL48;405 high 12723.7 9757.3 2795.7 1946.7 29242.3 11725.0 12103.0 13425.0 26079.0 1.5 1102.76 258.26 5.49 9.24 127.53 188.25 8.55 10.04 11.14 4.63 4.71 7.68 25.68 14.69

Phf10_E9Q5L7 SSQDLSFSYYPAENLI E9Q5L7;59 high 3342.3 1412.0 807.3 582.3 8251.3 2590.0 2474.0 2057.0 8887.3 1.2 1.53 2.23 2.6 6012.64 2800.3 2.21 1.97 2.21 4.35 2.56 2.18 1.46 1.96 5.12

Vps13c_Q8BX70 SSVKLLRPQGPS Q8BX70;3737 high 2184.7 1751.7 1771.3 434.3 11625.7 5237.3 6647.7 3194.3 10229.3 9.9 1626.18 561.17 1378.21 8.6 983.49 1907.45 703.41 3.41 18.02 30.05 22.64 10.28 20.32 6.47

Plekha5_A0A0N4SWF5 SSVKYKSEEEEVVPPR A0A0N4SWF5;417 high 2628.3 1157.0 430.5 379.3 13765.0 3705.3 2617.3 2583.0 10030.0 5 8160.09 3076.35 142.81 17.93 3203.67 10281.01 247.5 44.47 86.76 31.82 15.96 21.9 5.75 2.32

Top2b_Q64511 SSVKYSKIKGIPKLDD Q64511;437 high 14938.0 52667.0 3222.0 1740.3 6044.3 5196.7 10446.7 7805.0 7489.7 19 16318.99 13689.42 3.23 10.74 2681.67 9826.7 42.96 208.99 134.52 8.64 2.29 2.49 4.02 2.04

Lemd3_Q9WU40 STLYKLHDRLAQIAGD Q9WU40;539 high 58786.7 15291.7 3476.7 5215.0 22676.7 14205.0 10878.0 12433.3 24395.7 1.5 1.87 4.38 1.89 13601.09 9345.11 3.28 6.2 1.88 3.79 3.23 2.37 3.12 2.12 22.45

Snx8_Q8CFD4 SVEFALLADRAAQQGK Q8CFD4;287 high 59866.0 21469.7 4728.0 2626.0 27127.7 10694.7 10791.0 14084.7 26211.0 1.4 2.02 2.25 2.67 31133.75 12008.56 4.4 66.48 2.18 3.23 3.45 2.05 3 3.97 2.38

Ubqln4_Q99NB8 SVKEFKEEISRRFKAQ Q99NB8;33 high 13760.7 19059.7 4138.0 3657.7 30536.3 16327.0 10329.3 13185.7 29464.3 1.1 2407.81 2424.63 5.61 2.74 1255.76 3318.76 25.83 2.29 5.15 3.83 2.47 2.3 2.87 5.13

Ofd1_A2AEG2 SVKHMKEVELELESVK A2AEG2;401 high 3075.0 1541.7 612.3 509.3 12682.3 3809.0 3337.7 3155.7 11683.7 3.2 4582.68 2026.12 13.85 2.86 2405.97 2754.17 82.77 16.49 22.4 6.6 8.83 2.85 2.72 1.63

Atp13a5_D6RHM2 SVKLHKLVEEHNKVQV D6RHM2;249 high 3847.0 3690.3 3770.0 3855.7 25087.7 10524.0 10234.7 12713.0 23517.7 1.4 13019.76 9128.31 28.66 3.84 5234.34 14966.74 36.08 7.97 7.18 4.77 2.1 1.49 4.13 1.63

Zmym5_Q3U2E2 SVKYSKLKSDLENKTN Q3U2E2;597 high 3894.3 37696.3 2092.7 1219.7 8186.3 2906.3 3835.3 2760.7 6818.0 2.4 8571.61 5941.67 3.09 2.12 1127.27 6237.11 27.99 89.82 57.16 2.79 1.53 1.88 4.92 5.84

Mtmr7_G3UYZ2 SVLVHCSDGWDRTAQV G3UYZ2;169 high 7741.3 3005.7 1487.3 1343.7 6337.7 2996.0 2527.0 3974.0 10131.7 1 1.73 6.88 2.33 2834.15 3264.9 2.52 1.44 3.85 4.93 2.73 2.85 4.15 1.76 8.85

Necab3_Q9D6J4 SWSPSWSPGSSDTGRS Q9D6J4;193 high 25255.0 13668.7 2992.3 2125.7 30424.3 15408.0 10954.3 12285.3 26845.7 2.6 3454.89 1156.57 1.95 14412.07 7873.06 2020.51 2.43 4488.5 4432.41 2.78 248.02 2.73 2.96 8.04

Junb_P09450 SYFSGQGSDTGASLKL P09450;67 high 16599.0 8904.3 914.3 600.3 17082.0 6969.3 3854.0 3255.3 14784.3 1.1 4585.84 972.09 2.65 20120.56 10663.37 1680.28 5.08 3947.99 3306.85 3.8 9.66 1.09 8.12 3.46

Wnk2_Q3UH66 TFKFDLDGDAPDEIAT Q3UH66;1163 high 3717.3 1170.0 549.0 403.3 6196.3 2725.0 2486.0 2479.3 6944.7 1.2 10.93 9045.53 2.88 348.22 4514.17 2.41 32.41 191.17 246.14 2.56 1.75 1.86 4.12 2.01

Obscn_E9QQ96 TGLAPTDSGRYTCQVS E9QQ96;5841 high 19433.7 12721.3 1073.3 663.3 19060.3 10594.3 7459.0 5685.7 21795.7 2.5 4869.75 1487.63 3.11 6581.43 3267.57 731.74 3.59 490.58 713.61 3.28 4.64 2.68 2.03 15.5

Snx15_Q91WE1 THRNLFRRLEEFPAFP Q91WE1;65 high 25388.3 26961.3 13990.0 16484.7 39158.0 37468.0 18151.0 32702.7 38137.0 1.3 61.65 9.6 2.25 428.22 2636.14 103.81 9.2 3 2.48 3.18 1.69 1.34 4.01 15.25

Arhgef15_Q5FWH6 TKAWEGDRPEGAPLNA Q5FWH6;315 high 8641.3 4227.7 1408.7 1081.3 18437.0 7447.7 5049.7 5069.7 20352.0 1.2 1424.91 1215.33 3.95 6042.96 5429.64 202.26 2.61 2.5 8.24 2.38 1.83 1.62 2.11 6.63

Ttn_A2ASS6 TLEIRNAAVSDSGKYT A2ASS6;34979 high 12902.0 11567.0 478.5 457.7 18013.0 11002.0 5007.0 4786.0 16024.0 1.3 4896.78 116.13 5.53 4865.91 5513.7 1360.34 5.45 1927.62 1958.26 2.2 8.03 2.36 3.28 5.54

Hmcn1_D3YXG0 TLHIRRAEVSDTGQYV D3YXG0;3113 high 40178.7 35597.3 2648.5 4206.0 39649.3 29423.7 17966.7 21490.0 38056.0 0.98 2220.48 805.59 2.91 2900.74 3586.33 628.15 5.6 1828.51 1713.95 2.1 1.67 1.46 2.38 2.51

Ttn_E9Q8K5 TLSSLEPSDTGAYTCV E9Q8K5;6793 high 8818.7 3273.3 731.0 759.0 8644.7 3416.3 2829.3 2115.3 7793.7 1.1 2908.5 1331.06 9.2 1694.28 2496.48 512.88 1.79 1661.85 1543.57 1.97 9.15 2.16 2.19 2.29

Ttn_A2ASS6 TLVFTQVDSSDSGEYI A2ASS6;8905 high 1847.3 1584.3 478.0 424.3 6383.7 2675.3 2694.3 1513.0 6443.3 1.1 5643.82 3758.48 6.92 1016.7 6520.44 1882.34 1.34 4913.14 4196.19 2.42 30.55 1.69 3.33 2.54

Vdac3_Q60931 TSGHAYTDTGKASGNL Q60931;43 high 9364.3 5106.0 452.5 410.7 16616.7 7049.3 4323.0 3754.7 14249.7 4.9 430.03 34.87 2.07 19432.73 5210.96 2.86 1.66 32.11 23.92 4.16 2.62 3.7 3.02 1.88

Kcnv2_Q8CFS6 TSLLDGHNDTPAQMST Q8CFS6;91 high 9539.3 4478.3 997.0 602.7 16185.0 5867.3 4238.3 8058.0 18691.7 1.2 2 1621.18 2.08 522.33 1516.63 2.73 2.92 420.53 571.04 3.31 1.92 1.92 1.64 1.41

Ift80_Q8K057 TSVKRFGKEEQIIKLG Q8K057;491 high 9384.3 6009.0 3292.3 1307.7 16663.7 6491.7 7192.7 11428.7 17431.3 1.8 2842.03 884.76 46.66 1.28 792.58 2526.75 207.87 27.86 6.68 5.14 10.99 19.32 10.19 3.38

Syn1_O88935 TSVSGNWKTNTGSAML O88935;329 high 4021.3 2196.0 2897.7 834.7 8595.7 2719.7 2386.0 6258.3 9412.7 3.7 4255.41 304.62 6.27 31.4 720.72 793.7 102.94 7.36 59.98 24.21 19.2 15.34 19.69 12.8

Ogdh_Q60597 TTFIGGQEPALPLREI Q60597;191 high 8869.3 3399.3 1829.0 1129.7 20691.3 6064.3 5068.0 5572.0 21880.7 0.97 2.09 2.94 3.81 2103.36 1150.77 1.86 2.44 2.03 3.64 2.64 4.07 3.73 7.55 2.08

Slx4_Q6P1D7 TTGRQIEDRVAQLLSE Q6P1D7;303 high 7889.3 4598.7 667.0 831.3 16374.3 5520.7 5468.3 6213.3 19833.3 1.5 2.38 2.6 8.71 9044.48 5972.4 3.01 1.77 6.49 3.54 3.81 1.58 1.94 1.98 2.12

Col19a1_Q0VF58 TVKIFPKGLPEEYAIA Q0VF58;85 high 5959.0 6112.3 1672.3 1651.7 6068.7 6299.0 13441.0 3808.7 9015.7 1.3 9051.05 2092.45 2.15 1.56 2844.87 3173.79 3.22 2.26 2.62 2.3 2.84 1.51 1.7 1.57

Whrn_Q80VW5 TYSMVSYSDTGSSTGS Q80VW5;517 high 11850.0 5219.0 637.0 417.0 12911.7 5424.3 2574.7 3706.7 10690.0 1 1121.18 210.42 4.37 2128.03 883.96 681.6 2.89 384.13 335.72 2.72 2.07 1.21 3.47 4.25

Ms4a10_Q99N03 VAQGHSSSDTGRALAT Q99N03;227 high 12760.3 10964.0 448.5 328.0 28969.0 10483.0 5133.0 3414.0 17959.7 42 18115.8 14712.57 3.38 16749.53 20386.93 9104.89 2.45 16739.56 15717.46 2.64 690.69 1.55 5.14 28.7

Nin_Q674R4 VDELQSELEEYQAQGR Q61043;551 no signal 3500.3 1278.0 499.3 538.0 7745.3 3131.7 2480.7 2128.0 8686.0 1.7 1.71 2.35 2.61 2.2 2.43 1.52 2.97 1.56 3.7 2.47 1.77 2.35 2.81 1.61

Ttn_E9Q8K5 VDSSDSGEYICRAENS E9Q8K5;8017 high 2426.0 1792.0 565.0 476.3 10831.3 3834.7 3405.3 2561.7 9315.3 2 7263.41 4571.13 3.88 463.82 5671.35 4656.16 6.35 6316.83 6617.71 8.1 189.96 2.15 2.33 4.3

Prepl_Q8C167 VEHRDDELYILTNVGE Q8C167;301 no signal 1808.0 1068.3 429.0 325.7 7690.7 2159.0 2590.0 1947.3 8225.3 1.1 1.41 2.36 1.64 8.24 2.41 2.31 4.88 2.04 2.91 2.34 1.54 1.28 2.23 1.68

Galns_Q571E4 VFFTSDNGAALISAPN Q571E4;281 high 9845.7 8858.7 754.7 825.3 10356.0 6391.7 3173.7 3144.3 11380.0 1.1 1414.93 234.12 1.82 3329.1 1415.17 142.25 1.79 250.66 290.89 3.09 2.21 2.02 2.12 3.69

Ptk7_Q8BKG3 VFVTIAESDTGVYTCH Q8BKG3;369 high 10887.7 3726.3 605.0 783.0 7670.3 2675.3 2857.0 2200.7 6576.7 1.2 5112.92 2522.84 1.74 2377.88 6236.91 3743.95 1.44 3356.66 3984.42 2.16 86.42 1.34 2.37 3.5

Ttyh3_Q6P5F7 VGFYGNGETSDGIHRA Q6P5F7;103 high 8392.0 5816.0 2000.7 1601.7 25909.0 9394.0 6782.3 8207.7 23407.3 1.5 1867.18 135.72 9.94 3.13 282.53 723.63 1.6 2.91 4.34 4.77 1.72 2.73 3.42 2.89

Nrg3_O35181 VGSVKEYVPTDLVDSK O35181;91 high 6264.0 2679.3 2141.0 1163.3 12806.0 4962.3 4445.0 4611.0 14529.0 1.8 2916.52 2702.57 15.89 1.74 678.78 1110.25 8.11 3.48 7.63 3.51 2.39 1.36 2.03 1.56

Hmcn1_D3YXG0 VISDAGVYTCAATNIA D3YXG0;1231 high 8270.3 3794.7 501.7 506.0 4652.0 2388.0 2244.0 1594.7 5188.7 1.1 104.68 11.63 2.11 4157.38 384.77 15.71 2.73 30.15 13.17 2.2 2.27 3.13 2.13 2.43

Thnsl2_Q80W22 VNYHYQQTDSGQSSIR Q80W22;397 high 18544.7 10621.7 2010.0 1193.7 24533.7 12549.7 9110.0 9083.3 24396.0 1.3 135.74 3.72 2.93 6053.98 2292.81 80.42 1.36 77.87 53.87 5.26 2.49 1.16 2.07 3.8

Trrap_E9QLK7 VPPFEKQGEKDKEDKQ E9QLK7;525 high 3852.0 2521.3 1126.0 853.3 14791.7 5029.0 3382.0 4287.7 13639.0 1 1387.47 435.12 4.17 19.79 224.64 52.22 5.49 2.19 8.72 1994.4 1.82 1.5 8.37 2.13

Fbxl7_Q5BJ29 VSDTGLESLALNCFNL Q5BJ29;415 high 6376.7 2448.0 454.0 351.0 4136.0 2826.3 3171.7 1383.3 4406.7 1.5 1692.58 128.58 2.43 1012.63 1202.96 675.71 3.28 1779.48 1963.53 2.9 15.41 2.4 2.08 92.07

Hmcn1_D3YXG0 VSDTGQYVCRAINVAG D3YXG0;3121 high 14305.7 5470.7 918.3 544.3 13302.7 4796.3 5261.0 3723.7 12306.0 1.1 8165.03 1290.72 2.83 4256.92 4653.97 1079.89 2.93 880.64 1394.92 3.97 3.38 1.51 5.03 3.61

Wnk2_F7BQG5 VTFKFDLDGDAPDEIA F7BQG5;42 high 1890.3 876.0 396.0 367.3 3282.0 1567.0 1979.3 944.7 2677.7 1.2 2.72 4016.79 2.15 177.28 1969.32 1.42 13.29 128.61 210.95 2.74 2.56 3.13 4.88 1.79

Ptk7_Q8BKG3 VTIAESDTGVYTCHAS Q8BKG3;371 high 16397.3 10133.3 861.3 989.0 13548.7 5163.0 3917.7 3650.7 13052.0 0.97 6568.48 3578.12 3.06 3310.49 4763.95 2202.94 3.8 3407.11 3885.73 3.09 137 1.75 2.74 4.54

Mtmr2_Q6P572 VVVHCSDGWDRTAQLT Q6P572;341 high 8189.3 784.7 893.7 786.7 2020.7 1147.7 1740.7 850.3 1990.3 1.1 1.98 2.79 4.93 6859.51 2982.89 1.88 2.74 1.87 5.96 2.52 7.99 1.44 3.25 2.66

Crat_B7ZDD9 VYPAVNWTALSDTGLA B7ZDD9;11 high 12619.3 6280.7 1599.0 1391.0 17377.7 7418.0 3773.0 5158.0 17265.0 2.6 3353.91 800.05 2.58 2172.41 3530.17 1133.8 3.58 1484.5 2958.6 2.3 44.17 1.17 2.25 3.07

Exoc5_Q3TPX4 WRTPGGGSRGGPEAFD Q3TPX4;23 high 13073.0 7405.7 2819.5 2471.7 34235.7 14531.7 10902.0 10454.0 30334.3 1.1 2.77 6.08 2.84 1252.26 341.98 6.7 1.93 3.01 7.28 4.36 3.13 3.05 2.37 7.12

Plxna4_Q80UG2 WVERYYSDIGKMPAIS Q80UG2;1809 high 27926.3 14849.7 6201.0 6841.3 31692.0 20298.3 10619.7 19244.7 35090.3 1.1 6.87 4.87 2.95 5280.43 1067.84 2.64 23.76 7.11 19.7 4.68 4.01 1.99 12.66 2.71

Epha5_E9PUP9 YEEKNGTCQVCRPGFF E9PUP9;297 high 14222.3 13455.0 2720.3 2345.7 24094.3 10276.0 7914.0 8979.0 23671.0 1.1 2474.31 337.93 2.68 12.8 555.34 1147.02 2.06 2.42 7.1 2.8 1.45 1.14 3.73 2.2

Trgv5_A0A075B5Y9 YGSVKTYKQDKSHSRL A0A075B5Y9;51 high 8627.0 9667.3 2167.0 1697.7 12087.7 5846.3 14916.3 9977.7 14292.7 1.2 9103.44 3742.8 4.68 4.74 2759.34 6494.38 8.38 88.36 68.22 14.95 2.5 2.36 5.77 6.97

Mob3a_Q8BSU7 YIHHFDRIAQMGSEAH Q8BSU7;167 high 39111.7 37093.0 12504.7 17693.7 30197.0 30251.7 21755.3 36863.3 34927.3 1.1 2.1 2.63 3.26 9061.56 3078.17 2.83 5.1 3.82 6.14 3.59 2.39 1.18 3.37 1.75

Pxdn_Q3UQ28 YIQNVAQSDSGEYTCF Q3UQ28;395 high 11011.0 15178.3 834.3 574.3 24783.0 4620.0 3109.7 2960.0 17932.0 1.8 14917.36 7394.98 2.58 3526.94 10545.6 8321.22 1.94 10428.68 12285.84 3.59 288.54 1.38 2.13 8.23

Arpc5_Q9CPW4 YKGFESPSDNSSAVLL Q9CPW4;111 high 11664.0 2734.3 1028.0 762.7 9565.3 3989.0 3034.3 3579.3 13608.7 1.2 2.02 3.07 3.09 11971.43 3048.48 1.9 11.81 2.17 3.09 2.26 2.46 2.41 2.27 2.09

Thnsl2_Q80W22 YQQTDSGQSSIRCCLA Q80W22;401 high 13943.7 7476.7 842.0 722.3 9348.3 5068.0 4445.0 4315.0 11381.0 1.9 538.79 33.28 1.61 5952.67 1495.37 89.72 1.58 63.8 166.55 2.99 1.7 2.21 1.93 1.75

Vcl_Q64727 YRQDLLAKCDRVDQLT Q64727;537 high 48299.7 12047.0 2939.0 3780.3 24919.0 11586.0 8229.7 8864.0 24481.3 2.3 10.2 4.75 3.21 8715.39 3419.75 8.38 6.77 4.1 5.43 3.45 3.58 1.46 3.38 3.34

Cntnap2_Q9CPW0 YSDTGRNWKPYHQDGN Q9CPW0;117 high 34304.0 35064.0 5672.3 4578.7 60093.3 36683.7 16404.3 11915.7 47312.7 2.4 7047.19 1647.38 2.43 2605.16 3086.66 1177.56 13.65 2344.13 2475.57 6.47 65.82 3.38 3.19 6.27

Jmjd1c_A0A0A0MQ98 YSLSNTISASTPFECT A0A0A0MQ98;1409 high 4150.7 2199.7 862.3 801.0 8410.7 2777.7 2558.7 2946.0 8968.3 1.3 1010.66 846.74 22.06 14.27 780.28 647.56 3.46 2.44 3.44 2.59 1.76 2.51 2.48 5.74

Whrn_F7BB17 YSMVSYSDTGSSTGSH F7BB17;2 high 17160.3 13445.0 1659.3 1155.3 21507.3 11182.0 5177.3 6811.0 17642.0 1.2 1066.32 114.9 2.49 4540.18 1558.44 380.06 2.01 301.23 331.33 3.57 2.69 3.74 2.69 2.04

Lrfn4_Q80XU8 YTCIATNPAGEATARV Q80XU8;349 high 2656.7 1702.7 527.3 432.7 10216.0 3243.7 2240.7 2443.3 8442.3 1.6 2.65 2.41 8.59 1743.07 858.23 5.42 3.5 3.21 3.7 4.7 4.6 2.95 2.17 5.22

Wdr63_B2RY71 YTDWKMERDSDTGRLM B2RY71;677 high 18674.0 15325.0 2357.5 3047.0 30512.0 19260.7 12098.7 10914.3 27071.0 1.7 1826.38 187.24 2.43 2119.05 2895.51 1500.3 8.08 3645.69 4091.24 5.95 20.22 5.95 2.98 23.79

JPT multiwell peptide array Nimble whole proteome peptide array 1 Nimble whole proteome peptide array 2
signal 

strength 

category

Name Sequence Probe_ID
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Supplemental Data 2.1: 

376 peptides tested on JPT and Nimble platform. Data provided for all samples from Nimble and JPT 

runs performed. Categories were chosen based on Nimble whole proteome array 1 and then tested 

on JPT and Nimble whole proteome array 2.  
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Thumpd3_P97770 ACRISKDRGKIYFDIA P97770;65 everywhere 141.0 204.3 224.0 166.0 5391.7 2812.0 8319.0 7324.7 1398.0 1898.3 593.3 1154.7 13452.3 10933.3 13472.7 8006.3 7366.3 974.0 1067.7 8396.7 3535.0 5782.7 4385.7 10023.7 81 120.17 133.29 182.2 167.38 145.61 233.34 247.82 167.8 253.92 259.46 300.44 249.11 334.81 276.38

Gpsm1_Q6IR34 AEATAAPSVEDRAAQS Q6IR34;523 high 134.3 133.0 124.3 133.3 2377.3 1000.7 4377.7 1495.0 511.7 375.3 221.7 456.0 5754.0 5107.3 5711.0 1877.7 8623.0 406.7 347.3 11863.7 3874.0 2744.3 1520.0 8033.0 1.1 1.74 2.72 2.42 1227.22 1336.99 2.17 2.47 1.97 2.46 2.82 2.34 1.56 1.9 1.78

Kalrn_A2CG49 AELEKCIQEQDRLAQL A2CG49;1963 high 126.0 115.0 149.7 136.3 50833.3 5212.3 19609.3 9801.0 2180.3 707.3 589.3 1116.3 13818.7 8289.3 12157.0 4798.3 16020.3 1858.7 1374.3 21404.3 6433.0 5490.7 5165.3 17793.7 1.1 3.32 2.5 6.78 30693.74 21038.1 2 3 1.83 2.73 2.81 1.59 2.43 3.59 2.6

Hmcn1_D3YXG0 AEVSDTGQYVCRAINV D3YXG0;3119 high 133.7 156.0 171.3 138.7 10216.3 2796.7 8896.3 3260.3 1352.7 456.3 253.0 504.0 9448.7 8775.3 9788.7 3610.3 8069.3 864.3 756.3 11821.7 4455.3 3716.7 3050.3 10785.7 1.2 2668.88 601.9 3.21 671.68 1401.95 810.64 1.41 1379.14 1861.54 4.18 4.82 1.39 3.75 1.54

Junb_P09450 AGSYFSGQGSDTGASL P09450;65 high 128.3 128.3 137.3 131.7 12726.3 3162.0 10312.3 3830.7 1509.3 448.3 261.0 503.3 8168.3 5209.0 8178.0 2020.7 8410.0 613.7 368.7 13989.3 5302.7 3272.0 2802.7 11362.0 1.8 6694.16 3406.04 2.85 18205.02 8918.1 2797.53 1.91 5989.02 4183.11 5.54 138.55 5.42 5.13 3.87

Ptchd4_B9EKX1 AIDHCAPLLYTFVLAT B9EKX1;783 no signal 193.7 189.7 252.5 314.7 1289.3 1801.7 1346.0 2282.7 1052.0 462.3 391.3 472.0 2113.0 6713.0 2487.7 4195.7 4573.3 576.3 577.7 1428.0 1183.0 6079.0 983.0 1818.3 1.3 1.79 2.19 2.66 2.33 3.36 2.08 1.75 2.18 7.07 2.69 4.19 2.96 1.75 3.02

Fbxl6_Q9QXW0 AKPRTKPRPEPSLDQG Q9QXW0;83 high 149.7 149.0 112.3 125.7 11765.7 6755.0 26338.0 10676.7 1807.7 1062.7 508.0 1323.7 22318.7 7326.7 23397.3 5318.7 25642.0 1118.0 913.7 28131.7 10270.0 7314.3 10497.3 26891.7 140 1012.03 732.76 1189.44 1360.22 1214.41 506.66 911.92 985.5 828.04 555.03 925.44 891.91 995.64 910.73

Usp43_A6PWR8 AKSEDSGRAIGQGTTG A6PWR8;869 high 128.0 130.3 122.0 125.3 4266.0 3397.7 13493.3 4121.3 762.0 488.0 263.3 571.3 9378.0 7022.0 8776.7 4175.7 12612.0 482.0 521.7 19507.3 5881.0 3950.0 3068.3 12960.3 390 8337.36 3424.69 220.69 11.86 2844.34 5555.16 1.95 11.37 14 193.64 252.04 78.7 173.81 725.96

Kif20b_Q80WE4 ANSILTQNLKADLQKK Q80WE4;1219 low 130.3 130.3 152.7 134.3 5696.0 3140.7 9742.3 2658.0 1709.3 470.0 375.7 507.0 13968.0 5610.0 14653.0 4240.0 7574.3 1175.0 729.3 6774.3 2656.0 5677.0 7255.7 9944.0 2.4 3.53 3.15 4.68 15.76 11.85 1.9 5.79 8.1 6.73 4.56 3.19 5.19 3.37 9.33

Impdh2_P24547 ARHGFCGIPITDTGRM P24547;135 high 133.7 166.3 148.7 143.0 39318.7 28761.3 40141.3 26765.3 25545.3 7966.7 1479.7 2517.7 29888.0 36868.7 39077.7 26999.3 32151.7 1997.0 7319.3 36065.0 31475.7 35677.7 25978.3 37545.7 1.1 3.6 4.75 3.56 7759.6 2911.04 1.6 2.07 38.46 19.57 2.76 3.68 1.11 2.84 3.14

Unc5d_Q8K1S2 ARLSDSGNYTCMAANI Q8K1S2;219 high 130.7 134.0 137.0 128.3 4769.3 5182.7 11569.3 3855.3 1773.3 603.3 310.3 657.0 10733.3 10927.7 9723.7 6201.7 10472.0 835.0 642.7 14652.3 5273.3 4675.0 3075.7 12800.3 1.1 2567.12 502.1 4.04 1711.82 1635.77 824.42 1.91 2292.31 2005.35 2.47 18.96 1.57 3.35 1.69

Fam8a1_Q3URQ4 ARTASDTGRQAGREYV Q3URQ4;213 high 136.0 130.3 124.0 135.0 12981.3 2817.7 12028.7 4196.5 1901.5 1589.7 234.0 739.3 13486.7 8984.3 13669.7 2331.0 19973.7 733.0 685.0 22097.3 11611.3 9653.0 1855.0 13642.0 1.4 2297.26 663.76 5.37 9882.02 4008.7 287.34 1.95 1023.48 1131.52 2.31 27.31 1.96 4.4 2.11

Ift122_E9Q9G8 ASCSSSDFGLWSPEQK E9Q9G8;109 high 134.3 130.7 147.0 121.0 6349.7 4398.7 14473.3 7036.7 1692.3 956.7 526.3 766.3 10091.0 9410.0 9093.0 4229.3 10156.7 1112.0 996.3 15007.3 5296.0 5166.7 4367.7 13440.7 2.4 8388.85 2569.44 3.33 288.48 2489.97 287.98 8.91 4668.22 5394.44 3.22 48.94 2.3 4.1 3.71

Gm44511_A0A0N4SW10 ASDNRWICQKELNHET A0A0N4SW10;203 high 123.0 134.3 131.0 145.0 8402.0 6051.0 19415.3 12365.5 3434.7 1763.7 703.7 1231.0 13959.0 10997.0 12018.7 5217.3 16577.0 2520.0 2159.0 21905.7 9873.7 6449.3 9816.0 20510.3 1.2 5866.9 526.81 7.74 1.7 1575.59 2587.5 3.12 318.74 356.71 2.85 33.54 4.14 1.98 3.32

Irx2_P81066 ASDTGKAGSHSLESHY P81066;431 high 140.7 135.0 141.0 139.0 27182.7 16258.3 27768.3 14290.7 6412.3 2918.7 578.0 1242.7 19853.7 12508.0 22803.7 7770.3 22654.0 2795.0 2809.3 30342.7 18473.0 9487.0 12157.7 27526.0 1.5 1210.06 191.32 2.35 3357.21 928.72 288.3 1.5 461.05 435.29 2.36 7.91 1.74 2.72 1.65

Tmem129_A0A0J9YVH4 ASVKLVKTCQEPAVGE A0A0J9YVH4;5 high 134.7 124.7 124.3 133.3 3873.5 1445.3 4401.7 1836.0 1585.0 519.3 15562.3 4574.0 4659.0 3410.0 4436.7 3254.7 2673.0 2052.0 873.3 5569.3 2021.3 2705.3 3969.0 6811.0 110 12660.98 8111.32 2351.14 35.73 7276.93 5774.13 212.51 31.23 27.64 21.51 8.82 10.62 4.97 2.2

Zcchc8_Q9CYA6 ATGITPFEFENMAEST Q9CYA6;669 high 129.7 144.7 131.3 139.7 5443.0 2674.0 14720.7 4932.0 952.0 1022.3 535.0 1009.7 9203.3 5711.0 9268.3 4409.7 7963.3 1112.0 982.7 16268.7 5711.3 3499.0 4217.7 13619.0 28 7354.12 3474.92 112.27 2.66 2326.18 4089.66 1.98 4.68 4.88 2.68 6.72 1.55 410.12 5

Kiaa1107_Q80TK0 ATHQRESPESDTGSAT Q80TK0;819 high 126.7 127.7 141.7 121.7 6724.0 2084.7 12473.3 3969.3 1087.0 401.0 211.0 470.3 7639.3 4292.0 7538.3 1797.3 10918.7 428.5 371.7 14293.7 6090.7 3811.0 1968.3 9548.3 1.3 1423.03 365.65 2.14 802.72 2102.71 191.06 2.08 1289.46 639.47 2.84 2.11 2.53 2.81 2.11

Tm9sf3_Q571B0 AVCCICFFVILPLNLV Q9ET30;395 no signal 152.3 156.0 198.7 167.7 1127.0 768.0 1394.0 1311.0 568.7 425.7 335.0 717.0 5364.3 8603.0 7359.7 6241.0 1731.3 471.0 513.0 1577.3 1391.0 3212.3 910.3 1733.0 0.96 1.38 2.54 2.39 1.52 2.52 1.74 1.32 1.83 2.73 4.59 1.93 4.29 2.33 2.26

Spsb3_E9PW49 CAAPPGFFVDGRGEVL E9PW49;129 high 137.3 122.3 140.7 132.0 9069.3 7273.0 22551.0 18661.7 2667.3 1736.3 1396.0 2253.7 15146.0 15343.0 13866.7 11169.0 18375.0 1886.7 1952.3 39092.3 8266.0 6669.7 8242.3 37693.0 1.3 1897.65 252.15 2.06 5.64 350.88 841.37 3.06 5.08 13.9 2.69 2.27 1.46 4.72 2.11

Clec2h_Q8C1T8 CGFLSDNGISSGRSYT Q8C1T8;179 high 143.0 134.0 144.3 134.3 13423.3 6438.0 20690.3 11506.7 5064.0 2467.0 603.3 1006.7 15900.3 13774.0 15058.3 7876.7 13265.3 1063.7 935.7 18457.7 11475.0 7247.7 5442.7 19941.7 1.1 11.84 2.03 3.22 5853.13 1302.67 5.03 1.76 8.71 39.17 2.44 5.81 1.55 2.7 2.02

Dct_P29812 CKCTGNFAGYNCGGCK P29812;95 low/medium 233.3 246.7 277.0 231.0 6084.7 6484.7 3556.7 5626.0 3884.7 2731.3 1944.3 1609.3 9647.0 35544.3 11571.3 21087.3 10381.0 1675.7 1351.3 4248.0 3593.3 25989.3 5128.3 4708.7 75 75.28 61.16 47.44 70.27 39.08 13.62 78.06 77.04 63.55 20.94 16.1 20.14 18.41 8.71

Kcnv2_Q8CFS6 CLTSLLDGHNDTPAQM Q8CFS6;89 medium 129.7 127.7 125.3 126.3 4041.0 1841.0 8369.7 3506.7 1443.0 679.7 634.7 578.3 6473.3 5168.3 5825.3 4125.3 2903.0 763.3 788.0 5047.3 2064.7 2434.7 3375.3 6392.0 1.4 2.12 921.18 3.45 342.12 1033.84 3.62 4.22 315.67 252.32 2.49 2.89 2.85 3.82 2.52

Dync2li1_Q8K0T2 CQIGSPPVPDSDIGKL Q8K0T2;265 high 140.0 143.7 125.7 126.0 15026.7 4908.0 20224.0 7323.7 4731.7 2328.0 716.7 1824.0 14180.0 7960.0 11243.3 5009.3 12628.7 2250.0 1427.0 20447.7 7942.7 5764.3 5837.0 21229.7 1.4 7.87 4.16 1.49 9616.79 5330.52 8.66 2.36 6.68 18.22 2.27 1.68 1.28 2.54 2.31

Lrp1_Q91ZX7 CRCPTGFTGPKCTAQV Q91ZX7;4257 low 189.7 148.0 147.3 147.7 3446.0 7167.0 8941.7 2297.0 1346.7 552.3 492.3 784.0 8866.0 6026.3 7267.7 3851.7 3320.7 1089.0 889.3 6311.0 2488.3 5232.5 3561.7 8597.3 11 28.06 33.71 6.92 28.21 6.31 2.38 30.56 25.53 32.56 18.03 4.72 8.71 6.18 3.99

Aspm_Q8CJ27 CRKTFQNFKNATIKLQ Q8CJ27;1639 low/medium 292.0 126.7 156.7 139.7 6435.3 7433.3 10871.3 7286.0 2689.7 1306.3 504.7 1060.0 15100.0 24169.7 17904.0 12663.0 14419.7 1443.0 975.3 12973.7 7498.7 16010.7 7831.3 14788.3 89 118.92 58.72 51.09 123.57 87.89 113.37 72.79 63.75 86.69 145.15 79.48 49.45 92.56 45.57

Ank2_Q8C8R3 CSITGGTTPAQWEDIT Q8C8R3;1229 high 135.3 133.0 121.7 155.7 5750.0 3079.3 12350.3 4380.3 1252.0 719.3 522.0 981.0 9307.0 5950.3 7969.3 3750.7 7036.7 1133.7 978.7 14313.7 3896.0 3402.3 3276.0 13996.7 1 2.07 23 7.48 8344.06 3374.81 2.7 5.98 4.87 8.14 2.79 1.76 1.29 4.57 2.31

Ube2v1_B7ZBY7 CVQDCRMSDSGPWLPG B7ZBY7;19 high 148.0 133.7 152.3 141.0 12651.0 14439.7 26895.7 19655.0 14601.3 5371.3 3148.3 4495.0 18035.0 24878.7 19470.3 27626.0 18420.3 5283.0 4073.0 22951.0 16708.7 9509.7 16117.3 24436.0 1.3 15439.83 3034.54 3.43 128.75 9595.54 3872.78 5.9 5658.65 5500.44 2.32 44.57 1.64 2.97 21.84

Abca3_Q8R420 DAFVGGYSISSDIGKV Q8R420;1439 high 126.7 147.0 143.7 135.0 8126.0 3243.7 9095.3 3098.7 1269.3 518.3 460.7 698.3 13252.0 3448.0 10388.3 3299.7 4230.7 709.0 591.7 7637.0 3257.3 2997.0 2724.3 9368.0 1.8 1.69 2.36 4.16 11136.62 5443.55 1.57 1.71 4.68 12.73 2.96 3 3.49 2.31 2.95

Lmx1b_O88609 DCFLGSSDVGSLQARV O88609;363 high 138.3 142.0 131.7 128.3 13236.3 4775.7 15077.0 5883.7 1803.0 660.0 505.3 748.0 12225.7 7709.0 13196.0 4931.0 10658.3 785.7 752.3 17071.0 6243.3 3781.0 4194.3 17051.7 1.2 270.02 15.31 2.77 2650.16 697.55 27.79 2.14 91.8 118.42 1.97 5.34 1.31 3.29 2.3

Lrp1_Q91ZX7 DKPRAITVHPEKGYLF Q91ZX7;2009 everywhere 144.0 151.0 151.7 144.7 14438.0 9612.0 27171.0 19340.0 4753.3 4474.7 1359.0 2435.3 21110.7 22370.7 19426.7 16358.0 25026.3 3354.3 3862.3 30228.7 13504.3 9342.3 14622.7 29982.7 210 249.27 232.76 226.59 189.68 103.34 108.16 134.83 96.52 197.97 340.52 147.7 51.63 176.7 87.93

Ift80_Q8K057 DLYITSVKRFGKEEQI Q8K057;487 high 121.5 137.7 155.7 141.3 5878.0 3369.3 10887.3 8636.0 1548.0 1164.7 5635.3 1279.7 11692.3 7674.3 10025.3 5848.0 7261.7 1538.7 1463.3 8402.0 3681.0 4461.3 4525.0 10756.7 1.1 859.31 212.43 50.61 2.75 1984.53 1983.34 96.61 9.82 24.39 3.81 2.75 1.99 6.74 8.47

Tp53bp1_P70399 DSASSQLGFGVLELSQ P70399;165 no signal 141.7 130.3 132.0 117.0 2643.7 1428.0 5319.0 2021.0 496.3 429.7 296.3 624.7 6685.0 5030.7 5971.3 3175.3 6502.0 449.7 379.7 9567.0 3734.0 2813.0 2212.0 8194.3 1.2 2.07 3.53 1.91 6.41 2.22 2.17 3.82 2.46 4.05 3.18 2.82 1.2 5.07 3.15

En2_P09066 DSDTGRRRALMLPEVL P09066;35 high 150.3 161.0 166.3 142.0 28939.0 15732.3 38144.3 24715.0 26965.0 8480.7 697.7 3431.7 35791.3 23015.0 42568.7 10981.3 41144.3 2738.5 3292.3 42420.3 39806.0 24702.7 8483.5 35034.0 1.2 179.33 4.22 1.88 2544.37 534.84 85.51 1.25 239.21 269.02 2.84 48.25 1.67 5.82 1.72

Pbrm1_Q8BSQ9 DSMISSATSDTGSAKR Q8BSQ9;497 high 137.7 146.0 135.3 139.7 5923.0 2000.3 6379.3 2611.3 540.3 443.0 210.3 475.0 7586.7 7407.3 7600.3 2824.0 8227.3 408.3 356.7 11388.0 4343.3 3464.3 1982.3 8571.7 1.1 2241.35 400.44 2.01 3705.21 725.96 851 2.26 558.64 580.46 3.36 38.59 5.75 8.82 2.77

Pelp1_Q9DBD5 DSPKVQPEAEPEPGLL Q9DBD5;987 high 134.3 136.3 131.0 122.0 2820.7 1223.3 8505.7 2749.0 545.0 499.0 230.7 501.0 7070.3 3996.0 6079.7 2388.7 7485.3 469.0 429.7 10419.7 3972.7 2792.0 2664.3 10094.0 1.1 3627.3 1274.79 1.73 1.64 889.38 1512.09 2.62 2.44 4.02 2.94 2.05 1.71 5.05 2.51

Phip_Q8VDD9 DTEKMSPWDMELIPNN Q8VDD9;1111 high 125.7 126.0 126.0 145.0 6863.7 3892.0 17908.3 6743.0 1646.3 1069.0 288.5 1012.0 11508.7 5524.7 10850.0 3216.7 18247.3 2013.7 2265.0 20083.0 7346.0 4077.0 5231.3 17521.3 1.2 2618.46 470.92 3.86 1.3 383.66 833.65 2.46 3.56 2.82 3.6 2.27 2.9 1.81 1.42

Bptf_E9Q6A7 DTGVDTISVKEQSKTV E9Q6A7;1653 medium 132.7 134.0 133.0 133.0 4489.7 1970.0 11030.7 2843.0 508.0 533.3 205.0 551.7 8749.0 5933.0 7389.7 3016.0 8475.3 744.7 555.3 13030.7 4414.0 3410.3 2591.3 12076.0 1.1 259.78 416.51 2.43 3.51 712.36 171.11 3.24 19.05 42.16 2.29 2.68 1.89 4.79 2.07

Matn1_P51942 DTLDVSDRLAQVGLVQ P51942;307 high 135.3 120.7 126.7 142.3 2129.7 1407.7 7148.7 2477.0 506.0 395.3 217.0 478.7 7202.3 4511.3 6422.3 1863.7 7441.0 446.0 420.7 10517.3 4003.7 2761.3 1330.0 8881.3 1.1 2.16 2.93 2.66 15525.69 6874.25 1.98 9.56 2.19 3.25 2.42 1.68 2.23 3.47 1.55

Gfy_A0A1B0GRI3 DTPKLSPGEESKIPSP A0A1B0GRI3;181 high 136.3 136.3 141.7 120.3 3712.7 2063.7 11160.3 3609.7 647.7 431.0 239.0 538.0 8962.7 5742.3 7596.7 1945.7 11505.0 430.5 426.3 16885.0 5675.0 3622.3 2761.3 12266.3 31 6688.53 2709.61 30.66 466.31 2645.32 3549.1 6.12 2.14 3.53 3.17 2.05 77.26 1644.62 1.82

Hmcn1_D3YXG0 EAQISDTGRYTCVASN D3YXG0;2733 high 145.3 154.0 140.0 145.3 12654.7 3708.0 12833.0 3722.0 1725.0 507.7 324.3 554.3 10019.3 5611.3 8554.3 2213.7 8831.3 589.0 452.0 14602.7 4874.7 3762.0 3375.0 11738.7 1.1 5260.34 2154.59 2.61 3983.77 3978.65 3332.27 3.19 1959.11 2384.52 3.02 19.95 1.29 3.08 4.94

Ttk_P35761 EEDKKSVSASTVLSAQ P35761;193 low/medium 135.7 143.0 123.7 146.3 1806.7 1168.0 5150.0 1757.7 530.0 383.0 364.3 490.0 5672.7 5539.7 5329.0 2820.0 5229.3 390.7 355.7 7630.7 2390.7 2663.3 1940.0 6087.7 1.1 1.85 1152.56 3.06 2.44 3.26 1.83 1.77 2 3.09 2.31 1.95 1.49 2.25 2.63

Fam13b_Q8K2H3 EEIWSANSLAAVFGPD Q8K2H3;165 high 145.3 137.0 144.3 142.3 3547.0 1364.7 6234.0 3123.5 570.0 473.0 239.7 610.0 7664.7 5538.0 5632.3 2404.3 5200.0 519.7 419.3 8448.0 2793.3 2899.7 1935.3 8309.0 1.1 1.5 1.86 1.81 5640.42 3516.49 2.24 2.08 2.2 2.98 2.63 2.03 1.63 2.46 1.52

Ace_P09470 EFAEVWGKKAKELYES P09470;97 high 133.7 146.0 128.0 149.0 6622.7 4844.7 16636.7 19769.7 2548.3 1827.3 1230.0 1695.7 12503.7 12910.5 12325.0 8684.7 6804.0 1736.3 1606.3 12184.0 5595.0 5416.7 5111.7 13826.0 1.2 1.96 5.49 7.26 16171 8564.03 1.94 13.01 1.98 3.06 6.12 1.77 2.58 2.85 4.2

Snx8_Q3U0I9 EFALLADRAAQQGKKE Q3U0I9;241 high 136.7 130.7 125.3 140.3 56463.0 11694.3 30610.0 18138.7 5128.0 3785.0 1128.0 2046.7 25947.0 15085.7 32586.3 13442.7 28477.0 4667.3 2827.0 31060.7 13276.7 10505.3 17499.0 31331.3 1.2 2.67 2.82 2.65 18660.54 9795.33 2.81 55.53 3.93 2.69 4.87 2.63 1.89 6.8 18.24

Col12a1_E9PX70 EGDGGRTSDTGRTLVR E9PX70;1921 high 130.7 135.0 129.7 128.0 2376.5 946.3 8977.0 3106.0 663.3 604.0 204.3 648.7 9493.0 7711.0 7917.3 3085.3 9350.0 470.5 406.3 13129.3 4748.0 4762.3 758.5 9477.0 1 1320.84 160.3 4.52 5116.55 1897.58 547.73 5.08 1269.79 1176.63 3.26 52.67 1.54 5.21 2.4

Mmp21_Q8K3F2 EHFTPLSSDTGISLLK Q8K3F2;263 high 135.0 130.0 128.3 142.0 2712.0 4223.0 15648.3 8112.0 1853.3 2176.7 668.7 1004.0 13682.7 10794.0 13517.0 5752.0 13686.7 1242.7 1496.3 49971.0 10607.7 10612.7 7515.7 38878.3 0.93 1084.01 131.17 2.2 2500.81 1363.46 464.23 14 1030.35 967.45 2.43 1.77 1.31 3.51 2.3

Gria4_Q9Z2W8 EIAIAPLTITLVREEV Q9Z2W8;495 no signal 136.7 123.0 164.3 150.3 2130.0 1278.7 3524.3 2512.7 889.7 517.0 420.0 591.0 4008.0 3047.3 4149.7 2259.0 1735.3 638.3 647.3 2658.3 2029.3 2661.7 1433.7 3207.7 1 1.8 1.97 2.32 2.2 2.33 2.13 1.66 2.27 2.1 3.19 1.46 3.01 1.69 1.57

Ubqln4_Q99NB8 EIVICDQASVKEFKEE Q99NB8;25 high 147.7 145.7 127.3 135.7 1895.3 1287.7 6748.7 2123.7 553.3 472.3 268.3 637.0 8545.7 6429.0 7445.3 3482.3 7944.7 505.7 392.7 11858.3 3833.7 2859.7 2646.7 10492.3 1.4 5744.57 2178.56 3.72 4.67 3993.11 2635.73 5.55 2.11 11.96 3.79 1.66 1.7 3.89 3.24

Fshr_P35378 EKANNLLYINPEAFQN P35378;103 high 139.3 131.0 135.3 133.7 7237.3 2796.3 13299.7 7551.7 2072.7 1110.0 1051.3 1266.0 10570.0 5742.0 7395.3 4190.7 10169.3 2076.7 1923.0 12659.0 5220.0 3575.3 4002.0 13185.7 1.1 3.24 3.21 2.26 5521.36 2864.44 1.76 2.29 4.01 2.38 2.74 2.35 1.92 3.16 2.45

Spen_Q62504 EKPRGSTKLSRDRADK Q62504;871 medium 137.7 120.3 125.0 132.3 5471.0 5014.3 18028.3 7825.7 1386.0 1119.3 325.0 1384.7 16109.0 9705.7 16050.3 5794.3 29185.0 937.5 1014.0 27122.7 10604.7 9551.7 8802.0 24010.3 970 955.62 725.26 172.9 210.9 66.19 985.45 631.22 738.98 631.5 921.71 654.12 636.02 789.32 593.99

Kalrn_D3Z535 ELEKCIQEQDRLAQLF D3Z535;333 high 146.3 148.3 141.3 154.0 32365.0 3558.7 12987.0 11212.3 1952.3 1091.0 600.7 1107.3 13770.7 10352.7 11446.0 6376.3 9286.3 827.7 662.0 13727.0 5338.7 5530.3 4102.7 14554.3 1.3 1.76 2.29 2.85 17869.75 12411.63 2.85 1.49 4.1 3.37 2.69 2.38 1.38 2.34 2.84

Hspg2_B1B0C7 ELHFPSVQPSDAGVYI B1B0C7;1729 high 120.7 146.3 131.0 134.0 27496.0 25172.7 26041.7 17820.7 15910.3 4127.0 1270.7 2272.0 17279.7 11206.0 14703.3 9206.0 11974.3 1622.7 1700.7 21150.7 9658.7 9026.7 6482.7 20802.0 1.5 1611.21 160.7 9.91 5378.82 3599.17 527.7 1.29 478.91 356.74 2.69 2.52 1.85 2.1 2.13

Ptk7_Q8BKG3 ELVFVTIAESDTGVYT Q8BKG3;367 high 152.0 162.3 148.7 137.7 5738.0 1854.0 2983.7 2384.0 1027.0 438.7 364.0 608.7 2507.7 2135.0 3391.3 1761.3 2860.0 513.0 402.7 3837.7 1634.7 2142.7 1560.0 3727.7 1.6 4453.14 1603.81 2.19 2098.75 5263.94 851.91 1.56 1927.78 1786.2 2.73 12.63 1.35 3.12 1.66

Zmym5_Q3U2E2 EMHINNSVKYSKLKSD Q3U2E2;591 high 140.0 120.3 128.3 139.3 3740.3 3766.3 8744.0 4430.7 990.7 853.7 1098.7 703.0 7722.7 4966.3 7450.3 3243.7 3908.7 992.0 997.0 7597.3 3070.7 4434.3 4362.3 7699.0 2.8 4434.23 3312.1 9.31 1.88 2674.88 5392.1 5.02 32.97 51.57 4.16 5.11 1.25 4.27 1.48

Tubb3_Q9ERD7 EMYEDDDEESEAQGPK Q9ERD7;435 high 135.3 121.7 148.3 130.7 1740.0 1220.3 6083.3 1666.3 505.7 399.0 224.0 540.3 5970.3 5001.7 5589.7 2925.7 6476.3 450.3 374.7 10135.0 3239.3 2551.7 2114.0 7896.0 1.2 1.52 2.16 2.31 1298.46 1165.94 2.93 2.49 4.83 3.91 2.09 20.71 2.97 11.79 4.9

Gpsm2_Q8VDU0 ENLSLVTALGDRAAQG Q8VDU0;187 high 153.7 141.0 127.3 132.3 7359.3 2578.7 11856.3 3670.3 1004.7 463.0 317.3 572.0 10508.0 5609.0 9074.3 2631.3 12055.3 772.0 601.3 15913.7 4976.0 3880.7 3614.7 14947.3 1.6 1.59 2.71 1.61 19442.88 14762.09 1.98 2.13 2.31 3.53 2.77 2.51 1.22 2.75 3.62

Kif2c_Q922S8 ENQAFCFDFAFDETAS Q922S8;301 medium 128.3 138.3 135.3 144.0 2089.0 910.3 2438.7 2051.3 455.7 400.7 345.3 429.7 4358.0 4103.7 4345.3 1951.3 2974.0 440.0 395.3 4226.0 1812.0 2338.7 1376.3 4873.3 1.2 2.22 2.21 2.3 4725.93 3.23 2.61 1.57 2.15 4.4 3.22 1.79 1.35 4.32 2.13

Atrn_Q9WU60 EPSDAGFCGILSEPST Q9WU60;885 high 140.0 137.7 132.7 131.0 3617.0 1770.3 8684.3 3362.0 1041.3 504.7 222.3 509.0 6094.7 5090.7 5525.7 3226.7 3620.7 506.7 445.0 7798.0 2730.7 2693.0 2014.0 8359.3 1.4 1154.14 35.26 3.36 4.49 197.69 78.26 2.6 344.28 577.68 3.86 2.35 2 3.54 2.72

Brf2_Q3UAW9 EQYLRTPQEVRDFERA Q3UAW9;391 medium 137.3 136.0 133.7 123.7 10708.7 6276.0 26872.0 16807.3 3060.7 2671.7 567.3 1993.7 24020.7 12017.7 23336.0 7980.3 30636.0 2351.0 3364.0 31584.3 14238.3 9519.7 7208.3 26416.7 1.7 1.61 3.17 8.8 205.39 898.03 2.36 31.5 6.28 5.79 3.06 5.99 7.86 3.08 3.12

Gak_D6RHK5 ESDTGQAEFLLLTELC D6RHK5;111 high 138.0 142.3 147.0 149.7 2027.0 1161.3 2330.7 2542.3 776.3 465.7 251.7 583.7 5733.3 5976.0 5602.3 2185.7 1834.3 456.0 414.7 3240.7 1899.0 3117.7 1580.5 9907.3 1.1 8413.26 4429.42 2.39 134.63 3583.12 4137.61 7.13 6438.45 8194 3.06 67.72 1.56 2.05 1.51

Ptk7_Q8BKG3 ESDTGVYTCHASNLAG Q8BKG3;375 high 129.7 144.7 151.0 137.3 18127.0 8701.0 19676.3 4659.0 2747.3 1347.7 760.3 1050.3 11954.7 7765.3 11562.0 5242.7 8594.3 1647.0 1257.7 15412.7 5615.0 4762.0 6070.0 19306.3 1.7 6027.81 3809.9 5.23 5077.71 5847.15 2559.98 2.79 3390.35 4382.81 2.41 203.01 2.92 3.76 2.59

Cacna2d3_A0A286YCF6 ESSDSAHGLLDPYKAF A0A286YCF6;85 high 154.7 128.0 137.0 131.3 14812.0 10720.3 26625.3 15711.7 3902.0 2052.0 708.3 1609.0 18617.7 14126.0 16072.3 9860.7 17352.3 2145.3 2352.7 22709.7 10051.0 7089.7 8312.3 24355.0 1.1 6355.05 482.54 2.86 2.86 1354.35 1527.38 1.22 1132.08 929.14 3.64 4.03 1.49 1.98 1.29

Dhx57_Q6P5D3 ETCKFYLKGNCKFGSK Q6P5D3;303 low 476.3 394.0 298.0 414.0 2246.3 10599.7 1815.0 12010.7 2368.0 1279.0 818.0 654.0 1849.3 52272.0 1696.7 29737.0 7081.7 889.0 699.7 1699.7 2673.3 41915.7 6158.7 2379.7 2.6 24.92 3.98 35.53 39.15 63.16 33.69 21.35 28.06 40.8 3.25 8.39 2.39 45.81 21.59

Cdh8_P97291 EYTLTAQAVDFETNKP P97291;131 medium 132.0 124.7 142.7 139.0 3561.7 3365.3 9872.3 3852.7 1036.7 571.7 536.3 614.7 7418.0 5605.7 6970.7 3289.7 3530.3 752.0 927.7 7603.0 2556.3 3068.0 2789.0 10728.3 1.1 6.19 3 1.8 1056.3 569.75 2.64 1.39 2.51 2.65 2.31 2.11 1.2 2.31 1.37

Abcb4_P21440 FDTLVGDRGAQLSGGQ P21440;519 high 139.0 138.7 136.3 153.0 8214.0 4371.3 21704.7 7887.0 1785.0 589.3 339.7 715.3 13468.0 5778.7 12953.7 5440.3 15260.0 730.0 856.3 20094.0 6995.3 5620.3 4967.7 19329.3 1.1 1.61 2.46 1.99 18143.5 12059.31 2.07 2.33 1.97 4.23 2.3 2.33 1.59 14.18 4.08

Cyp2c54_Q6XVG2 FDYKDRDFLNLLEKLD Q6XVG2;187 high 139.0 134.7 137.0 152.3 7518.3 3832.0 8764.7 11997.3 1024.3 680.3 477.7 1067.3 10500.7 5733.3 8464.7 4146.0 2973.7 523.3 695.7 3849.0 2533.0 3156.0 3130.5 7327.3 24 1.58 2.54 47.81 6075.2 2728.34 1.71 1.77 4.47 4.75 2.69 3.12 1.28 109.3 6.99

Rhag_Q9QUT0 FEASDTGASMTIHAFG Q9QUT0;173 high 128.0 140.0 131.0 129.7 12438.0 5770.3 19469.3 5646.3 1615.7 549.0 538.0 882.7 11957.7 5682.7 11943.7 4284.0 15389.0 1176.7 701.3 20311.3 8213.3 4766.3 6519.7 20340.0 1.3 2345.04 976.04 3.23 963 1445.55 632.08 1.45 1211.48 1699.45 2.94 5.44 1.73 6.12 4.27

Pdia3_P27773 FESRVSDTGSAGLMLV P27773;35 high 142.3 121.0 124.3 124.3 17224.7 7792.7 19593.0 6759.3 2886.3 1323.3 407.7 740.7 12992.3 7501.3 12630.0 4924.7 12775.0 1073.3 926.3 19391.3 8653.0 4913.3 9057.7 22204.3 1.3 2311.16 412.97 2.33 4471.42 1989.11 506.31 1.31 1452.84 1414.4 3.66 9.29 1.68 1.7 1.86

Wnk2_F7BQG5 FKFDLDGDAPDEIATY F7BQG5;44 high 110.7 130.3 141.7 136.7 4684.0 1720.7 9868.3 5650.3 812.0 578.3 529.7 755.3 5994.3 4468.0 6700.0 3930.3 4113.3 633.0 619.0 6847.3 2803.0 2479.7 2510.0 8780.0 2.2 56.53 7756.62 3.44 718.39 8623.43 3.94 34.06 302.88 409.3 6.41 1.49 7.08 3.74 5.75

Capn2_O08529 FKIFKQLDPENTGTIQ O08529;673 high 133.3 139.0 126.7 141.7 11203.7 6402.0 18587.3 7552.3 2414.7 1346.0 631.3 1262.3 15407.3 9048.3 14281.3 7801.7 7570.0 1387.3 1573.7 10446.0 4828.7 6472.7 7664.7 16750.7 1.6 3987.57 2432.3 2.98 2.52 1859.91 3096.54 2.43 2.76 4.18 2.83 1.76 3.98 3.51 2.28

Il12rb2_P97378 FKRGQGFQGYSTSKQD P97378;739 low/medium 132.7 144.3 149.3 141.3 12747.7 7046.3 22268.0 11200.0 3173.3 1549.3 1352.3 1516.0 19074.7 13985.0 19513.7 8510.3 26186.0 1680.0 1625.0 26645.3 9714.7 9693.7 12139.0 24941.7 34 108.17 21.3 14.28 94.74 9.97 56.56 33.33 56.04 53.45 25.39 47.45 25.7 70 37.62

Trpv3_Q8K424 FLMHKLTASDTGKTCL Q8K424;157 high 176.7 155.3 151.7 153.0 25301.7 19199.3 27530.0 11367.0 11138.7 3179.7 877.0 1431.3 14048.3 32259.3 15426.0 17959.0 9308.3 1641.0 2086.3 17097.0 10231.7 13257.3 9172.3 19412.0 1.6 1459.87 439.18 1.75 7233.13 5383.48 219.86 3.13 820.06 683.33 2.45 4.91 1.49 2.86 3.23

Scn9a_Q62205 FMTEEQKKYYNAMKKL Q62205;1471 low/medium 205.7 212.7 184.0 193.3 8519.0 5204.3 15734.7 9833.3 2516.0 3040.3 1181.3 1839.7 12982.7 22783.7 15330.7 12234.0 12072.7 2204.3 2351.7 13310.7 6524.3 11986.7 13015.7 17971.7 63 161.49 10.14 84.21 112.29 66.41 14.11 45.97 72.07 85.53 26.49 12.6 38.43 23.09 26.53

Uck2_Q99PM9 FNFDHPDAFDNELIFK Q99PM9;81 high 133.3 140.7 131.0 126.0 4262.0 2666.0 10186.0 3930.3 858.7 787.7 350.0 839.3 11132.7 6854.7 9530.3 4335.0 11192.7 751.0 517.0 15536.0 6186.3 5063.0 4032.0 18689.7 1.1 549.03 114.88 3.89 1022.73 626.79 766.85 206.54 138.88 165.5 1477.98 3928.68 122.59 192.39 32.7

Atg4b_D3YZP6 FPAIGGTGPTSDTGWG D3YZP6;61 high 145.0 134.3 130.3 134.7 22309.7 14226.3 25160.3 9732.0 11010.0 2121.3 1551.0 1996.7 15706.7 9820.3 15062.7 7793.3 15429.7 2439.7 2131.0 23224.3 12676.3 7447.3 6856.7 20563.0 2.4 7646.99 2557.94 3.26 1719.02 5557.3 997.67 277.61 5627.66 4629.95 2.15 129.49 1.46 3.33 2.22

Mia2_Q8R311 FPPYLPPRAGFFPPP Q8R311;735 medium 131.0 124.7 169.0 133.7 15326.3 20796.7 28214.3 21513.3 8074.3 4173.0 2103.0 3981.0 22233.0 25218.3 22740.7 15786.3 37848.3 6079.3 7970.7 30308.7 18671.7 11032.7 15578.3 31602.7 1.1 854.34 517 2.08 5.21 433.62 731.17 2.86 3.66 10.56 3.34 1.77 1.63 1.63 2.06

Cntnap4_Q99P47 FSDSGRNWKQYRQEDS Q99P47;115 high 128.0 143.3 137.3 149.3 21560.7 17646.0 29808.0 19672.0 19169.3 6772.7 935.7 1978.7 22764.0 13764.7 22428.3 8211.0 26431.0 3065.0 2095.0 37379.3 26896.0 12859.0 11802.7 30778.7 1.1 1412.11 272.01 9.26 148.32 331.28 363.97 4.38 1046.91 1170.71 2.26 3.03 1.22 2.94 1.91

Scn4b_Q7M729 FSDTGRYTCFVRNPKE Q7M729;123 high 150.0 147.7 275.7 180.0 51993.0 62070.0 42074.0 27913.7 30237.3 12108.0 1741.0 3386.7 29042.0 28579.7 29465.0 22376.3 46181.7 4745.0 4032.7 62173.7 38786.7 21575.7 19136.0 62511.3 1.4 4122.02 807.78 3.74 1686.2 2119.58 1088.29 6.45 1825.4 2715.64 3.03 8.36 1.55 3.96 4.24

Vdac3_Q60931 FSTSGHAYTDTGKASG Q60931;41 high 135.0 142.3 162.7 143.0 16213.0 11781.3 29617.7 10395.7 6282.0 2223.7 879.0 926.3 14001.0 7222.3 14610.0 5689.3 12236.0 1270.0 954.7 19107.7 9204.7 4644.3 7464.0 17356.3 7 471.01 49.18 2.92 21515.12 7602.55 18.16 1.61 149.95 115.91 3.98 3.31 1.64 3.78 3.97

Ttn_F7CR78 FTQVDSSDSGEYICRA F7CR78;4685 high 131.0 120.0 134.0 136.0 1592.0 2131.0 8992.3 3108.7 817.3 521.3 301.7 764.0 9260.0 7696.0 8833.0 4725.0 9510.3 744.3 448.3 12372.7 4762.0 4175.0 2848.7 11326.3 1 8863.18 3781.28 1.89 411.38 7019.61 4223.57 16.32 9004.59 6086.68 2 84.85 1.79 2.83 5.51

Mybpc2_Q5XKE0 FVRQAARSDSGEYELS Q5XKE0;893 high 149.3 124.3 141.3 132.0 10278.3 10868.7 22250.7 10569.3 4781.7 790.0 509.7 1020.7 13627.0 6269.3 14076.7 4980.3 16821.7 983.5 956.3 27790.3 8510.3 5409.0 5719.7 21795.0 1.8 5886.28 2287.19 3.22 135.59 2523.57 2278.68 4.39 3312.99 3702.44 2.39 79.11 1.87 1.81 1.76

Apc2_G5E832 FYDSDEEPPATAPPPR G5E832;1493 high 129.7 129.7 137.3 134.0 4443.7 1994.7 11989.7 4133.3 815.0 493.3 218.7 541.7 8612.7 5065.7 6892.7 3133.3 8930.0 651.0 518.7 12219.3 4749.7 2956.0 2372.7 11376.3 0.94 1.47 3.23 8.31 3857.07 416.24 1.41 1.92 3.74 2.61 2.57 2.01 2.09 2.61 1.9

Ap1g2_D6RFT7 GAQHLWSQRPLLAGPD D6RFT7;209 high 148.3 149.7 143.0 144.3 30744.0 20860.3 30277.7 24813.3 19852.3 9192.0 2987.0 7300.0 29833.3 38866.7 40209.0 42651.3 37329.3 9020.7 13658.7 37405.7 25521.7 18692.7 27039.3 37664.7 1.1 2.03 276.44 25.5 4370.67 2662.15 2.36 3.79 928.3 808.64 2.79 2.47 1.99 2.76 1.73

Lzts2_Q91YU6 GCPSGTLSDSGRNSLS Q91YU6;211 high 131.0 142.3 135.7 132.7 15901.7 7662.0 19583.3 9041.3 6918.3 1336.7 275.7 713.7 14223.0 12824.7 14167.3 5596.7 14582.7 1102.3 774.0 42057.7 10555.0 6616.7 6110.0 34540.0 1.2 1130.84 226.06 3.9 787.39 893.12 365.36 3.61 2174.01 1404.68 2.82 40.6 1.5 2.84 5.36

Zfp687_D3Z524 GDMAPPPFSTPFELAP D3Z524;189 high 131.0 141.0 122.0 135.3 8880.0 7262.7 25734.7 10083.7 3480.3 1716.3 1379.7 1955.0 16711.7 12881.0 15401.3 12987.7 17673.3 2470.0 2531.7 24357.7 10610.7 6633.0 9381.7 21467.0 1.5 3070.2 2085.09 21.62 1.44 1019.05 1310.27 1.33 2.62 2.42 2.71 1.88 3.14 6.62 2.96

Mbtd1_Q6P5G3 GEDYSFLHGASDQESN Q6P5G3;605 medium 128.3 122.3 130.0 110.0 3509.3 1685.3 8896.3 3348.3 593.7 411.7 224.7 473.0 7405.7 4249.3 6037.7 2036.7 9935.3 604.0 419.3 12560.7 4249.7 2791.7 2689.3 9649.0 1.1 3.12 776.73 4.05 243.5 917.38 1.95 11.58 164.85 243.5 3.1 1.59 4.33 2.14 2.22

Hykk_Q5U5V2 GFKVSKIQPLPSYEDQ Q5U5V2;31 high 128.0 132.3 153.0 131.3 8035.0 12887.7 13177.3 24582.0 2596.0 2775.3 1217.3 1610.3 18115.7 8391.7 13774.0 7594.7 8944.0 1414.0 2027.3 12882.7 3939.7 4599.7 8180.7 14950.0 1.2 9208.45 8260.54 4.75 1.35 3044.41 5101.84 2.78 7.69 5.37 140.95 1.59 1.67 2.03 2.42

Myo16_A0A140LJ46 GGDLNGTDDRYWTPLH A0A140LJ46;245 high 153.7 134.0 152.7 135.0 14628.3 12111.7 26575.0 19465.0 6448.0 4964.0 1418.7 2727.0 21429.0 19507.7 20973.3 12876.7 24657.0 4881.0 5751.3 29410.0 15330.3 9434.7 13876.3 28713.0 1.4 8845.65 1308.34 3.34 6.02 2852.9 775.54 2.59 15.57 16.25 2.81 1.95 1.23 2.97 1.74

Shb_Q6PD21 GGFKPIKHGSPEFCGI Q6PD21;373 high 137.0 155.0 148.0 143.0 17983.3 19225.0 25796.0 29192.3 10384.7 4699.0 3603.7 5164.0 20458.0 36802.0 21126.3 28681.7 19269.7 4083.0 3797.7 21162.3 9680.3 13557.7 14841.7 26406.7 1.3 6856.39 3324.46 2.71 2.08 1813.24 3827.65 1.89 3.19 5.03 5.07 4.15 1.6 3.63 1.37

Acot6_Q32Q92 GGKPRAQSRAQLDAWQ Q32Q92;383 high 146.5 141.3 146.7 138.0 8332.3 5270.7 21548.0 9393.3 3642.3 1413.0 1164.3 2379.0 20062.3 10800.7 19149.3 8886.3 26726.7 1930.5 1426.7 28027.3 11268.3 9858.7 8657.0 23463.3 1000 1119.42 1249.86 834.37 1099.5 1255.12 1030.75 856.92 883.7 1062.16 968.86 1092.41 1146.87 1174.1 1073.24

Ogdh_Q60597 GGQEPALPLREIIRRL Q60597;195 high 139.0 116.3 251.0 143.0 11797.0 4780.3 14682.0 8569.7 2514.7 2194.3 953.7 1600.0 23256.0 14616.7 23936.0 9742.0 23342.7 2162.3 1826.3 23747.7 9825.3 8393.7 6842.3 21903.3 1 2.37 3.81 3.75 2122.07 823.53 2.52 2.21 32.35 58.43 2.88 2.39 18.61 3.36 1.72

Rps6kc1_Q8BLK9 GGSSFESRGSDTGSML Q8BLK9;451 high 127.0 114.0 137.7 138.7 1189.5 1957.7 7862.3 3762.0 939.7 1042.3 264.3 614.3 9869.7 6015.0 8877.3 2660.7 17851.7 980.7 429.3 17404.7 6173.7 3649.3 4299.0 14999.7 1.1 3377.96 1088.63 4.18 6747.51 6427.9 2875.3 1.45 5270.09 4940.02 2.55 130.19 1.42 3.07 41.1

Pgam5_Q8BX10 GKPRGGGDADTRATEP Q8BX10;29 high 146.3 141.0 135.3 123.3 2872.3 2266.3 11936.7 4220.0 534.0 446.3 255.7 557.0 8760.3 2701.0 8205.7 2687.0 16457.7 472.0 443.0 18566.7 6459.0 4617.3 2381.5 15273.3 2100 3030.2 1794.26 1775.06 18783.27 808.22 1835.42 1621.86 1360.63 1758.51 2592.51 1505.29 1295.07 1440.72 1144.7

Nell1_Q2VWQ2 GKPRTEALPYRMADGQ Q2VWQ2;133 everywhere 131.3 131.3 146.3 148.3 10022.0 5648.7 23663.0 9565.7 1657.7 886.7 511.7 994.0 15645.7 8565.7 16583.3 4960.3 30794.0 1023.5 1123.3 29175.0 11240.7 8444.7 10789.0 27453.7 1200 1375.09 967.87 940.22 934.57 858.53 1049.1 1488.14 920.88 1167.46 1584.81 1212.48 709.69 1057.9 693.71

Obscn_H7BX05 GLAPTDSGRYTCQVST H7BX05;5189 high 133.0 127.0 140.7 123.7 15519.7 10747.0 18554.3 8174.0 8231.0 2653.0 368.3 539.7 14849.0 5597.0 15832.3 3176.3 13145.3 944.7 649.3 17340.3 8876.7 5068.7 4406.3 16196.7 1.2 2599.86 495.36 4.19 4166.23 2181.97 946.4 1.39 704.59 804.67 2.44 3.87 1.3 2.36 12.67

Lrp1_Q91ZX7 GLDKPRAITVHPEKGY Q91ZX7;2007 everywhere 125.0 138.0 142.3 139.7 13070.3 9614.7 27784.3 14465.7 3721.7 2798.0 841.0 1581.3 21506.3 17070.3 24655.0 9771.0 27236.7 3172.3 3407.3 32918.3 16103.5 11814.7 14696.0 31779.3 450 376.8 358.69 329.25 242.28 336.93 318.37 589.97 561.52 603.47 712.89 415.47 399.99 619.05 381.41

Fancd2_Q80V62 GLLDCPLFLPDLEPGE Q80V62;751 high 129.0 135.0 145.3 126.3 4708.0 1855.3 4933.0 11603.3 1218.0 588.0 590.3 750.3 5349.7 5117.0 5578.3 3763.0 2940.7 618.0 688.7 3289.7 1893.3 2706.3 1779.7 5144.0 1.6 1.95 2.3 21.19 1.34 4758.83 2.66 1.67 5.58 4.62 2.84 13.21 2.8 2.88 17.05

Col19a1_Q0VF58 GLQGLQQPFGGYFNKG Q0VF58;427 low 138.3 141.7 156.0 139.7 15223.0 8399.7 29231.3 14058.0 8241.7 3150.3 2198.7 2818.0 16934.7 24306.3 15158.7 16111.7 26332.0 5032.3 4941.0 28559.0 15631.0 18309.0 14809.0 29260.7 2.5 7.48 2.41 19.02 2.39 21.19 2.13 10.19 3.69 7.99 9.11 3.94 2.61 4.17 11.96

Pxdn_A0A1W2P6L9 GLYIQNVAQSDSGEYT A0A1W2P6L9;213 high 126.3 131.0 118.0 131.0 1154.3 1496.3 3607.7 1713.0 638.0 397.7 234.7 473.3 5497.7 6488.7 5391.7 2685.0 5997.3 410.7 360.0 8099.3 2007.3 2585.0 1290.7 7877.7 1 10784.14 6361.61 1.51 3170.4 8799.85 3514.75 4.89 7717.25 7797.35 2.4 56.75 1.41 3.23 11.62

Ttc16_E9PZ84 GNLAFAEADYKQALAL E9PZ84;393 high 133.3 152.3 137.3 134.0 3809.0 2056.7 9493.3 4068.0 835.0 515.3 488.3 689.3 7412.0 5332.0 6333.7 3001.7 5824.0 646.7 577.7 10101.7 3065.7 2977.3 2580.3 9136.7 1.1 1.74 4.82 2.82 8334.31 6388.62 3.47 2.78 2.47 3.51 2.82 2.59 1.34 2.03 3.54

Atg4b_A0A087WRT0 GPTSDTGWGCMLRCGQ A0A087WRT0;65 high 133.3 138.3 139.0 132.0 9287.0 4296.7 14755.0 5185.3 2267.0 915.0 384.0 959.7 14453.3 8048.3 13521.0 4758.0 11636.3 1206.0 750.7 14582.7 6617.3 5366.3 3279.7 12960.0 1 6959.43 1794.65 4.01 1266.14 1952.59 704.75 129.19 3548.21 3251.36 2.89 121.82 2.13 3.05 2.12

Avl9_Q80U56 GQEPSDSGRYLELPPR Q80U56;307 high 140.3 121.7 140.3 127.0 4895.0 2797.7 17036.3 7947.7 2781.0 2041.7 268.3 671.0 11163.0 6684.7 9970.7 4801.0 16741.7 803.0 656.0 26459.3 9228.3 6129.7 1907.0 14611.3 1.1 7855.33 3773.24 3.67 1200.65 3394.31 3014.45 2.08 5946.08 4781.75 2.68 270.07 2 14.44 19.15

Trpc1_Q61056 GQMSGYRRKPTCKKIM Q61056;337 low 292.3 269.0 334.7 240.0 4352.7 10605.0 5890.7 18012.3 3145.7 1415.7 660.3 1135.0 11502.7 58855.7 14149.3 29695.0 24973.7 1156.0 1078.7 4028.0 3662.7 64535.3 16771.3 7173.0 37 23.98 12.82 22.77 45.39 10.67 3.91 39.98 40.39 45.05 19.65 2.75 16.49 27.48 20.33

Focad_A2AKG8 GQQMNLLLMKSLDALE A2AKG8;1107 high 130.7 125.3 142.0 129.0 5654.7 2319.7 12294.0 3931.7 1030.3 520.7 365.3 638.7 8673.3 5174.7 7753.0 3185.7 7521.7 846.7 785.3 8761.7 3524.7 3430.3 4861.3 11070.3 1.1 3.22 4.53 2.68 7327.42 2847.35 1.64 1.2 2.14 2.52 3.57 2.08 2.87 4.05 3.35

Capn7_Q9R1S8 GRYSENDVKNWTPELQ Q9R1S8;487 high 134.0 141.7 134.7 138.0 11052.7 4926.0 20476.0 11599.3 2828.7 1631.0 624.0 1678.3 14941.7 9494.3 13739.7 7131.7 19367.0 2523.7 2241.7 20250.0 9083.7 6610.3 5976.3 21942.0 0.98 21975.45 3535.95 3.69 2.81 7219.65 4840.78 2.06 570.25 468.14 2.22 259.67 3.9 3.86 2.43

Pdcd4_Q61823 GSEAVRSGVAVPTSPK Q61823;81 high 129.3 125.0 129.0 119.3 10501.3 26252.7 26436.7 5321.0 5604.0 434.7 227.3 1124.3 9390.7 11957.0 9346.7 6211.0 25655.0 414.0 331.3 17389.0 7526.7 6805.3 7040.3 19449.3 200 7863.26 3726.6 33.25 59.49 2848.7 4517.36 6.02 14826.36 15348.9 2.83 2428.85 7.84 264.07 1524.12

Plekha5_A0A0N4SVR9 GSKPFSSVKYKSEGPD A0A0N4SVR9;9 high 125.3 137.0 137.3 129.0 7669.0 3548.7 17167.7 5753.0 1262.3 625.7 5381.0 1144.3 10900.3 5531.3 10958.7 3630.0 12512.3 1475.0 966.0 17212.7 5605.3 3914.0 8222.3 18877.0 1.3 1547.91 2546.66 27.18 13.86 4583.5 2889.53 84.6 39.27 37.18 3.76 2.09 4.06 14.21 5.69

Cdk1_P11440 GSLASHVKNLDENGLD P11440;247 high 134.7 140.3 116.0 128.0 13212.3 7168.0 20007.7 9130.3 3227.7 1453.3 527.3 1151.3 17324.3 9129.0 17812.0 7893.0 7510.7 1368.0 1914.0 13507.0 4834.3 4413.3 8555.7 21879.3 1.2 2010.16 1534.41 4.18 75.55 877.06 1200.07 3.08 2.38 2.11 3.83 1.67 2.07 2.08 1.81

Boll_F6TV20 GSVKEVKIVNDRAGVS F6TV20;69 high 124.0 132.3 130.0 145.0 7346.7 4364.3 14409.3 5629.0 1659.3 610.7 3921.0 713.0 9915.0 5126.7 9918.0 3893.0 6791.7 1185.7 674.0 10217.7 3396.0 3748.0 6883.7 16145.7 1.2 5735.17 7414.82 6.43 3.12 1779.97 3243.16 5.31 2.94 27.31 3.79 1.7 2 2.16 3.53

Tyrp1_P07147 GTCRPGWRGAACNQKI P07147;111 low 142.7 141.7 139.0 135.3 8111.0 7405.7 23088.0 12868.7 5584.7 2524.0 847.7 1763.3 18992.7 29050.7 18551.0 17079.3 21414.7 2294.0 1701.3 24231.3 11031.7 14791.3 10823.0 19757.3 3.7 21.37 35.2 40.33 65.21 78.81 46.03 99.29 61.5 111.85 56.57 23.95 62.52 58.35 37.85

Nes_Q6P5H2 GTQWWGPGPSGGGVKV Q6P5H2;1683 no signal 139.7 140.7 132.7 134.7 9374.0 6885.7 18741.3 7489.0 3868.7 2242.3 1612.7 1983.3 12767.0 11688.7 12059.3 9123.0 18271.7 3093.0 2975.0 20273.0 9319.3 7678.0 12545.0 20392.3 10 6.05 3.37 6.15 6.35 6.14 4.99 6.11 2.19 2.86 6.44 1.8 15.79 14.24 2.08

Nell1_Q2VWQ2 HGGKPRTEALPYRMAD Q2VWQ2;131 low/medium 136.0 128.0 147.7 124.3 21639.7 15025.7 32979.3 21522.0 5950.7 5281.7 1173.0 2927.7 31266.7 18848.0 38166.0 13693.0 43192.7 2377.5 3399.7 37113.0 23447.7 14609.3 24691.7 36795.7 150 142.92 105.12 52.18 103.59 12.31 95.4 75.76 24.04 55.27 310.53 83.29 16.74 462.08 26.8

Rab3gap2_E9QKE4 HHLQVSDDVIRRHYVG E9QKE4;1257 no signal 854.3 991.0 1141.7 752.3 56124.3 55903.0 50159.3 57117.3 43196.7 36035.0 14712.7 25160.0 39791.3 58032.0 57472.3 63064.7 48339.7 25888.3 35080.3 46315.0 54203.3 44126.7 50686.3 44645.3 1.1 1.72 2.15 2.36 1.27 2.32 8.95 9.36 1.67 2.33 3.17 1.89 2.77 3.62 1.95

Hmcn1_D3YXG0 HIRRAEVSDTGQYVCR D3YXG0;3115 high 140.7 132.0 137.7 133.3 14271.3 4989.7 16146.7 7972.3 1875.5 1761.0 346.0 1090.5 17020.3 15405.0 15729.3 5260.7 19242.3 1564.7 1350.3 22286.7 9681.7 8732.3 5031.3 18270.3 1.2 2088.78 617.7 3.18 2181.96 3003.52 418.45 1.72 2195.25 1389.7 2.84 2.62 2.64 3.77 10.55

Capn3_Q64691 HLNSQLYDIITMRYAD Q64691;757 no signal 158.3 134.3 198.3 152.3 11786.3 8998.0 21438.3 20389.7 3789.3 2417.3 973.3 1988.0 20852.3 11134.3 14669.3 11084.3 11417.3 1660.3 1978.0 12233.3 5947.0 6295.0 6164.3 18193.3 1.3 1.77 2.3 2.92 2.15 3.27 1.44 1.43 3.57 2.12 2.62 1.71 1.56 2.28 2.77

Prrt4_B2RU40 HLRGPAAVWGNPVTET B2RU40;59 high 131.0 127.3 124.3 142.3 20345.7 19537.7 32410.7 21595.0 13899.3 5741.3 3029.0 4776.3 25363.3 29187.3 33548.7 30228.0 36683.7 6046.3 7717.7 31592.3 21664.3 12166.3 25477.0 34519.3 1.2 1.81 3.2 4.32 3507.21 1241.94 2.74 2.2 1.88 2.76 2.33 3.99 1.83 3.37 2.9

Dbh_Q64237 HLVYGILEEPFQSLEA Q64237;171 no signal 130.7 147.7 137.3 117.3 5157.5 1779.3 3683.3 11673.7 1460.3 566.3 664.0 677.0 5535.7 5497.7 5541.3 3774.7 2577.7 582.0 561.3 3356.7 1658.0 2628.7 1465.0 3542.7 1 1.65 2.01 2.51 1.76 2.43 1.65 1.78 1.98 3.78 2.6 1.8 1.16 2.24 1.86

Ptk7_Q8BKG3 IAESDTGVYTCHASNL Q8BKG3;373 high 140.7 174.3 146.0 140.0 18120.3 11692.0 18266.3 5694.3 3110.7 1551.7 1072.7 1513.7 11115.3 7964.3 11009.0 6618.7 5986.3 1155.3 1172.0 22960.3 5680.0 3774.3 5005.3 26669.3 3 7880.76 3949.89 2.74 4041.24 7323.48 4288.98 2 3905.25 5701.76 3.81 91.22 2 4.8 4.06

Hmcn1_D3YXG0 IEQAVISDAGVYTCAA D3YXG0;1227 high 150.3 129.7 131.7 131.7 9785.7 4072.3 8821.0 3266.3 3347.7 735.7 292.3 448.0 6003.3 6251.0 6331.3 2108.3 3319.3 521.7 745.3 5709.3 2986.0 2723.0 1388.7 5675.7 1.5 191.51 4.03 4.32 3935.32 1746.91 50.87 6.77 100.75 92.43 2.79 2.88 2.17 1.96 2.83

Igsf11_P0C673 IFINNTQLSDTGTYQC P0C673;105 high 145.3 138.3 124.3 131.7 3173.7 2017.0 7836.0 2808.3 1082.7 478.3 308.0 466.0 7474.0 8154.7 6624.3 2745.7 5978.7 468.7 399.5 8207.0 3417.0 4134.3 1912.3 6640.3 1.2 1886.33 136.36 3.27 1370.36 1284.58 482.38 14.54 924.02 842.54 3.18 5.67 1.51 2.74 2.85

Rnf169_E9Q7F2 IFRTPIKLSKPGELSE E9Q7F2;157 high 137.7 127.0 142.3 134.0 11973.0 10727.0 23879.0 13346.3 3910.0 4899.7 1432.3 2396.7 24283.3 20772.0 27513.0 22867.0 24821.0 3399.0 5960.3 24626.0 13067.3 7854.3 14225.3 27072.0 1 1.45 2.47 1.79 1486.73 746.23 1.56 1.32 1.92 3.16 3.88 1.97 2.48 2.94 2.42

Hmcn1_D3YXG0 IKEAQISDTGRYTCVA D3YXG0;2731 high 129.7 141.0 126.0 125.3 22472.7 15691.3 26351.3 11152.3 11240.0 2867.3 683.0 947.0 14432.0 9699.3 13711.7 5779.3 11702.7 1366.3 1218.7 25177.3 12550.7 6869.3 6385.0 21767.7 1.2 6578.78 2372.27 4.25 9801.4 6758.03 3207.79 3.96 4740.43 3222.2 2.83 46.29 12.52 2.73 3.66

Ssrp1_Q08943 IKNRGLKEGINPGYDD Q08943;425 high 130.3 122.3 135.0 120.3 10239.3 6820.3 24035.0 12103.3 3117.3 2101.0 1298.7 1906.7 15811.7 9881.7 16744.3 7872.3 21627.0 2734.7 3414.3 22905.7 10099.7 6169.7 9425.3 24336.7 330 347.51 1523.39 1280.72 1231.41 612.86 965.13 1220.71 1052.72 1347.35 1074.25 1165.14 953.89 1162.12 626.84

Phactr1_Q2M3X8 ILKPRNEQEEQEEKRE B1B1B8;457 everywhere 151.3 127.3 120.0 134.0 4848.3 2258.0 10003.7 4124.7 645.0 448.0 221.7 576.0 8250.3 4107.3 7902.3 2743.0 9850.0 493.0 570.0 12598.0 5473.0 2864.0 4196.0 13279.7 470 197.95 542.55 505.03 716.19 399.21 376.2 347.29 393.43 485.96 1027.83 415.03 486.75 785.23 402.64

Cep41_Q99NF3 ILYDEDERLASQAATT Q99NF3;223 medium 120.3 141.0 132.3 129.3 3103.0 1289.3 8774.3 2874.0 515.3 494.3 288.7 616.3 7101.3 6087.0 6312.0 2837.0 6829.3 535.7 390.7 11146.7 4756.0 2842.0 1804.0 9074.3 1.2 1.77 2.82 1.99 1124.34 489.32 1.72 1.85 1.78 2.81 2.35 1.88 1.47 2.34 2.28

Cntnap2_Q9CPW0 INKRGGAGGWSPSDSD Q9CPW0;65 everywhere 140.3 119.7 125.7 136.3 18408.7 6650.0 23318.3 11826.3 3258.3 2066.0 638.0 1720.7 19239.0 10610.7 19174.7 7117.7 25977.0 2528.5 3063.3 27977.7 12763.7 9150.3 11486.3 26739.7 1000 1385.55 1146.1 978.71 948.65 374.92 789.77 532.21 443.92 793.24 824.29 587.9 353.36 556.22 361.62

Igsf11_P0C673 INNTQLSDTGTYQCLV P0C673;107 medium 129.3 137.0 143.3 129.0 9364.3 3256.0 8858.0 2535.3 1267.0 515.7 411.3 411.3 5001.0 4839.7 4357.7 1888.3 4833.0 586.0 427.5 7400.3 2391.7 2654.0 1612.3 6326.7 1.2 712.11 100.33 3.5 157.11 307.14 77.04 4.22 228.82 245.78 7.16 2.61 4.05 1.9 2.36

Adad1_Q5SUE7 IPAEPVVTPEAAYVSK Q5SUE7;223 medium 126.0 146.3 122.0 140.7 6475.3 3024.7 15997.7 4137.7 953.7 723.7 274.0 802.3 9777.3 5553.3 8626.0 3307.0 8539.0 1074.0 1091.7 13903.7 12078.7 15178.7 3836.0 13641.7 1.1 2.3 1425.92 3.06 2.81 308.56 1.7 2.15 2.72 5.07 3.05 6858.25 2.42 5.56 2.44

Fstl5_Q8BFR2 ISCKADITGATPPQLV Q8BFR2;663 medium 131.3 130.0 129.7 139.3 6257.7 3798.3 12319.0 5376.3 1054.7 557.0 454.0 617.7 7481.3 4121.7 7073.7 2784.3 5742.3 661.0 743.3 8062.7 2842.0 2842.7 3747.7 9935.7 1 2.86 449.16 6.4 410.09 223 3.41 1.54 2.21 9.1 4.56 1.83 1.44 2.1 3.29

Acan_Q61282 ISKARPNCGGNLLGVR Q61282;311 high 132.3 143.7 154.3 134.0 10228.3 6806.0 20456.3 10748.3 2588.0 2137.7 909.0 1404.0 21310.0 30865.0 21997.3 21364.0 19470.3 1670.3 2200.7 21599.0 9453.7 16412.0 11803.7 20196.3 2600 2984.84 1296.83 2099.74 1671.94 1648.53 2482.4 2837.59 2355.96 2831.34 3324.55 2429.28 1873.9 2346.07 2407.64

Lipk_Q8BM14 ISKMRVPTAMWSGGQD Q8BM14;327 high 121.0 159.7 140.3 132.3 12498.7 10468.0 28979.3 13297.0 4469.3 4034.3 813.7 1977.3 24136.3 12720.7 30125.7 8764.7 30582.0 2244.0 3789.3 32512.3 15573.0 12183.7 21001.3 33490.3 2500 3515.37 1658.69 1915.17 2489.95 1345.12 1952.22 1981.34 1269.96 1881.15 3013.43 1805.78 1183.36 2047.48 1236.47

H1fnt_Q8CJI4 ISKPREKAGQSRLTLG Q8CJI4;109 high 134.7 135.7 132.3 149.3 4740.0 4767.0 23412.3 10425.7 1645.3 1579.3 724.3 1508.3 30533.7 16118.3 32715.0 8775.0 28535.3 1268.5 1578.0 29873.7 11941.3 11363.3 11627.7 28068.3 2400 2828.77 2590.21 1708.99 2140.63 1893.92 2617.71 2729.72 2842.89 2794.92 3014.48 2447.25 2777.32 2779.09 2527.56

Sema3b_Q0VGP2 ISKRAKKLAWPAPVEW Q62177;83 medium 213.3 205.7 205.0 213.3 32070.7 26945.0 31711.0 48667.3 24763.7 14743.7 10663.7 14323.3 28673.3 37177.3 39309.7 47626.0 35038.3 15446.0 17582.3 35319.3 27999.3 22259.3 29904.3 39386.3 430 405.55 501.53 302.7 258.09 435.29 920.1 1306.16 755.17 1018.16 626.51 702.7 842.96 920.8 844.89

Creb3l2_Q8BH52 ISTPFEKEESPLDMNA Q8BH52;149 high 128.7 143.3 148.0 132.7 6823.7 3796.3 17025.0 5662.0 1251.3 774.0 323.0 980.0 9985.3 5711.7 8810.0 3642.0 7739.7 1205.7 1105.3 11266.0 4488.3 3734.7 3300.0 14266.0 14 5809.4 3518.62 35.87 2.44 1859.07 3213.75 1.96 2.94 3.49 2.77 1.53 1.78 11.36 1.64

Hapln1_Q9QUP5 ITKPREPCGGQNTVPG Q9QUP5;221 high 117.7 139.3 129.7 130.7 7909.3 4262.3 17689.3 5819.0 1150.0 529.7 582.0 906.0 9819.3 7027.3 8915.7 4714.3 11583.7 664.0 457.0 15583.7 5157.0 3927.3 5429.3 17331.7 3900 2722.47 2721 2539.54 2909.36 2417.51 1974.51 3128.69 3568.59 3323.29 3408.61 2954.52 2681.82 2605.3 2366.02

Nectin3_Q9JLB9 ITLHNIGFSDSGKYIC Q9JLB9;133 high 170.7 135.7 165.0 129.0 2968.0 1979.0 5409.7 11504.3 1651.3 900.3 582.0 668.7 5124.7 8749.3 4844.3 6564.7 2526.0 804.3 777.0 2896.7 1712.7 3137.3 2248.3 3663.0 1.4 6534.57 1441.13 2.66 210.71 5797.59 680 1.92 3155.29 1927.41 2.19 30.72 1.4 6.38 6.53

Nipbl_Q6KCD5 IYDEVELDALAEIERI Q6KCD5;465 low/medium 146.7 134.3 138.0 129.7 1503.3 955.7 2819.5 1868.3 444.3 416.0 224.7 472.3 6923.5 4973.7 5597.7 2700.7 6675.7 442.0 357.0 7981.3 1806.0 2626.0 932.0 7446.3 1.7 2.95 118.34 4.19 208.31 38.2 4.42 1.25 2.21 2.97 2.47 3.86 1.34 3.07 2.38

Ms4a10_Q99N03 KDVAQGHSSSDTGRAL Q99N03;225 high 124.7 136.7 136.7 109.0 15334.7 7824.0 17504.3 6628.3 4022.3 1454.7 252.0 605.3 11418.3 8527.3 12421.3 3725.7 20784.0 661.5 614.3 22719.0 12574.7 5472.3 6178.3 20164.7 5.1 8541.39 4829.36 2.81 10182.33 13522.29 7504.96 1.79 13083.01 10410.8 3.17 143.84 1.15 4.75 30.48

Dag1_Q62165 KKPRTPRPVPRVTTKA Q62165;449 everywhere 139.7 157.7 288.7 205.3 4062.3 4031.3 7551.7 4798.0 2560.0 2442.7 658.7 1050.3 21028.0 18056.3 24105.3 9300.3 11120.3 1084.0 867.3 9043.7 3721.7 9727.0 5864.0 8800.7 190 207.39 174.09 70.81 111.94 33.63 243.57 154.31 214.18 138.9 195.32 175.17 175.15 216.54 236.12

Lemd3_Q9WU40 KLHDRLAQIAGDHECG Q9WU40;543 high 137.3 134.7 126.3 136.3 42459.3 9752.0 13181.3 30128.7 4942.3 3183.0 2492.7 2698.0 15682.0 31895.3 17873.0 24423.3 11299.3 2163.0 2720.7 10516.7 5770.0 13614.3 8797.3 14251.3 1.1 2.34 3.54 2.52 14228.28 7536.01 2.51 1.76 3.11 5.64 2.67 1.39 2.28 3.18 23.15

Rnf169_E9Q7F2 KLSKPGELSEEYGCLR E9Q7F2;163 high 125.0 112.3 147.7 145.7 6200.0 3663.3 13910.3 13772.7 1615.0 1796.3 862.3 1512.0 12189.3 13029.0 10696.3 7821.7 11672.7 1493.7 1502.7 15435.3 5176.3 5124.0 4977.3 17136.7 1 3.11 2.67 3.79 2081.38 752.96 2.01 1.8 3.59 5.09 5.94 2.71 1.85 3.74 4.23

Lzts1_P60853 KPGLCSGALSDSGRNS P60853;163 high 154.3 129.7 140.3 142.0 22106.0 13042.3 24139.7 12808.7 13281.3 1995.7 300.0 604.7 14530.3 13721.3 14888.7 6901.3 15688.7 742.0 811.0 26282.7 16263.7 9099.0 6423.0 21342.3 1.3 1004.5 48.4 3.5 5414.99 4720.48 642.11 10.36 1055.67 889.27 4.51 12.05 1.98 2.06 2.36

Gm49337_A0A1L1ST33 KPRGPTATNPASEATN A0A1L1ST33;45 high 130.3 133.0 135.0 134.3 2722.0 1155.7 8573.0 3055.5 492.7 394.0 229.7 552.0 8061.0 5348.3 6896.7 1841.0 12655.7 458.0 336.7 17182.0 5240.3 3252.3 2708.0 11634.7 2100 1342.48 2117.15 1977.3 2569.83 1078.36 1410.67 1334.16 1443.86 1589.98 1842.58 1264.75 932.79 1656.13 1094.05

Rev3l_Q61493 KPRTPRRTKPKEQTPR Q61493;1579 medium 123.3 115.7 235.0 142.3 3407.3 2788.3 7132.7 5662.0 1598.7 3545.7 530.0 1299.0 15907.3 15763.3 17161.0 9141.0 12456.3 1130.7 1032.0 9941.7 5039.0 8701.7 5407.7 9661.3 270 286.62 307.72 90.47 111.35 34.59 91.46 154.6 80.94 157.69 133.31 162.57 142.78 177.04 102.91

Dkc1_Q9ESX5 KQDYIDYSDSGKNTLV Q9ESX5;413 high 139.0 142.7 135.3 134.3 5159.3 1787.3 9235.7 3571.0 1130.0 541.0 241.0 582.3 8250.3 7661.5 7701.0 2723.7 8932.7 564.3 671.3 14420.0 5661.7 3513.3 1910.7 10792.7 1.2 928.15 83.53 5.17 2722.67 1325.92 89.19 1.84 135.1 156.17 2.95 3.36 1.99 1.81 32.54

Hsp90b1_P08113 KVEKTVWDWELMNDIK P08113;325 high 151.0 119.3 134.0 127.0 11250.7 7060.0 25501.0 20982.3 4582.3 3413.7 2193.7 3084.3 18546.3 16315.3 17855.3 15228.7 16710.0 3701.3 3876.7 19412.3 10821.0 7780.3 9404.0 21559.7 1.7 1.96 3.22 10.55 7862.64 3398.36 2.36 28.82 11.38 17.01 3.65 9.51 1.38 4.44 4.43

Hnrnpr_F7B5B5 KYGGPPPDSVYSGVQP F7B5B5;45 high 126.7 139.3 127.7 129.0 12945.7 31632.0 25064.7 8267.7 5089.3 793.0 509.0 1594.7 15249.7 11889.0 13151.3 4750.3 30186.3 2304.0 2121.7 30120.7 12057.7 7779.0 7018.7 22443.7 50 7188.41 3520.36 2.76 3.52 5014 2854.75 21.41 1846.48 1805.84 3.01 868.74 1.27 23.2 195.11

Hmcn1_D3YXG0 LALTSAQMSDAGRYTC D3YXG0;2067 high 137.3 129.0 137.0 136.7 19652.7 16366.0 30814.7 15311.3 21411.3 4037.0 651.3 995.7 17357.3 18635.7 17372.3 10035.0 16690.3 1466.3 1283.0 23002.0 18570.3 12485.3 7601.0 21328.3 1.2 1354.85 82.98 7.01 4195.16 3589.07 427.19 4.63 832.6 466.45 2.27 5.26 1.75 4.52 4.37

Rabgef1_Q9JM13 LCVPVNEEIPEVSDMV Q9JM13;253 high 143.3 109.7 132.3 132.3 5202.0 2661.0 9318.7 6985.3 1678.0 1637.0 1225.3 1230.7 9183.3 5672.3 7619.7 5482.3 5333.3 1546.3 1284.3 9768.3 3464.3 2834.0 4693.7 11553.0 1.8 2.65 7.99 3.65 5289.74 2789.3 1.6 1.89 5.95 2.71 2.39 1.88 2.37 3.39 1.58

Kalrn_D3Z534 LEKCIQEQDRLAQLFI D3Z534;265 high 124.7 136.3 147.0 133.0 2559.7 1585.0 5069.7 3038.3 682.0 557.0 309.7 688.7 7991.0 7505.7 6973.3 3357.7 5570.7 638.0 565.3 8301.3 3233.3 4091.0 2298.3 8042.7 1.1 2.07 4.04 4.12 15266.24 5587.7 4.52 1.69 1.65 7.55 2.4 2.2 1.52 3.85 4.1

Washc2_A0A0N4SUJ0 LFDEDEDKVEDESSTC A0A0N4SUJ0;713 high 120.7 128.7 149.7 125.7 2324.3 1043.0 3008.3 2190.3 460.0 501.3 241.7 482.0 6280.5 3708.7 4762.7 2499.7 3337.7 450.0 385.3 4047.3 1842.3 2506.0 1423.0 4255.0 1.3 2.56 3.01 2.38 11290.37 7412.05 1.69 32.05 2.13 3.82 26.73 1.7 2.3 2.15 7.04

Igf2bp3_Q9CPN8 LFPPTSGMPPPTSGPP Q9CPN8;375 133.3 130.3 139.0 132.3 6685.3 3655.3 15177.3 4810.3 1488.3 707.3 526.0 863.0 7080.0 4396.3 6419.0 2103.7 11305.7 1278.7 1148.0 15947.7 4977.3 3783.0 5676.0 14447.0 3.8 2.51 2146.03 2.81 17.23 5.12 2.83 2.78 2.02 3.57 4.18 12.78 1.55 10.01 2.18

B3galt4_Q9Z0F0 LGKPRRQQLADLSSES Q9Z0F0;111 high 128.0 130.3 135.0 146.0 6308.0 3132.3 19199.0 6517.0 1257.0 622.0 254.3 1226.0 13899.0 8878.3 13307.0 5357.0 21694.3 802.0 1174.7 24463.3 9567.7 7140.7 4277.0 19251.3 1700 2624.21 2292.05 1521.38 1511.25 459.69 1990.83 1338.49 522.7 1336.46 3325.85 1690.38 1041.75 1738.81 748.94

Add2_Q9QYB8 LGQMTTNADTDGDSYK Q9QYB8;665 high 142.3 145.3 129.3 127.3 5342.3 2485.7 12931.7 3642.0 792.7 613.3 211.7 651.3 8871.0 5184.0 7409.7 3061.3 9336.0 527.0 601.3 15381.3 5200.7 3481.7 2715.7 14273.7 1.1 1.89 2.48 2.33 1678.73 900.33 1.66 1.55 2.27 5.01 2.96 1.69 1.31 1.6 3.64

Nsun2_Q1HFZ0 LHCLKNKYFKELEDLE Q1HFZ0;91 low/medium 125.7 129.3 140.7 133.0 1394.7 1019.0 1880.0 12971.7 905.3 661.7 735.7 773.3 3397.0 3614.3 4510.3 2904.3 1897.3 796.7 802.3 1982.3 1448.7 2122.0 1088.3 2040.7 8.1 63.21 6.15 3.96 169.26 328.37 1.92 2.11 2.27 8.5 4.32 1.73 1.86 1.86 1.76

Igfbpl1_Q80W15 LHKARDGPCEFAPVVL Q80W15;135 134.3 138.3 120.5 133.0 13654.0 10565.3 15343.0 25554.3 4916.7 4107.0 2806.7 3613.3 16429.7 28107.7 15238.3 25975.0 10803.3 2803.7 3107.3 12328.3 5468.0 16686.7 8482.3 14207.3 1.7 1.84 3.58 4.14 1.73 2421.61 1.74 10.46 1.87 3.49 31.56 4.6 2.17 5.56 2.81

Tm9sf2_P58021 LHKDIARYNQMDSTED P58021;325 high 144.7 129.3 143.7 118.0 11950.0 7637.0 20261.0 16826.3 4000.7 2527.0 1598.0 2459.0 19817.3 12228.3 22912.0 11254.3 20471.0 2519.7 1379.0 21110.0 8889.0 6341.3 12313.7 25800.7 13 4351.05 2719.08 2.42 5693.85 2171.19 117.43 6.39 1.56 3.29 2.47 2.75 1.88 2.5 35.41

Orai2_Q8BH10 LHKLKVQLDGHERSLQ Q8BH10;233 128.3 136.3 144.0 142.3 14526.7 11203.7 18188.3 20622.7 9451.3 5362.7 2689.7 4029.7 24020.3 29644.7 26416.7 32879.7 16515.3 4749.0 5644.3 23134.0 11636.7 13424.0 19370.3 29801.3 1.3 1.79 5.08 4.96 7.65 6349.03 2.39 21.12 2.41 2.62 3.38 1.47 1.45 2.75 1.63

Ttn_E9Q8K5 LIIVPASPSDSGEWTV E9Q8K5;1521 high 148.0 137.0 159.0 134.0 3658.3 1852.3 3660.7 4563.0 1294.0 734.3 680.0 982.7 4559.0 3926.0 5387.7 3830.7 3200.0 878.0 1015.7 3819.7 2120.0 2832.7 2127.7 3619.7 1.5 7970.13 1572.68 2.43 435.76 4475.98 2423.85 1.65 3113.3 3369.68 3.31 21.49 2.54 4.52 1.42

Atp11a_P98197 LIMKPREDGSSSGNYR P98197;769 everywhere 134.3 122.7 119.0 138.0 8949.3 5595.3 22549.0 9061.0 1863.7 1165.7 519.3 1198.0 16518.7 14018.0 15806.0 9057.0 20146.0 864.5 1545.0 24589.7 8974.3 8132.7 8050.3 21687.7 680 1004.49 717.48 777.25 815.48 572.14 645.16 1187.56 879.55 1014.43 1129.63 881.58 754.79 815.13 584.23

Krt9_Q6RHW0 LISKNRQDIEQHYESK Q6RHW0;311 high 129.7 127.0 143.0 147.7 9358.0 6112.3 17746.0 12136.0 2801.3 1895.0 1144.0 1749.0 13552.7 9157.7 14381.7 6796.3 13763.7 2563.0 3602.3 16094.0 7580.3 11618.7 10037.3 16893.0 1100 1183.47 926.84 878.57 1314.12 1005.73 1096.23 1274.47 1236.68 1401.22 1845.77 996.44 956.31 1086.62 823.2

Add2_Q9QYB8 LISPKGVSCSEVTASS Q9QYB8;169 low/medium 141.0 130.3 137.0 127.7 32942.0 18942.0 24286.7 5970.7 5033.5 613.0 268.3 488.7 5676.3 3098.3 4869.0 2774.3 4094.3 495.7 436.0 7753.7 2573.3 2796.0 4655.7 10245.0 1.3 2.64 129.82 1.86 7.31 3.63 1.66 1.4 7.52 4.73 3.12 4.89 2.77 4.27 1.96

Bpifc_Q8C186 LISPPEITENHLDFNL Q8C186;235 low/medium 132.7 128.0 125.3 125.0 2229.0 1056.3 8552.7 2732.0 502.3 664.0 221.3 561.7 10503.3 6351.3 8781.3 3350.3 8365.0 622.7 599.7 14575.0 4913.0 4425.3 715.5 8608.7 1 1.37 202.89 2.08 20.66 16.33 2.46 2.83 2.74 5.66 3.04 2.18 2.38 6.68 1.55

Adamtsl1_Q8BLI0 LKIHRLKPSDAGIYTC Q8BLI0;907 high 159.7 215.7 200.7 173.7 37198.7 64682.7 30214.3 16130.0 22822.0 4829.3 1742.7 1637.0 25650.3 22711.0 22816.0 20446.7 19940.7 1807.3 2290.3 64359.3 19925.3 16551.3 7624.0 60323.3 1.1 7.77 2.94 2.34 3830.21 5103.79 62.35 4.18 121.94 73.42 3.74 3.31 1.36 3.74 2.3

Xpot_Q9CRT8 LKLLLDRLAQVSPELV Q9CRT8;409 high 140.0 126.0 145.0 151.0 10995.0 1006.0 1978.7 3513.3 526.7 457.0 415.7 504.7 4388.0 3867.7 4774.0 2491.3 1311.7 479.7 427.0 2067.3 1640.7 2482.7 1360.7 2936.3 0.96 1.91 2.59 3.37 12302.88 8025.99 2.3 5.9 2.48 2.31 3.4 6.2 13.77 2.8 2.78

Vsig2_Q4KL36 LKLTDLRPSDTGTYLC Q4KL36;107 high 132.7 138.7 134.7 137.7 20117.7 60840.7 29167.7 17206.3 15426.0 7392.0 1099.3 1527.0 25920.7 14954.7 20492.7 12091.3 21049.3 1765.7 2005.7 55661.0 13644.3 5788.0 6496.7 62635.3 2 9448.32 6387.33 8.59 3486.16 9463.71 544.41 5.94 5348.57 4687.48 3.64 132.77 1.24 2.86 16.59

Mettl21c_Q8BLU2 LLAEYSESSVKLFKGI Q8BLU2;229 high 145.0 161.0 183.7 136.3 4516.0 2539.7 6646.3 4863.7 1077.7 866.7 6379.7 1056.7 7276.3 11819.3 7466.0 7428.3 4342.0 1128.3 1016.0 5735.3 2931.7 5635.3 4210.7 7197.3 2.1 6028.52 2951.76 12.6 7.96 3347.32 8018.62 31.45 6.3 9.07 5.69 2.63 1.45 5.08 5.66

Dhx37_Q6NZL1 LLAPEKQAQVFKPPPE Q6NZL1;589 medium 130.0 147.7 146.0 129.3 11136.0 7176.3 18003.0 7744.3 3358.7 1393.7 741.3 1321.7 10877.7 7812.7 11506.3 6680.3 10560.0 1975.3 1704.7 15913.7 11075.0 6959.3 8006.7 19418.3 9.1 1.98 11.62 1.62 929.34 314.12 1.88 1.65 3.07 3.25 2.83 4.17 1.45 5.77 1.71

Scn9a_Q62205 LLAPILNSAPPDCDPK Q62205;1701 medium 142.0 137.7 163.3 130.7 3572.5 1452.0 4116.0 2047.7 1118.7 615.7 598.3 606.0 4620.0 5723.3 4367.7 5238.0 2518.3 618.7 753.3 3657.3 1559.0 2294.7 4068.0 5066.0 13 2.38 14.45 4.42 807.78 234.9 2.7 1.37 3.87 5.33 3.04 4.36 2.11 3.33 1.65

Hectd4_E9Q2E4 LLCSWLEETSDTGRHI E9Q2E4;201 high 140.7 137.0 120.7 127.7 19541.3 16500.3 22924.7 24358.0 7939.0 3475.3 1294.7 1966.3 17095.7 15181.7 15950.0 13038.0 10534.7 1736.7 2214.0 14928.0 8413.0 6674.3 7064.3 15887.7 1.1 1889.95 447.8 2.65 1039.77 2619.83 1605.75 2.48 3385.12 3455.85 2.92 90.99 2.3 2.21 2.2

Col11a2_Q64739 LLGPKGPPGIPGPPGV Q64739;611 low/medium 153.0 135.7 137.0 133.7 11063.0 6891.3 22753.0 8811.0 2642.3 860.0 564.3 1530.3 13007.3 15198.7 12329.3 11288.0 18559.3 2104.7 3521.7 24379.0 8638.0 8056.0 8952.0 24351.7 2.7 4.11 193.58 2.14 135.43 40.44 3.09 2.21 6.4 7.64 5.56 2.7 1.52 3.6 2.4

Ceacam5_Q3UKK2 LLLQEVMQSDTGFYTL Q3UKK2;227 high 133.0 129.0 142.0 146.3 14533.7 7564.3 15304.7 7248.7 2435.3 755.7 488.5 890.3 10489.3 5749.7 9457.3 3994.7 6350.0 805.0 972.3 11244.0 6387.7 3629.3 3016.0 11643.3 1.1 3018.37 458.49 2.43 133.48 1404.28 416.23 2.94 958.9 1217.63 2.42 4.9 1.47 1.76 1.65

Hes3_A0A1W2P7Y8 LLQRREGSTTDSANPQ A0A1W2P7Y8;119 high 125.0 133.0 138.7 123.3 3592.7 1973.0 12925.0 5073.3 811.3 433.7 238.0 726.7 9835.0 4984.3 8956.0 2171.7 13115.3 429.0 394.7 16460.0 6144.3 4352.7 1880.0 12524.3 1.1 2.38 7.53 2.07 2041.05 1710.72 1.88 134.2 3.13 2.37 120.18 2.07 2.14 2.48 181.77

Nynrin_Q5DTZ0 LNTPFEMNLSEEPGNP Q5DTZ0;723 high 131.0 134.7 135.3 116.7 5169.7 2636.0 12708.0 3321.0 885.3 482.7 273.3 533.7 7745.0 4970.7 7057.7 2125.7 11925.3 988.3 775.3 14341.3 4405.3 2573.3 3649.0 13696.0 7.7 5824.81 2598.82 31.46 3.41 1679.05 2120.58 3.22 4.32 3.67 2.66 3.71 4.21 14.11 5.1

Spire2_Q8K1S6 LPTEFQLTPFEMLMQD Q8K1S6;273 high 135.0 131.0 145.7 130.0 13337.3 10083.3 27118.0 12975.3 3499.0 2125.7 1832.3 2483.3 17721.3 12620.3 17403.3 8767.0 22066.0 3920.7 5241.7 27455.7 10302.7 6512.0 13179.3 28394.0 21 6262.25 2101.93 62.69 3.49 2236.83 4520.73 2.33 10.49 8.64 7.8 3.98 2.88 76.28 11.08

Hmcn1_D3YXG0 LQIKEAQISDTGRYTC D3YXG0;2729 high 132.7 118.3 143.0 118.3 12074.0 13060.0 28201.3 13355.0 12795.7 3407.7 233.5 897.3 15455.7 14446.0 15720.3 7895.7 13755.3 1015.5 1526.7 24157.0 14967.3 9196.7 5430.0 19457.0 1 5337.33 2082.73 2.71 6233.89 7752.83 1172.38 1.73 3910.34 3937.6 2.32 37.52 1.27 2.04 2.11

Hmcn2_A2AJ76 LQIQPTQVSDSGRYLC A2AJ76;2729 high 144.0 136.3 146.0 128.3 19104.0 25267.0 28484.3 14482.3 14749.3 3818.0 684.3 1144.7 18247.3 14425.0 17008.3 6469.7 16804.7 1561.0 1224.0 44832.3 13014.3 7708.3 5614.0 28861.3 1.5 8638.48 3661.3 11.33 661.24 8131.2 5945.12 1.4 13227.7 11886.07 2.43 274.84 2.81 2.14 35.81

Ripk2_P58801 LSAPQDKGFLSGAPQD P58801;363 high 124.3 134.0 123.3 124.0 7583.3 4925.3 19299.7 6350.7 1641.7 731.0 640.7 787.3 11010.0 5140.0 11010.7 5122.0 14146.3 1608.0 1278.0 19857.0 6465.7 3712.0 6253.0 21113.0 1.3 2.03 1767.13 2.31 380.4 1151.98 1.78 1.61 63.55 71.24 2.97 2.43 2.54 2.12 1.86

Lzts2_Q91YU6 LSDSGRNSLSSLPTYS Q91YU6;217 high 134.0 128.3 141.3 144.7 28518.7 15753.0 24581.3 13097.7 15113.0 2645.7 624.0 1143.0 18139.7 8676.0 18547.7 4984.0 23424.3 1497.0 1055.7 26191.3 24114.7 11324.3 6590.3 25135.7 2.4 1185.08 107.17 2.68 827.13 297.3 189.86 10.28 499.21 611.09 3.57 15.72 1.43 2.33 9.16

Insc_Q3HNM7 LSEKPRSGTPAEVAAC G3UW77;421 everywhere 130.3 140.7 154.3 134.7 4702.7 2603.0 15059.7 3905.3 694.3 431.7 241.7 470.3 9252.7 7592.7 8576.3 3263.3 10478.3 686.7 376.7 14265.3 4330.7 3250.7 3600.7 12817.3 980 1299.55 398.44 461.39 598.01 357.06 800.3 873.67 805.44 922.21 1455.41 728.61 407.99 874.83 562.81

Hmcn1_D3YXG0 LSIEQAVISDAGVYTC D3YXG0;1225 high 134.0 122.3 141.7 122.0 5505.7 2752.0 7855.3 3825.7 1582.3 521.0 242.3 450.7 7235.3 7134.5 7208.0 2225.0 3661.3 439.7 441.3 4384.0 2151.3 2487.3 1322.0 4873.0 1.2 613.44 52.15 2.14 9651.29 5765.04 53.59 1.81 561.73 370.28 2.52 2.16 1.21 2.18 1.54

Hspb3_Q9QZ57 LSKARGAGTPQALAED Q9QZ57;45 high 123.7 141.7 138.7 140.7 10523.0 5423.3 22154.3 9165.7 1513.3 661.0 288.3 1047.3 13901.3 6173.0 13034.3 4321.7 18786.0 664.0 541.3 22095.3 8082.3 6010.0 7214.3 24313.3 3100 2609.86 2939.4 2708.63 3522.74 2383.74 2252.51 2293.95 2187.43 2197.57 2908.54 2141.05 1689.55 2222.66 1617.94

Kif26b_Q7TNC6 LSKNREGGSGLCLSLS Q7TNC6;719 everywhere 135.0 134.0 135.3 142.3 2987.0 1574.7 5947.7 2667.0 680.3 499.0 260.3 450.0 7449.7 7387.0 7104.3 4377.3 4717.3 571.0 591.3 6179.7 2457.0 3840.7 2037.0 5287.7 620 559.31 505.58 538.08 730.82 510.43 914.39 1180.28 824.96 1112.81 2551.7 990.39 514.99 807.48 595.15

Znrf1_G3UYU9 LSKPRLSYNDDVLTKD G3UYU9;3 high 154.0 136.7 129.7 141.7 7682.3 5250.3 19649.0 8825.7 2828.0 2671.7 1199.3 1473.7 16766.7 11286.7 16560.3 12391.7 10829.7 1472.3 2026.3 16404.7 6668.3 4880.3 6679.3 15087.0 3300 3599.44 3297.27 3789.12 3958.02 2909.57 3043.09 3361.87 3428.78 3591.83 3093.14 2914.36 2369.52 3083.94 2461.66

Trpc4_A0A0G2JEV6 LSPSEKAYLNAVEKGD A0A0G2JEV6;29 high 139.7 139.3 150.7 140.7 7080.7 2697.3 14649.3 5458.3 1162.0 864.0 441.3 945.3 10660.7 6148.0 9271.7 4715.7 10578.0 2428.7 993.0 16870.7 5713.3 4351.3 5145.0 16061.7 130 2.53 2.51 182.5 7822.12 3999.2 2.16 1.46 2.25 3.22 3.25 7.94 1.51 1.95 7.46

Afdn_Q9QZQ1 LSRPPLPRDYEPPSLS Q9QZQ1;1681 everywhere 139.0 133.7 134.0 147.0 13808.3 8977.7 28252.0 17619.3 4474.7 2994.0 1187.3 3640.3 22496.7 15757.3 22702.3 14211.0 29385.0 3143.5 6467.7 31608.7 17082.3 14756.3 11137.3 29552.7 380 438.33 295.52 367.05 341.59 263.15 369.71 426.62 375.8 471.64 614.66 320.95 241.57 338.48 274.78

Ttn_F7CR78 LSSLEPSDTGAYTCVA F7CR78;3465 high 126.0 134.3 119.0 123.3 8107.7 3118.0 9579.3 2243.3 1361.3 755.7 278.7 554.0 5913.0 3975.0 6145.3 3334.3 3922.7 538.0 721.3 7614.0 3913.0 2672.0 2092.7 7400.3 1.1 3085.47 1742 3.07 2834.95 2285.42 664.16 1.8 2344.93 1717 2.57 18.93 1.3 8 2.15

Ash1l_Q99MY8 LSSTGFYPSYGMPYSP Q99MY8;1371 high 144.7 124.3 166.3 147.0 12294.0 8763.7 20097.7 11930.0 6264.3 2305.3 1079.7 2064.7 15161.7 11530.0 13664.3 10725.3 14739.3 2994.3 2654.3 19171.7 7705.7 6061.0 9039.7 23355.0 1.1 355.18 101.91 2.13 2.96 620.55 45.69 1.39 3.57 2.6 3.12 1.89 2.38 3.65 1.72

Slc6a17_P31662 LSVSYKKGRMMKDISN Q8BJI1;651 medium 252.0 243.3 162.3 206.3 6053.0 5788.0 8713.0 4619.7 2454.7 1113.0 26639.0 2549.3 24827.0 10403.3 28296.3 6625.3 7005.3 3639.7 1169.7 9352.7 4247.3 6591.3 16126.7 13410.3 2.3 1147.88 295.4 4.99 3.57 184.47 1074.65 5.17 4.37 4.04 2.99 1.85 4.68 6.73 4.33

Shroom4_E9PUX3 LSWHSGCNTSDVSVQW E9PUX3;75 high 152.7 149.3 148.0 147.7 13625.7 5452.0 14074.0 10543.7 3947.0 2192.3 2642.0 2795.0 14060.7 13097.7 12502.0 10410.7 8440.3 2691.3 2559.3 11140.7 5448.7 4936.0 6491.7 12982.3 1.3 1.37 11.66 2.21 5540.74 1703 3.06 10.24 2.54 5.06 2.37 1.69 1.25 2.1 3.09

Slc22a18_Q78KK3 LTKAVSASDTGTMLGL Q78KK3;335 high 147.3 137.0 125.7 151.3 18269.0 8194.3 23512.7 7985.0 2433.3 1732.3 335.0 568.3 9974.0 5932.3 10737.0 3747.7 9800.3 705.0 511.3 14493.7 6177.0 3936.0 5057.0 15896.0 1.2 1276.85 215.03 2.66 3982.91 2524.31 468.1 4.35 1115.18 661.01 2.91 16.56 1.88 5.39 2.29

Ttn_A2AT70 LTLSSLEPSDTGAYTC A2AT70;701 high 131.3 135.7 142.3 129.0 5675.3 3101.3 10146.7 2956.0 1251.0 635.7 323.7 600.7 6506.0 4630.0 6299.3 3461.3 4826.7 556.3 605.7 7952.7 3303.0 3381.0 2601.7 7889.3 1.3 4389.82 2382.66 4.89 2735.8 4854.1 1392.44 6.95 4758.96 3616.16 2.24 45.83 2.02 3.63 2.14

Hmcn1_D3YXG0 LTSAQMSDAGRYTCVA D3YXG0;2069 high 126.3 111.3 137.0 136.3 17605.0 11046.7 24288.7 9789.7 14923.3 2448.7 492.7 508.3 11292.0 7950.3 10823.3 4309.7 15124.7 1257.7 796.3 18590.7 13836.0 5950.0 4775.7 16361.7 1.6 1476.73 206.6 1.77 5615.97 2114.13 307.01 1.89 419.43 249.68 3.53 11.33 2.36 5.11 2.46

Obscn_A2AAJ9 LVTGLAPTDSGRYTCQ A2AAJ9;5897 high 129.3 132.7 135.0 126.0 27219.7 22426.3 31006.7 12000.3 20227.0 5009.7 765.3 1114.0 13203.0 14992.0 14128.0 9147.7 19753.0 1727.0 1400.7 22744.0 18492.3 13911.0 8037.3 26377.3 2.3 4478.67 2336.51 12.08 8859.13 5853.85 554.12 3.7 1074.27 1236.84 2.98 9.09 1.86 3.3 13.45

Ttn_A2ASS6 LVVYDCQKSDAGKYTI A2ASS6;21829 high 150.3 160.7 159.3 138.3 11926.0 23211.3 20513.0 9798.7 11957.0 2315.7 693.3 718.3 12557.3 10505.3 12271.3 6357.3 6156.3 901.3 882.0 10137.3 6256.0 5411.7 2558.0 11048.3 2 3406.13 74.36 3.84 13214.63 8822.66 513.05 4.04 911.98 709.48 3.59 6.43 1.7 4.17 3.27

Samd11_Q1RNF8 LWAQEVSEEPSKDSDG Q1RNF8;313 144.0 122.7 159.0 131.7 3855.0 2014.7 10895.7 3801.3 745.7 594.7 425.3 825.3 8475.0 5370.0 7433.0 2581.3 10542.0 770.3 1105.3 12440.7 3699.7 2820.3 3178.3 12323.3 1.8 1.99 2164.69 10.31 3.01 2.77 1.74 2.16 3.24 4.96 4.7 1.55 2.74 2.99 3.64

Ap1g2_D6RFT7 LWSQRPLLAGPDTPPT D6RFT7;213 high 153.0 148.7 128.3 153.7 18625.3 9287.7 30575.0 12467.0 6910.0 2132.7 1099.3 2193.0 20630.0 14576.7 18940.7 13757.0 29690.3 3381.7 4610.0 46375.0 11855.0 7808.0 11414.0 38878.3 4.7 2.65 797.06 14.02 5490.61 2990.47 2.22 2.07 717.41 739.5 2.3 6.6 2.32 2.79 1.89

Smpd3_Q9JJY3 LYDEDVCTPDNLQKVL Q9JJY3;555 high 129.0 147.0 133.3 115.0 6050.7 2204.7 8880.3 6000.0 917.0 646.0 486.3 751.0 8380.0 5794.3 7332.7 4549.0 5302.7 587.3 872.0 8094.0 3117.7 3388.3 3446.7 10053.3 1.5 5.4 2.08 14.75 2143.57 817.06 2.66 6.4 1.74 4.44 2.76 2.82 66.18 3.92 2.1

Bad_D3YZR8 MFQIPEFEPSEQEDAS D3YZR8;43 high 126.3 144.0 120.3 129.3 6129.3 3103.7 10707.0 7532.3 1276.3 853.7 536.3 1021.0 8512.3 5416.7 8102.3 3994.0 4052.7 982.7 1007.0 6357.0 2827.0 2917.7 3814.3 9736.7 0.94 1.68 2.34 2.82 1499.53 235.16 1.63 4.48 2.7 2.92 3.63 5.64 2.7 2.8 1.95

Pacsin2_Q3UP40 MGGFKETKEAEDGFRK Q3UP40;125 high 147.3 129.3 133.3 135.7 7717.7 4244.3 17711.0 7530.0 1518.7 800.0 268.0 790.3 11293.3 8979.3 10915.0 3687.7 16734.0 1245.7 858.3 23306.0 7610.3 7441.7 5885.3 23924.3 1.6 7133.52 1572.29 2.27 2.77 1072.82 2524.21 2.35 4.64 6.74 2.58 1.62 2.87 2.41 2.65

Insc_Q3HNM7 MGMLSEKPRSGTPAEV Q3HNM7;465 low/medium 133.0 125.3 138.0 122.0 6665.0 3542.7 17371.3 5263.3 583.5 449.7 262.0 562.7 9948.0 4791.7 11354.0 3184.3 10578.0 476.5 378.7 11763.0 4480.3 3522.7 7228.3 19063.7 79 96.16 13.05 55.34 94.74 116.77 77.65 160.34 164.72 153.22 256.39 128.24 40.13 129.72 71.37

Anxa1_P10107 MLKTPAQFDADELRGA P10107;111 high 129.7 131.0 129.0 132.3 10578.0 7038.7 22698.7 9833.3 3270.3 1404.0 448.0 1427.0 16869.0 8573.0 16751.3 7556.3 19178.0 1397.0 1611.7 22930.0 8471.3 5962.3 7749.7 25063.7 1.1 1.69 4.61 3.08 1071.53 533.8 2.58 6.71 2.05 5.73 3.24 2.1 3.71 2.01 46.03

Cntnap2_Q9CPW0 MLYSDTGRNWKPYHQD Q9CPW0;115 high 129.0 140.7 127.3 110.3 40202.3 38401.3 36451.3 34031.0 32162.3 13488.3 2234.7 4974.7 27279.3 26233.7 34092.3 20128.3 35450.3 6943.3 7917.7 53023.0 35872.3 17655.7 16803.3 44248.7 1.1 5466.4 1242.16 8.6 1849.87 2564.39 1321.72 2.56 1916.12 2047.13 2.91 17.8 1.71 8.03 3.25

Ror1_Q9Z139 MNQGDLHEFLIMRSPH Q9Z139;555 high 135.0 128.7 144.0 145.0 25905.7 30614.7 40189.7 36438.0 26556.3 13423.0 1508.0 5182.3 32318.7 40473.7 44514.0 43022.7 46759.3 6943.0 13440.7 40024.3 31776.7 22391.3 33392.0 43376.7 40 1794.29 752.8 898.13 2300.4 4684.59 2117.23 3.07 2.15 2.49 2.81 1.94 1.31 3.76 653.99

Ap1m1_P35585 MPELRLGLNDKVLFDN P35585;207 medium 147.0 142.3 112.3 143.7 11051.7 6424.7 27810.3 12369.7 2747.3 1629.0 709.3 1699.7 17647.0 11599.0 16376.0 9612.0 15391.3 1760.3 1946.3 18771.7 6933.7 5570.0 7141.7 22407.0 1.1 1.66 738.23 2.45 26.74 755.9 3.19 1.59 9.94 31.19 3.96 1.69 1.42 4.63 4.39

Trip12_G5E870 MQRLLDTNPEINQSDS G5E870;1595 high 124.3 138.3 124.7 125.0 9060.5 4257.3 19272.0 5921.0 1386.3 492.3 365.0 809.7 12763.7 5831.3 11287.0 3931.0 22388.3 1118.5 1076.7 25504.3 8359.0 4694.0 6739.0 23389.7 1.2 2.71 2.58 3 5320.29 4056.86 2.26 2.3 1.78 5.11 2.35 2.66 2.37 2.02 1.89

Dpep3_Q9DA79 MRDFPLVDGHNDLPLL Q9DA79;85 high 158.7 136.7 138.0 126.7 18238.0 13999.3 36808.3 25151.7 5991.0 4936.0 1486.7 3111.0 22108.7 22006.0 23724.5 13590.0 26926.0 4510.7 5430.3 31190.0 15319.3 10017.7 11407.3 30814.3 1.3 1.76 1385.15 4.95 658.58 2952.18 1.69 2.34 158.46 327.57 187.36 2.55 1.26 2.18 2.06

Arhgef18_Q6P9R4 MSEIEGIQSLICQRHL Q6P9R4;915 no signal 142.7 131.3 155.0 130.3 17749.7 13132.0 25264.7 17528.0 5666.3 3994.0 1346.7 2720.7 22364.3 32304.7 22104.7 23056.7 20488.3 3015.7 5225.3 21926.7 11510.3 15648.3 15351.7 27736.0 1.2 1.97 3.2 4.5 8.13 3.22 2.11 2.27 15.1 56.12 3.06 1.99 2.14 2.6 1.76

Cluap1_Q8R3P7 MSKPRTAMEVLMQGRP Q8R3P7;333 high 138.0 130.3 138.0 140.3 12968.3 7520.3 32223.0 15570.0 3561.7 3045.3 664.7 1747.0 31389.7 18831.0 39329.3 12237.0 40615.3 1470.5 1644.7 41012.7 19781.3 17560.0 16371.0 33005.7 610 1006.19 662.48 1253.44 1795.07 1143.61 1727.8 2846.96 2259.7 2516.61 3357.09 1731.61 1000.33 2457.63 1438.96

Srsy_A8HG57 MTNINFATSDSAKGAC A8HG57;1 high 122.3 139.0 145.3 130.0 2663.0 4429.3 13066.7 4000.3 3430.3 513.3 282.7 648.3 10459.3 10311.3 9874.3 4918.7 16112.0 932.0 557.7 16227.7 15017.7 9729.7 4100.0 15123.7 6.3 15198.06 3933.62 19.28 760.68 8309.51 6424.77 9.01 4319.82 4097.79 6.53 407.27 6.42 4.12 19.99

Gm21788_J3QNH3 MTNINFTTSDSAKGAC J3QNH3;1 high 122.3 144.0 130.3 133.7 5162.3 3503.3 15592.0 3188.7 4549.0 533.3 239.0 529.3 9695.7 9401.0 8728.7 3024.3 9428.7 439.5 408.7 13977.3 14031.7 8903.7 2524.3 10486.7 1.5 10372.58 3391.62 36.15 458.81 7012.03 1921.94 1.26 1438.27 1162.34 3.2 208.5 4.22 4.46 6.11

Flnb_Q80X90 NADGTYQVEYTPFEKG Q80X90;1285 high 138.7 111.7 138.0 127.3 3977.7 1834.7 9868.0 4078.7 774.0 474.7 247.3 585.3 7217.7 6261.5 6166.0 2119.3 6017.0 549.3 770.0 10412.7 4094.3 2697.0 2276.7 9466.7 1 3436.66 1349.5 40.1 1.59 1261.78 1945.27 2.51 12.53 3.47 3.19 2.75 5.23 11.23 2.25

Crcp_A0A0J9YVE5 NAITYESGEAAAAESQ A0A0J9YVE5;43 138.7 127.0 144.0 112.7 1386.0 883.0 2990.3 1445.0 451.3 412.3 204.7 485.0 5536.7 5249.7 5503.3 2283.3 4710.3 436.0 337.3 7731.3 2329.3 2972.3 821.3 6398.0 1.1 1.5 5.96 3.69 3.15 1523.22 3.73 1.86 1.78 5.34 2.79 1.57 2.97 2.19 2.13

Srrm4_Q8BKA3 NCGNTSDSGNSFTTSS Q8BKA3;321 high 142.0 132.3 148.3 132.7 2781.7 2458.7 9622.3 2655.3 1249.3 369.0 250.3 628.7 8050.7 6463.0 7002.0 3678.0 9989.0 675.7 403.0 13777.3 4335.7 3043.0 3275.0 13266.0 2.2 1197.29 324.36 2.37 44.58 477.14 500.36 6.85 1167.39 1143.34 3.06 23.36 1.51 2.28 2.76

Micall1_Q8BGT6 NEGSEDDMLVDWFKLI Q8BGT6;721 high 125.7 120.3 130.3 130.0 7508.0 4346.3 12059.0 4411.7 802.0 461.0 326.0 717.3 10558.3 13442.0 10812.0 4666.7 6372.3 461.3 377.3 7809.7 2775.7 3001.0 2515.3 7275.3 1 10077.06 4163.98 2.17 1.62 8589.72 6480.97 1.54 2.35 3.2 3.61 1.61 1.77 2.36 2.61

Uck1_F7CBX2 NFDHPDAFDNDLMHKT F7CBX2;18 high 127.7 151.0 125.7 135.7 11541.3 8043.3 31207.3 14241.3 3602.0 2322.0 1016.7 1967.0 18910.7 12362.7 19029.7 10518.0 21862.3 3533.3 3156.0 29294.0 11881.7 6991.7 10896.3 28101.3 1.1 756.16 118.38 2.55 1772.52 1216.7 1289.75 494.13 50.34 52.49 3418.66 7046.58 268.49 625.42 8.97

Pdia3_F6Q404 NFESRVSDTGSAGLML F6Q404;11 high 136.3 116.7 123.3 133.3 17678.3 8803.3 23515.3 8633.3 3988.0 1593.7 297.0 909.7 13238.7 6362.3 13328.3 4443.3 17943.0 669.0 417.5 22731.0 10499.7 5516.0 6520.7 22144.3 1.3 3438 830.28 5.78 4699.67 4216.94 875.96 1.48 1608.05 1990.04 2.96 27.98 2.53 2.77 2

Atg4b_A0A0R4J065 NFPAIGGTGPTSDTGW A0A0R4J065;57 high 137.0 128.0 142.3 147.7 15624.3 7172.0 23162.0 7634.7 3839.3 1267.3 924.0 1545.0 13934.7 7341.3 12733.7 5570.5 15195.0 2259.3 1594.7 19791.3 8765.0 5155.0 7102.0 20836.7 1 3225.62 1067.52 1.8 5155.83 3916.47 568.95 11.08 3088.95 2445.43 6.18 45.51 1.59 2.58 2.55

Rpl11_A2BH06 NFSDTGNFGFGIQEHI A2BH06;101 high 135.0 119.3 134.3 132.3 17567.7 10966.0 23660.3 12474.3 3214.3 1719.0 1208.0 1896.3 14691.3 10956.3 13134.3 7651.0 20385.0 2264.7 2213.3 25361.0 9764.7 5321.0 8967.0 25712.3 1.9 7972.81 2617.61 6.61 35.27 3238.83 2050.57 4.45 2143.99 2625.27 2.93 36.82 2.35 2.93 6

Srsy_A8HG57 NINFATSDSAKGACRC A8HG57;3 high 146.7 136.7 156.7 132.3 29630.0 33566.3 33127.0 15573.7 28160.0 2491.0 692.0 1130.7 18019.7 26850.3 18612.0 13933.7 33270.0 1023.5 1048.7 32810.0 40950.0 42755.0 16548.7 34712.7 11 15680.8 3191.88 51.5 870.73 5514.5 5755.28 3.71 1405.3 1864.39 2.7 200.34 2.34 3.46 3.46

Ttc16_Q8C1F5 NLAFAEADYKQALALS Q8C1F5;337 high 153.3 125.0 144.0 144.7 8245.3 2377.0 11709.7 4249.7 910.0 1123.3 556.7 798.0 8728.3 5585.7 6933.7 3457.7 12064.7 880.0 645.7 10696.3 3251.7 2791.3 5293.7 10595.7 1.1 1.85 2.49 2.05 6151.97 4459 1.48 2.44 2.21 5.18 3.22 2.15 1.83 3.4 39.48

Fbxl14_Q8BID8 NLRSCDNISDTGIMHL Q8BID8;259 high 143.0 140.0 116.0 138.0 28883.7 12305.3 31222.0 16900.3 4904.3 3229.7 953.7 2200.3 23748.0 28554.3 22908.7 17021.3 18339.7 1872.0 2862.0 24689.0 11580.3 11956.3 12181.3 27324.3 1.6 356.76 41.25 4.31 1927.36 1257.29 435.75 1.52 670.55 615.02 2.3 1.56 1.25 2.43 2.72

Avl9_Q80U56 NNNKGQEPSDSGRYLE Q80U56;303 high 129.0 135.7 135.3 129.7 2946.3 1469.0 11918.3 3695.3 954.0 564.7 229.0 584.0 8452.3 5364.0 7673.3 3351.0 10454.3 431.0 437.3 14959.7 5637.7 3934.3 1424.0 11375.7 1.1 3386.3 1753.07 10.86 991.25 3721.61 1526.15 2.15 4639.81 3342.15 2.98 110.94 1.68 5.65 4.49

Tspan10_Q8VCF5 NQKGSWGCRCCPGAKR Q8VCF5;39 low 177.7 218.7 177.3 148.3 13019.0 9623.7 21202.3 18589.0 6080.7 8635.0 1350.7 1775.7 14581.0 41010.3 16110.7 23937.3 21216.0 2713.0 2315.3 21405.7 11935.3 20089.0 15941.3 19107.0 32 51.44 17.13 33.89 59.48 122.46 31 120 138.42 159.87 61.61 50.11 71.52 81.02 65

Ift80_Q8K057 NRDLYITSVKRFGKEE Q8K057;485 high 129.7 143.7 205.0 138.0 4598.7 2714.7 8991.0 5999.7 1457.3 1112.0 2254.3 1025.3 11448.3 8622.7 9460.3 5651.7 9768.3 1216.3 1166.3 9228.7 3733.0 5731.3 3915.3 10606.0 1.2 453.66 291.97 23.39 21.37 2038.67 1116.63 39.04 3.8 9.91 3.7 4.23 3.56 5.14 2.12

Tgm1_A0A2I3BS02 NREYESSDRIAL A0A2I3BS02;153 high 129.3 137.3 146.7 129.0 3391.0 2361.7 8767.7 3096.3 525.7 465.3 253.7 617.7 9009.0 9492.3 8065.7 4234.0 9158.0 422.0 416.3 10143.0 3978.0 4095.3 2098.3 8791.7 1.2 6870.02 581.39 2.37 6.03 4859.52 96.47 6.86 6.99 5.1 2.11 2.81 1.56 3.75 2.59

Vgll4_D3YZY3 NSSDTGRSAVERQQNR D3YZY3;137 high 135.0 126.0 144.7 140.7 2074.0 3139.0 11862.7 5367.0 1356.3 678.0 239.7 533.0 13824.5 8489.0 9527.0 5163.0 14299.3 498.0 442.3 14510.0 5637.0 6449.0 2747.7 11070.3 1.1 1844.09 326.61 2.42 1477.05 935.66 810.16 12.55 1089.38 1038.98 2.4 42.19 5.72 3.82 3.36

Igsf11_P0C673 NTQLSDTGTYQCLVNN P0C673;109 high 129.3 111.0 131.7 118.7 3947.0 1600.0 4956.5 2551.0 880.7 434.3 235.0 448.7 6337.7 4409.3 4459.3 1781.7 6723.3 687.7 509.3 10731.0 3704.3 2787.3 2207.0 8101.3 1.4 1636.86 218.06 2.34 189.39 708.18 610.25 1.73 1277.94 1029.7 2.88 5.18 1.41 2.24 1.89

Cit_P49025 PAPPEGPSHPREPSTP P49025;1967 low/medium 131.0 130.3 125.0 131.0 4480.7 2156.7 17181.3 6629.0 917.0 560.0 226.3 556.3 9682.7 5660.7 9429.7 3253.0 17298.3 887.0 1004.7 22348.3 8594.3 5347.0 2132.5 16598.0 1.8 296.61 24.75 1.71 62.99 64.03 257.8 1.83 2.49 12.28 2.85 2.67 1.74 6.66 1.71

Wt1_P22561 PAPPPAPPPPPPPPH P22561;55 low/medium 144.0 131.7 147.3 137.3 6443.0 5573.0 20738.0 7062.3 1438.0 780.0 267.7 665.0 10167.0 6097.0 10348.0 4446.7 21483.7 1200.0 1041.3 24881.3 10464.0 5830.0 5950.7 19902.0 1.1 248.37 52.11 1.89 155.7 92.94 195.2 2.44 1.88 5.72 2.09 6.69 1.16 2.98 2.35

Rcor2_Q8C796 PAPPPPPPPTSLSQPP Q8C796;435 medium 124.3 128.7 136.0 132.3 1787.0 1356.3 8995.7 2781.7 538.7 523.7 203.0 516.7 6875.0 3722.3 4677.3 2051.0 9401.0 465.5 377.3 11435.0 4387.7 2678.3 2372.3 10105.0 1.1 453.38 136.9 2.96 162.48 149.02 249.08 1.54 2.39 4.07 2.78 2.92 1.15 2.08 1.41

Srebf2_Q3U1N2 PASDSGSQAGFSPYSI Q3U1N2;423 high 128.0 148.7 141.7 122.7 12143.5 9267.3 15753.7 6602.3 11934.3 1598.3 292.3 653.7 10748.3 6035.0 9943.0 3447.0 14654.0 1194.7 489.7 21906.3 13070.0 6190.7 4489.3 18528.3 2.1 2284.7 384.15 5.87 311.15 1002.78 818.53 1.3 1178.43 1282.03 3.13 9.6 1.81 4.31 2.39

Slc24a5_Q8C261 PEGFFTKQESTDGGIV Q8C261;55 high 131.0 135.0 142.7 133.0 6750.0 3885.7 19693.0 5233.3 1086.0 647.0 656.7 1035.3 9533.3 6445.3 9593.3 4433.0 10897.7 867.3 437.0 15336.7 5590.3 3222.7 4367.3 15689.3 1.2 1816.4 189.5 1.98 3.17 83.96 161.92 1.55 3.52 4.39 2.48 1.98 2.23 2.1 1.74

Zfp687_D3Z524 PFSTPFELAPEN D3Z524;195 high 122.0 144.3 136.0 132.0 3021.3 1372.3 6901.3 3088.3 593.3 491.7 257.3 589.0 8597.3 6275.0 7230.0 3956.7 8580.3 476.3 413.7 12421.3 4879.7 3210.3 2230.7 9356.7 23 6199.28 2439.03 57.51 3.26 2411.32 3382.47 3.74 6.32 3.22 3.31 1.79 1.49 40.23 1.89

Spsb3_E9PW49 PGFFVDGRGEVLSTMA E9PW49;133 high 146.0 129.0 128.3 124.3 11198.7 8910.0 26539.3 12181.7 2729.0 1302.7 978.7 1679.0 18504.0 12597.7 17382.0 9047.3 29176.7 1507.5 1861.0 29019.0 10830.3 7588.3 12318.0 30218.0 1 2010.77 612.39 9.14 1.45 412.04 1156.54 1.62 5.83 2.68 3 4.23 2.14 3.37 3.32

Klhl9_Q6ZPT1 PIAAMLRGQSDVGVAV Q6ZPT1;527 high 131.0 130.3 143.0 141.3 16915.7 3629.3 12369.3 4096.0 1178.0 392.3 355.0 458.7 9587.7 4381.0 8833.7 2380.7 11270.3 431.5 658.7 14206.0 5341.3 2712.3 4279.0 12292.7 1.1 2 2.13 1.67 7719.8 2065.72 2.03 1.94 1.94 4.55 3.05 1.76 1.88 3.08 6.97

Ints5_Q8CHT3 PLLLHPEEEVAEAAAS Q8CHT3;611 high 131.7 128.7 138.3 127.7 6541.0 3192.3 14857.0 9123.7 1519.0 1149.0 664.7 1152.7 10334.3 6175.7 10270.0 4763.0 7515.3 1223.0 1198.7 11399.0 4049.3 3463.7 4755.3 12888.3 1.3 2.32 4.33 2.02 1679.75 497.82 1.66 2.24 2.06 2.39 2.93 1.89 1.18 407.98 1.62

Fmn1_Q05860 PLPPGLGPLPPAPPIP Q05860;889 low/medium 127.0 133.7 118.0 127.7 6307.0 4435.7 18610.3 7168.0 1893.0 1186.0 770.0 1220.0 11842.7 12445.0 11336.3 8760.3 16070.3 1367.0 1733.0 20890.7 7495.3 5784.0 6178.3 20091.3 1.5 204.86 4.42 2.37 2.93 141.08 1.99 1.4 3.16 2.96 5.98 3.08 1.19 3.47 2.43

Tmem145_Q8C4U2 PLTPFETSDPAGLRNT Q8C4U2;655 high 123.3 130.0 155.3 124.3 5895.7 4321.7 18752.3 6122.0 1613.3 992.3 788.0 1213.0 11736.3 6129.7 10994.7 6002.0 14039.0 1526.3 1203.0 20115.3 7418.7 4993.7 5984.3 19381.7 24 6051.05 4250.18 91.98 3.97 1856.91 2701.66 2.92 3.36 10.05 2.24 2.12 1.95 2.5 8.23

Syngr3_Q8R191 PPFTETLDTSSKGYQV Q8R191;211 128.7 124.3 125.7 142.0 5239.0 3100.7 13481.0 4136.3 1117.7 473.7 315.7 671.0 10670.7 6389.3 9564.0 3922.0 13414.0 1271.3 963.7 18371.0 6123.0 4162.0 4416.3 14966.0 1.2 1.49 8603.71 3.07 2.28 2.81 2.21 2.48 2.52 3.12 4.56 1.88 2.2 2.18 1.45

Sgcb_P82347 PRLPRGSYTPTGTRQK P82347;243 no signal 148.7 170.7 292.0 167.0 4517.3 3719.3 9559.0 5729.3 2108.3 2111.7 730.3 1199.3 20468.0 21805.0 20626.3 10643.0 18471.0 1526.7 1063.0 12624.7 6017.7 10075.3 6636.7 14317.7 5.1 10.88 6.88 7.68 16.2 4.95 38.52 67.23 40.91 66.65 53.44 48.35 41.96 16.06 64.34

Ttn_A2ASS6 PSDTGAYTCVAANVAG A2ASS6;7693 high 143.0 135.3 208.0 136.0 706.0 2759.0 10008.0 5755.3 1265.3 1658.7 263.3 678.0 10679.5 9067.0 7704.0 6271.3 11910.3 979.0 849.3 12464.7 4925.3 6746.3 3483.3 9794.3 1.4 4153.8 1580.44 6.39 1762.46 1361.34 1136.83 1.59 868.79 1104.75 2.59 6.44 1.43 4.02 2.01

Ror1_Q9Z139 PSIRWFKNDAPVVQEP Q9Z139;87 high 129.3 130.7 153.0 134.0 14922.3 15101.3 26352.0 19535.0 6484.0 4274.7 8081.3 3392.7 23708.0 21780.0 26886.3 22929.7 29595.3 5279.0 5468.7 27958.3 16308.3 9761.3 13540.3 30696.3 1.6 2194.12 934.91 3.76 1.65 622.5 1492.32 10.17 2.2 18.03 2.39 5.33 3.34 5.64 11.61

Bmpr2_O35607 PSKPRRAQRPNSLDLS O35607;929 high 136.0 147.7 169.0 144.7 7501.3 4984.7 18986.0 7677.0 2570.3 4861.3 595.7 2401.7 33195.0 14364.3 36987.7 10026.3 28191.0 2437.3 1276.0 24304.0 10953.3 11464.7 8794.7 21656.3 2400 2642.06 1608.26 1664.81 1373.52 1169.35 2288.03 2105.77 2039.86 2300.86 1995.66 1925.76 2050.18 2084.11 2239.91

Dag1_Q62165 PTKKPRTPRPVPRVTT Q62165;447 low/medium 175.3 226.3 264.3 154.7 3244.0 4822.0 4887.0 4147.3 3571.7 2057.7 717.0 1058.3 29915.0 20019.0 39665.3 9628.0 6184.3 1058.0 818.3 5456.7 2874.0 12401.0 9418.3 10462.7 230 185.73 158.5 128.46 118.65 53.05 148.86 170.24 212.5 208.85 150.53 141.39 165.1 253.47 187.05

Atg4b_D3YZP6 PTSDTGWGCMLRCGQM D3YZP6;69 high 126.7 121.7 131.3 116.7 7903.7 4242.0 16612.0 5644.0 2284.0 816.0 458.0 870.3 13523.7 9196.0 12677.7 5473.3 12619.7 1127.0 846.7 16793.3 7859.3 4884.3 4501.3 15247.7 1.4 5993.18 1217.86 3.66 445.84 1276.9 508.06 114.39 2919.25 3444.28 3.26 85.73 1.75 2.95 5.07

Hmcn1_D3YXG0 QAVISDAGVYTCAATN D3YXG0;1229 high 134.7 127.7 126.7 140.0 10947.7 5768.0 11221.7 4769.7 5859.7 1206.7 259.3 470.0 7065.0 4331.3 7065.7 2095.3 4499.7 654.7 548.7 8118.0 4449.0 2859.0 2326.7 7779.7 1 119.84 44.08 2.12 7173.03 1125.03 15.3 2.53 35.51 64.69 3.24 2.18 2.19 2.84 1.81

Trrap_E9QLK7 QEAAQINAGLQPTNLG E9QLK7;2925 high 130.7 134.0 135.3 141.0 4463.3 22095.3 12223.3 2818.0 2446.7 528.3 391.7 854.7 7606.3 7114.0 7650.7 4047.3 25018.3 522.0 467.0 16343.3 8538.0 3675.0 4018.0 14361.0 1.5 2579.89 676.32 1.81 1.67 1207.41 544.59 1.94 63.3 42.61 3.08 434.92 1.53 7.07 5.71

Kif2c_Q922S8 QFAIPSHPRASCSTVT Q922S8;139 high 124.3 125.7 137.0 132.0 6472.7 2806.7 10466.7 2456.7 1509.0 490.0 466.7 502.0 8460.3 6201.7 7261.0 4064.3 4372.0 677.3 685.0 6670.0 2383.0 4818.7 10142.0 8976.0 1.2 1026.71 283.37 2.57 5.56 168.76 570.41 1.8 3.43 19.55 5.09 2.13 1.32 2.13 4.88

Znf638_Q61464 QFGKVDRYMFMSNKNK Q61464;1027 low 141.3 155.7 263.7 281.3 9539.0 8449.3 22863.0 12578.3 3127.7 2501.0 1495.0 1736.0 25497.7 32400.0 25426.7 22369.7 14339.7 1546.7 1495.3 11251.7 6221.0 29563.3 17166.7 11179.7 11 29.63 55.18 47.44 32.6 18.32 9.73 59.24 74.8 97.28 39.19 80.7 53.56 48.06 67.34

Fubp1_A0A0G2JG00 QFKPDDGTTPDRIAQI A0A0G2JG00;305 high 134.0 130.0 137.0 122.7 5363.0 2482.7 13479.0 4857.7 1278.7 545.0 250.7 673.0 11084.3 5730.7 9679.0 3238.7 14337.3 1012.0 1115.0 17882.0 6479.0 5109.3 2294.5 14675.0 1.4 1.55 2.79 2.57 6380.29 6635.32 3.51 21.53 2.26 3.42 6.01 1.67 1.52 4.66 2.37

Hmcn1_D3YXG0 QISDTGRYTCVASNLA D3YXG0;2735 high 123.3 139.0 146.7 152.3 16572.3 7419.7 18878.7 6480.7 5763.0 1963.0 462.0 625.7 11749.7 7433.0 11342.3 3645.3 10813.0 918.7 846.3 16499.3 7685.3 5406.7 5144.7 15210.3 1.2 4379.77 1092.35 1.66 6233.59 3852.47 2622.8 3.67 2028.45 2040.02 2.88 3.87 1.37 2.42 3.61

Cplane2_A2A825 QLWHQDQVAAGLLPSS A2A825;237 high 127.7 135.3 144.3 139.0 19014.0 41706.3 32825.3 15376.0 9173.7 3772.0 1107.7 3227.0 21990.7 27465.3 21574.3 16348.0 37304.7 5791.3 7337.7 38072.0 23732.3 12084.7 15060.3 35995.7 38 9285.73 1522.51 23.55 5.95 7298.71 1815.88 5.13 6362.89 7581.77 2.39 3910.27 1.26 29.51 253.15

Pmel_Q60696 QPPAQRLCQSVPPSPD Q60696;501 high 132.7 157.3 128.3 147.7 14295.0 3989.0 17910.0 4804.7 1319.7 759.7 938.0 1123.7 7924.3 16093.0 7412.0 8027.7 16451.7 1346.7 1612.0 21859.3 5239.0 3822.7 6005.3 19890.0 1.1 2.19 5.62 6.19 3688.11 1264.55 3.09 1.49 3.13 4.1 17.38 5.47 5.15 3.01 1.95

Pxdn_A0A1W2P6L9 QSDSGEYTCFASNSVD A0A1W2P6L9;221 high 152.7 121.0 137.0 128.3 2347.7 2581.3 7171.7 2618.7 949.0 423.0 250.3 511.0 7608.7 7642.3 6859.3 2786.7 5760.0 562.0 349.7 8889.7 2951.3 2718.0 1765.3 6671.3 1.2 8458.69 3284.64 4.48 673.45 4553.52 3949.34 5.32 5079.64 5267.62 3.45 48.62 1.39 2.33 4.13

Ttn_A2AT70 QVDSSDSGEYICRAEN A2AT70;1925 high 125.0 140.7 141.7 125.3 1063.0 1493.0 6610.7 2310.3 556.3 562.7 218.0 577.3 9762.0 4992.7 6123.0 3263.0 7437.3 497.0 428.3 9108.7 3628.3 3081.7 2019.3 8219.3 1.1 8482.88 4265.58 5.43 611.76 5629.43 3295.54 1.9 6891.95 7966.78 3.2 170.64 2.07 3.49 7.57

Zfp623_Q9CY99 REFHEDRLAQLLGNPD Q9CY99;17 high 133.0 135.0 149.3 137.3 30116.0 13002.7 30964.0 34363.0 5611.3 3887.3 1447.3 3003.7 22889.0 18798.7 23456.0 16740.3 26325.0 2205.0 3936.7 30869.0 15641.0 9257.0 10955.3 29489.0 1.2 2.17 2.65 2.71 22603.73 18782.23 1.36 238.96 2.54 2.88 2.59 2.26 1.58 1.84 6.64

Mtx2_O88441 RGEQILLSDNAASLAV O88441;29 high 141.3 125.3 127.0 130.7 1374.7 958.3 3687.3 1186.3 581.0 357.7 193.7 406.7 5607.0 5832.7 6239.7 2490.3 5642.3 404.0 332.7 7851.3 3017.0 3024.3 1191.7 6447.7 1.1 1.42 2.67 7.71 5554.9 909.32 6.83 1.21 142.81 101.28 2.31 4.93 2.33 9.13 2.32

Dnajc14_Q921R4 RLHPAEEGDFWAESSM Q921R4;565 132.0 131.3 136.0 126.7 9263.3 4846.3 20558.3 15322.3 3091.7 2097.7 643.7 1604.7 15131.7 9372.3 14355.0 5295.0 21174.7 2806.3 2502.0 24664.7 10369.0 7114.7 5413.3 20395.0 1.4 1.91 1609.39 4.99 19.39 2.8 2.19 30.93 2.47 5.51 2.47 1.48 1.44 5.77 5.38

Gpsm1_Q6IR34 RNLSLVKELGDRAAQG Q6IR34;191 high 141.3 147.7 146.0 126.3 16856.0 12069.7 32794.7 17367.0 4997.3 3707.7 1133.7 2381.7 31346.3 15067.7 35696.7 11648.3 35492.7 2118.0 3004.7 39720.3 19673.3 11963.3 16847.7 38653.7 1.7 2.34 2.74 4.26 1126.22 2291.89 6.63 4.32 4.84 4.16 5.01 3.14 1.77 2.09 2.32

Slc12a4_Q9JIS8 RQMRLTKTERDREAQL Q9JIS8;937 high 141.0 141.7 152.7 136.0 17918.0 6252.0 19015.7 13907.7 5285.0 2958.0 965.7 1708.7 16001.0 17729.7 16053.0 10821.7 21440.7 2633.0 2290.3 26956.3 10806.0 10186.7 7990.7 24339.0 1.9 2.41 2.33 19.34 2318.42 4837.95 8.16 1.67 3.28 9.5 7.45 2.4 3.06 2.5 139.5

Hmcn1_D3YXG0 RRAEVSDTGQYVCRAI D3YXG0;3117 high 143.0 150.3 184.7 138.0 16155.3 5526.7 16493.7 7200.7 2106.0 1298.5 393.7 1156.3 17341.0 14012.7 16015.3 6028.0 15938.7 1348.7 1134.0 19479.0 7089.7 7475.7 5431.0 20373.0 1.2 2176.83 297.87 1.86 2318.63 1782.31 669.13 1.28 1014.39 1119.81 6.24 9.41 1.91 3 1.89

Get4_Q9D1H7 RRDPMYNEYLDRIGQL Q9D1H7;267 high 135.0 122.3 237.3 145.7 15212.7 8423.3 28205.3 22782.0 7818.3 5036.7 1289.7 3911.7 30070.0 22443.0 29897.7 11668.7 38429.3 6222.3 5097.3 39281.7 20636.0 12075.0 12702.0 33115.3 1.1 1.56 2.17 2.94 8937.52 4189.52 3.11 3.03 31.86 4.92 3.23 2.46 2.16 10.11 3.28

Fbxl14_Q8BID8 RSCDNISDTGIMHLAM Q8BID8;261 high 159.3 133.7 143.7 143.7 26318.7 12487.3 29303.0 16757.3 4503.3 2203.0 642.3 1556.7 23297.7 31050.0 26892.7 17563.0 14663.3 1544.3 2283.3 21224.3 11304.7 15029.7 17314.0 29446.3 1.6 715.29 70.05 1.93 1513.9 576.84 198.29 3.29 676.51 527.31 2.65 2.74 1.12 2.76 2.62

Dhtkd1_A2ATU0 RSSLYSSDIGKLVGCA A2ATU0;379 high 131.7 149.7 140.7 141.3 18479.0 10136.0 21180.7 8058.7 3490.0 2528.0 581.0 841.7 16232.0 12777.3 15402.0 8470.7 10175.7 1035.7 1042.7 12601.7 7053.0 9699.0 5596.0 14303.3 1 1.83 4.82 2.44 13038.94 3758.89 2.78 1.52 3.34 9.49 2.53 3.19 1.54 4.14 1.78

Muc6_F8WIM6 RTSAPHLSQPSTVTPT F8WIM6;1889 high 131.3 135.7 144.0 129.0 5484.7 3416.0 15948.0 4565.0 1900.3 1008.3 376.3 947.3 12703.0 5384.3 14763.3 2889.7 20318.7 1537.3 466.3 25806.3 7372.7 7334.7 7034.7 23860.3 6.3 11632.91 3309.74 3.92 45.01 4548.49 7476.24 47.02 15.78 40.22 6.58 1.67 1.57 4.52 2.29

Hmcn1_D3YXG0 SAQMSDAGRYTCVAVN D3YXG0;2071 medium 123.0 128.7 128.3 141.3 4287.0 2987.3 6676.0 2947.3 3972.7 600.3 270.3 438.0 7216.0 7761.3 6620.7 1518.5 6809.0 426.7 502.3 10012.7 4121.3 3942.0 1451.0 7525.0 1.1 317.49 32.82 3.55 1028.88 157.49 86.27 4.87 67.62 161.82 3.61 1.92 3.6 2.71 1.83

Ccdc9_D3YW42 SDFERVRSGLEQERQG D3YW42;225 high 136.3 146.0 136.0 143.3 13217.3 20384.7 22313.3 8519.7 4314.7 2967.0 431.0 1654.0 16401.0 18624.7 16789.0 7241.0 51274.7 1376.0 1271.7 31331.3 29122.0 8207.0 5398.5 23214.0 200 10510.7 2819.76 35.74 149.6 14376.69 8147.64 17.48 15197.85 14157.73 2.88 16919.74 1.73 219.88 4010.6

Slc6a17_P31662 SDGSNTLSVSYKKGRM Q8BJI1;645 medium 155.0 157.0 286.0 238.7 3819.7 2370.3 4619.7 2383.3 1373.0 686.0 18655.0 1197.3 16875.0 8330.0 16315.3 4668.0 6396.0 2462.3 904.7 5844.3 2507.3 5123.0 5098.7 7088.7 1.3 297.55 111.64 5.69 11.49 239.06 293.76 36.65 10.38 32.3 4.78 12.15 16.68 31.75 8.98

Yme1l1_O88967 SEKLGVMTYSDTGKLS O88967;637 high 128.0 126.3 123.3 139.3 19736.3 11545.0 26171.3 9570.7 12643.3 2402.0 386.7 649.0 10576.0 5878.7 12711.3 3993.7 10207.0 1020.3 692.3 19732.3 11251.3 4836.7 5583.3 15952.7 2.9 1441.06 66.84 2.75 17131.65 10629.83 645.5 2.39 579.59 570.69 2.51 8.01 1.44 7.35 4.9

Cdk1_P11440 SGKMALKHPYFDDLDN P11440;277 medium 116.3 128.7 140.3 134.7 8768.7 7018.0 16667.0 8309.7 3031.3 1939.0 1011.3 1426.0 16726.3 14246.5 18245.0 8780.0 9951.3 1608.7 1596.7 14209.0 5559.7 5145.0 8286.3 16974.0 0.93 1.7 4.07 2.64 622.65 100.59 1.48 2.36 2.78 3.6 1.99 5.45 1.26 3.47 2.11

Lzts3_A2AHG0 SGYQDLGTSDSGRASS A2AHG0;295 high 145.0 131.0 121.7 145.0 4921.3 5018.7 12435.0 4674.7 1754.0 419.3 242.7 540.3 9019.3 6071.3 8413.7 1654.0 11066.5 516.0 356.3 15525.0 7632.0 3949.7 3514.7 14093.7 14 12230.07 6026.13 3.44 2236.13 9543 8196.72 6.98 14559.88 11825.43 5.28 452.55 1.61 16.06 2.58

Lgi4_Q8K1S1 SHVFQPLLIARDQLAI Q8K1S1;453 no signal 125.0 145.0 118.7 137.3 8470.3 6622.3 19119.3 10205.0 2699.0 1892.3 701.0 1256.3 18412.3 10711.7 18425.3 5860.3 22814.7 1625.0 2248.7 26419.3 8636.0 6955.3 9771.7 24344.7 1 1.93 2.04 1.65 2.17 2.42 1.56 4.58 3.33 3.38 4.15 1.8 1.92 1.9 2.56

Nhlrc1_Q8BR37 SIKVFKVMEGNGG Q8BR37;389 high 124.3 119.3 135.7 136.3 4199.3 12884.0 10696.7 5056.7 1126.7 506.3 2123.0 927.7 11678.0 5303.7 9339.7 3380.7 11316.0 1351.0 875.7 12297.7 4513.7 4722.3 5738.7 12632.0 1.1 6932.77 4105.03 4.54 1.55 4715.46 7390.26 1.41 3.29 2.87 2.23 2.17 1.62 4.83 1.9

Mdm2_P23804 SIVYSSQESVKELKEE P23804;401 low/medium 132.0 118.3 116.3 123.3 2077.0 1209.0 4886.0 2698.3 508.3 459.7 239.0 486.0 5900.3 4243.3 5005.3 2210.7 5196.3 486.7 416.7 7326.7 2251.7 2634.0 2535.7 7930.3 1.1 165.33 113.77 9.51 1.66 103.78 106.99 1.27 2.36 2.86 7.78 2.41 1.56 1.88 1.96

Thumpd3_P97770 SKDRGKIYFDIAVESL P97770;69 everywhere 139.0 142.7 171.0 138.7 1080.5 2146.0 8171.3 3922.3 957.3 1145.3 339.7 640.0 5125.3 3422.0 5881.7 2815.3 2841.0 556.3 604.0 4283.7 1792.3 3110.0 1670.0 6110.7 330 440.43 358.73 330.89 217.27 154.57 436.5 562.9 207.9 507.94 1082.61 321.23 184.11 365.31 229.56

Numa1_E9Q7G0 SKLPRTQPDGTSVPGE E9Q7G0;1721 everywhere 124.7 139.0 128.0 136.7 7748.7 3977.3 17514.7 4744.3 1314.7 661.3 763.0 1088.0 9430.7 5281.3 9440.0 3061.3 17486.0 1234.0 764.0 17982.7 5240.7 4071.0 6916.7 20222.7 500 418.22 193.67 55.53 70.5 17.66 241.56 324.58 212.03 267.72 520.61 281.72 281.38 215.44 339.76

Reps2_Q80XA6 SKLRSGTEQMHPAPYE Q80XA6;73 high 138.0 135.0 122.7 137.3 8404.0 6239.7 24021.7 21550.7 2248.3 1401.7 516.0 1195.0 15604.3 8231.7 16347.0 5972.3 28932.3 1834.0 1935.0 28828.7 11712.3 8213.0 10906.7 27948.7 910 1097.8 1263.94 706.13 1159.32 673.82 1063.15 1062.73 858.58 1179.35 1834.65 911.43 735.67 901.26 809.22

M6pr_P24668 SKPRNVPAAYRGVGDD P24668;247 high 137.0 130.0 145.7 123.3 12529.3 7369.3 24314.7 10797.3 2926.7 1595.0 634.7 1261.7 20990.7 10900.0 22062.0 6660.3 23116.0 1342.0 1527.0 28156.0 12400.3 9019.3 9877.7 26312.0 3000 3317.98 2760.41 2992.1 2512.08 1740.8 2316.25 2114.01 1603.95 2348 3310.72 2108.52 1564.8 2598.33 2014.22

Zfpm2_Q8CCH7 SKPRQIKRPLEDAIDD Q8CCH7;7 high 146.0 124.3 139.3 131.0 8243.0 4940.0 23112.3 7949.3 1713.3 1403.7 664.3 1216.7 16459.7 7313.3 16678.3 5965.7 17767.3 1530.3 1214.7 21883.3 8090.3 6099.3 6612.3 18929.3 3600 3001.85 3432.12 2696.47 2543.21 2280.23 2520.86 2756.41 1561.18 1976.46 3473.76 2088.02 1804.75 2344.04 2109.57

Emsy_A0A0U1RNQ4 SKPRQPTIDLSQMAVP A0A0U1RNQ4;77 high 119.3 130.0 134.0 140.0 6356.0 3481.7 18241.3 6559.3 1312.7 612.0 251.3 829.3 13601.7 7219.3 13105.3 3935.7 22173.7 894.5 726.0 26889.7 8745.3 6606.3 6209.3 22702.7 2400 2579.21 2372.1 1396.45 1427.86 1210.46 2016.03 2158.62 2255.39 2688.84 3058.53 2239.63 2054.39 1991.42 1982.26

Ssh1_Q76I79 SKPRSDSLPQVEELEK Q76I79;579 high 118.3 121.3 149.0 147.0 4823.0 2790.0 15440.7 4551.3 678.3 473.7 357.3 645.7 9977.3 5611.7 9419.7 3130.0 11454.7 953.0 460.7 16545.0 4900.7 4231.0 4467.0 17152.0 2100 2916.53 2632.04 1728.28 1903.3 1479.72 1411.78 1624.41 1133.02 1481.58 2353.77 1196.66 1121.51 1832.98 959.52

Cdk4_P30285 SLPRGAFAPRGPRPVQ P30285;243 low/medium 131.0 128.0 129.3 131.3 3777.3 3963.7 13977.3 6849.3 1919.3 1967.0 650.3 1484.0 26232.7 13159.7 26987.3 9710.0 2978.7 431.3 434.7 5190.3 2503.7 3181.0 4634.3 16168.3 43 57.86 65.76 42.45 47.34 18.24 133.86 147.9 179.3 162.08 197.35 143.93 129.11 95.06 177.89

Gpsm1_F6SX81 SLVKELGDRAAQGRAY F6SX81;70 high 136.7 156.3 133.3 144.7 17358.3 13213.3 30529.3 22572.7 4465.7 4203.0 1151.0 2369.7 31014.7 19066.3 34259.0 12173.3 37977.7 2524.0 3720.0 39265.3 20626.7 13000.0 17698.7 34545.7 1.1 1.97 3.57 4.27 2665.54 1154.03 3.36 2 2.76 17.66 2.79 2.11 1.76 3.05 4.22

Fxr1_A0A0H2UH27 SNPYSLLDNTESDQTA A0A0H2UH27;389 high 134.3 128.0 128.3 136.7 3981.3 1266.0 6353.0 2404.7 657.3 451.0 231.7 501.3 6068.3 4996.7 5279.7 1870.0 4636.7 450.0 388.3 7788.7 2712.7 2946.3 1869.7 7843.3 1.2 1.73 2.7 3.96 13419.64 9468.14 1.66 11.3 1.56 14.77 2 4.63 1.57 2.48 5.56

Fxr2_Q9WVR4 SNPYSLLDTSEPEPPV Q9WVR4;517 high 129.7 133.7 124.0 134.0 4722.3 1889.7 9833.7 3584.3 844.3 1165.7 249.0 664.0 8030.0 5352.7 6150.0 1959.0 5037.3 777.0 519.0 10494.0 4119.3 3085.3 2503.7 10579.7 1.2 1.55 3 3.68 17652.02 7661.62 1.78 1.94 4.33 4.69 2.92 8.41 1.53 2.66 2.38

Mepe_Q8K4L6 SPDLLVRGDNDVPPFS Q8K4L6;177 high 126.7 132.3 140.0 133.3 6675.0 3817.7 17877.7 6971.3 3545.7 826.7 392.5 1279.3 12411.0 5904.3 11039.7 3707.3 21417.3 1750.7 1453.3 22085.0 7799.0 4901.0 5142.3 20121.0 0.98 1.49 883.09 2.69 392.27 1257.24 1.66 2.38 35.68 110.18 2.72 2.83 1.65 2.85 1.29

Spen_Q62504 SPEKPRGSTKLSRDRA Q62504;869 everywhere 146.5 138.3 158.3 147.7 10148.5 3919.3 19879.0 7119.7 1195.3 1105.3 509.3 1224.0 20295.0 11096.7 20535.3 7247.3 26873.0 992.0 887.0 24740.3 9551.0 8473.0 6125.7 19991.0 510 452.43 341.65 326.22 351.81 274.52 550.14 650.42 519.88 530.21 804.31 629.45 508.18 545.85 530.2

Nt5c_A2A9X5 SPGFFLNLEPIPGALD A2A9X5;69 high 142.7 129.3 142.3 131.3 6630.0 3288.7 13315.7 8831.3 1562.0 1014.3 785.0 1315.3 9279.7 6579.3 8715.0 4975.7 6125.0 1101.0 1417.7 7950.0 3893.5 3349.3 4199.7 11992.7 1.4 1398.21 415.1 1.98 3.81 260.27 233 1.94 1.86 3.74 2.68 3.23 1.73 1.64 2.28

Srebf2_Q3U1N2 SPPASDSGSQAGFSPY Q3U1N2;421 high 122.7 132.7 136.3 120.0 2095.0 5483.3 10481.3 4298.0 6695.7 450.5 264.0 612.7 8572.0 5736.0 8174.3 2757.3 13456.0 482.0 384.0 17355.3 9488.7 4357.7 3503.3 14377.7 1.2 2710.53 742.76 2.53 720.55 1459.25 606.07 1.4 1222.2 1247.38 2.71 16.33 1.5 5.1 1.82

C2cd4c_Q5HZI2 SPSRYFSGGESDTGSS Q5HZI2;203 high 106.5 128.3 133.3 134.3 3558.3 1444.7 10280.3 3093.0 501.5 508.7 205.0 622.0 9457.3 5990.0 7897.3 2884.7 11633.3 461.5 409.3 16440.7 5170.7 3883.3 1422.5 11890.7 1.2 1470.7 239.02 12.39 1806.35 1683.06 653.32 3.17 1379.39 1372.29 3.26 24.99 1.51 4.08 1.76

Tet3_Q8BG87 SQSCATPLTPEPSLAL Q8BG87;523 131.0 150.3 138.3 131.0 3074.3 1895.3 9009.0 3323.3 2407.3 495.3 478.3 675.0 5791.0 6126.7 5468.7 3133.7 4545.7 577.7 818.0 19779.3 2954.3 2933.7 2695.7 18620.0 1.1 2.84 2388.61 2.13 11.16 9.27 2.36 2.19 4.34 3.16 3.48 2.54 2.45 2.88 1.82

Ms4a10_Q99N03 SSDTGRALATSSGLLL Q99N03;233 high 141.3 137.3 142.3 120.7 13453.0 14502.3 11862.0 5111.7 2971.7 1665.7 246.0 422.0 8388.3 5782.0 8924.0 2501.3 6152.3 501.3 518.0 26831.0 5897.0 3583.3 2576.0 17660.3 1 9434.99 3699.06 2.11 3962.62 4939.58 3562.01 2.57 6604.3 8609.93 2.33 91.18 1.78 3.35 2.74

Unk_Q8BL48 SSLAPGSYKKAPGFER Q8BL48;405 high 132.0 138.0 139.7 140.7 12723.7 9757.3 29505.0 13855.0 4521.7 4619.0 954.0 1484.7 15561.7 19949.7 15974.0 12945.3 21321.7 2795.7 1946.7 29242.3 11725.0 12103.0 13425.0 26079.0 1.5 1102.76 258.26 5.49 9.24 127.53 188.25 8.55 10.04 11.14 4.63 4.71 7.68 25.68 14.69

Slit1_Q80TR4 SSLKLSKIPERIPQST Q80TR4;527 medium 154.0 130.0 136.7 127.0 10292.7 4986.0 19698.3 52136.7 1061.3 4512.0 546.7 1081.0 15296.0 6376.0 16563.3 5537.0 15635.7 1070.5 2129.3 21157.0 8404.3 6553.7 13849.3 27379.3 1.4 832.64 733.25 3.54 1.65 124.44 571.83 3.68 2.09 3.94 2.18 1.54 1.65 4.27 2.94

Phf10_E9Q5L7 SSQDLSFSYYPAENLI E9Q5L7;59 high 139.3 131.0 127.7 129.0 3342.3 1412.0 6576.7 3226.7 743.7 627.7 323.3 513.5 6808.0 4282.7 5560.0 2780.3 5183.3 807.3 582.3 8251.3 2590.0 2474.0 2057.0 8887.3 1.2 1.53 2.23 2.6 6012.64 2800.3 2.21 1.97 2.21 4.35 2.56 2.18 1.46 1.96 5.12

Vps13c_Q8BX70 SSVKLLRPQGPS Q8BX70;3737 high 127.7 127.7 147.3 121.7 2184.7 1751.7 8424.3 5005.3 936.0 593.7 7310.0 950.7 10568.5 6329.0 7028.3 2669.7 11376.3 1771.3 434.3 11625.7 5237.3 6647.7 3194.3 10229.3 9.9 1626.18 561.17 1378.21 8.6 983.49 1907.45 703.41 3.41 18.02 30.05 22.64 10.28 20.32 6.47

Plekha5_A0A0N4SWF5 SSVKYKSEEEEVVPPR A0A0N4SWF5;417 high 119.7 131.7 127.0 123.3 2628.3 1157.0 7606.0 2425.3 521.0 432.3 4132.5 3578.7 8045.7 5900.3 7771.3 2613.0 9680.0 430.5 379.3 13765.0 3705.3 2617.3 2583.0 10030.0 5 8160.09 3076.35 142.81 17.93 3203.67 10281.01 247.5 44.47 86.76 31.82 15.96 21.9 5.75 2.32

Top2b_Q64511 SSVKYSKIKGIPKLDD Q64511;437 high 128.0 138.3 188.0 138.3 14938.0 52667.0 8926.7 59956.3 2860.3 2942.0 26633.0 2698.0 23155.7 8534.3 15503.0 8679.7 6052.0 3222.0 1740.3 6044.3 5196.7 10446.7 7805.0 7489.7 19 16318.99 13689.42 3.23 10.74 2681.67 9826.7 42.96 208.99 134.52 8.64 2.29 2.49 4.02 2.04

Lemd3_Q9WU40 STLYKLHDRLAQIAGD Q9WU40;539 high 140.7 145.3 147.0 175.7 58786.7 15291.7 24316.3 28968.7 8870.7 8385.3 3211.7 3988.7 26572.0 24982.0 27789.3 22678.0 20992.3 3476.7 5215.0 22676.7 14205.0 10878.0 12433.3 24395.7 1.5 1.87 4.38 1.89 13601.09 9345.11 3.28 6.2 1.88 3.79 3.23 2.37 3.12 2.12 22.45

Snx8_Q8CFD4 SVEFALLADRAAQQGK Q8CFD4;287 high 150.3 135.3 145.3 130.7 59866.0 21469.7 27787.0 15776.7 4112.0 2963.0 1909.0 1753.7 21343.0 17038.3 22471.3 14450.0 23545.7 4728.0 2626.0 27127.7 10694.7 10791.0 14084.7 26211.0 1.4 2.02 2.25 2.67 31133.75 12008.56 4.4 66.48 2.18 3.23 3.45 2.05 3 3.97 2.38

Ubqln4_Q99NB8 SVKEFKEEISRRFKAQ Q99NB8;33 high 189.0 199.3 168.0 191.3 13760.7 19059.7 30705.3 25095.0 6268.7 4296.0 9612.3 3304.0 25047.7 22151.3 26919.0 20482.7 25246.7 4138.0 3657.7 30536.3 16327.0 10329.3 13185.7 29464.3 1.1 2407.81 2424.63 5.61 2.74 1255.76 3318.76 25.83 2.29 5.15 3.83 2.47 2.3 2.87 5.13

Mdm2_P23804 SVKELKEETQDKDESV P23804;409 medium 130.7 123.7 139.3 124.3 1685.3 941.0 4078.0 1497.7 463.0 387.0 250.7 459.0 5113.7 4510.0 4657.0 2060.3 5549.3 418.0 396.7 7650.0 2324.0 2601.0 808.0 7426.3 1.9 709.53 678.01 4.98 1.91 532.73 853.74 75.83 3.18 12.92 10.38 2.34 1.41 2.41 2.56

Ofd1_A2AEG2 SVKHMKEVELELESVK A2AEG2;401 high 125.0 132.0 134.7 121.7 3075.0 1541.7 8872.0 2801.0 621.3 335.3 270.7 449.7 6145.0 5152.0 6319.0 2360.0 10020.3 612.3 509.3 12682.3 3809.0 3337.7 3155.7 11683.7 3.2 4582.68 2026.12 13.85 2.86 2405.97 2754.17 82.77 16.49 22.4 6.6 8.83 2.85 2.72 1.63

Pla1a_Q8VI78 SVKITIPKQQLEGRGV Q8VI78;369 medium 142.0 123.3 150.3 137.0 5716.3 3597.0 12805.7 6374.3 3068.0 791.0 31996.0 15268.7 13372.7 4282.0 13413.3 3471.7 7019.0 4593.7 4108.3 9663.0 5224.3 4299.7 5784.3 11999.3 1.1 457.42 388.79 34.41 7.99 156.54 526.98 59.73 9.52 5.86 3.23 5.41 4.09 9.88 2.11

Atp13a5_D6RHM2 SVKLHKLVEEHNKVQV D6RHM2;249 high 135.0 142.0 146.3 130.7 3847.0 3690.3 15957.0 6725.3 1475.3 1055.7 8652.7 5266.3 23668.0 19304.0 23839.7 12903.3 21442.7 3770.0 3855.7 25087.7 10524.0 10234.7 12713.0 23517.7 1.4 13019.76 9128.31 28.66 3.84 5234.34 14966.74 36.08 7.97 7.18 4.77 2.1 1.49 4.13 1.63

Nefm_P08553 SVKVSLEKDTKEEKPQ P08553;685 medium 137.7 127.5 142.3 145.0 1305.7 914.3 3634.3 1992.7 1502.0 382.0 19147.0 8896.0 3641.0 2496.7 4660.0 1630.0 1755.3 2291.3 642.3 2434.7 1407.7 1999.3 1602.3 3470.7 6.2 524.07 66.38 29.02 2.09 132.38 118.44 92.07 4.03 4.07 4.85 3.02 1.26 2.32 4.12

Fndc3b_Q6NWW9 SVKWDAPKDNGGSEIP Q6NWW9;593 medium 135.0 142.7 129.3 131.7 5575.3 2580.3 12252.7 4523.7 1509.7 921.7 7544.0 3088.0 9441.7 5099.7 8868.0 3277.0 7970.0 2150.3 1243.7 10314.7 4414.3 3408.0 4894.7 12936.7 14 107.53 145.32 695.61 8.14 42.44 18.82 200.62 22.23 8.16 2.97 3.21 5.59 3.85 9.98

Zmym5_Q3U2E2 SVKYSKLKSDLENKTN Q3U2E2;597 high 169.0 137.3 139.7 133.3 3894.3 37696.3 7495.0 22288.3 1610.7 709.3 15578.3 6537.3 18731.3 4806.7 12467.3 3041.0 3825.0 2092.7 1219.7 8186.3 2906.3 3835.3 2760.7 6818.0 2.4 8571.61 5941.67 3.09 2.12 1127.27 6237.11 27.99 89.82 57.16 2.79 1.53 1.88 4.92 5.84

Mtmr7_G3UYZ2 SVLVHCSDGWDRTAQV G3UYZ2;169 high 148.7 131.7 142.7 139.3 7741.3 3005.7 10704.0 3346.7 1797.0 909.3 670.3 1413.3 10052.3 7615.7 9623.3 5509.0 5811.0 1487.3 1343.7 6337.7 2996.0 2527.0 3974.0 10131.7 1 1.73 6.88 2.33 2834.15 3264.9 2.52 1.44 3.85 4.93 2.73 2.85 4.15 1.76 8.85

Ccnd1_P25322 SVSYFKCVQKEIVPSM P25322;41 medium 144.3 150.3 143.0 150.0 2121.7 4513.7 4206.0 4717.3 1070.0 762.0 1892.3 748.0 4894.3 14459.0 4279.3 7666.0 2480.0 876.7 828.7 2751.7 1852.3 7112.3 2375.7 4091.0 1.2 756.24 279.18 10.89 5.18 353.56 554.81 1.73 4.73 6.89 3.12 1.47 1.78 2.11 1.94

Necab3_Q9D6J4 SWSPSWSPGSSDTGRS Q9D6J4;193 high 135.0 122.7 147.0 142.7 25255.0 13668.7 26673.0 12286.7 7483.7 1820.3 837.3 1756.0 29384.0 12172.3 30959.7 7495.7 21213.0 2992.3 2125.7 30424.3 15408.0 10954.3 12285.3 26845.7 2.6 3454.89 1156.57 1.95 14412.07 7873.06 2020.51 2.43 4488.5 4432.41 2.78 248.02 2.73 2.96 8.04

Junb_P09450 SYFSGQGSDTGASLKL P09450;67 high 138.7 132.7 137.3 135.7 16599.0 8904.3 14099.3 6587.3 3301.3 1408.3 344.3 641.3 10550.0 5504.3 10994.3 2864.7 7818.0 914.3 600.3 17082.0 6969.3 3854.0 3255.3 14784.3 1.1 4585.84 972.09 2.65 20120.56 10663.37 1680.28 5.08 3947.99 3306.85 3.8 9.66 1.09 8.12 3.46

Bop1_P97452 TDEQVALVHRLQRGQF P97452;183 139.0 178.7 446.3 221.0 21147.0 16202.3 35500.3 33487.0 12568.7 9902.3 1973.7 5572.7 35737.3 34612.7 41759.0 25485.7 46527.7 8143.3 7181.3 45332.3 28443.7 18785.3 23370.0 40025.0 1.1 1.8 3.27 2 1.47 1138.69 2.83 2.51 2.37 2.79 2.16 1.77 1.28 1.86 1.91

Wnk2_Q3UH66 TFKFDLDGDAPDEIAT Q3UH66;1163 high 143.7 132.3 137.7 128.3 3717.3 1170.0 8070.3 4472.3 557.0 519.3 287.0 747.0 5373.7 4817.0 6107.7 3087.0 3596.3 549.0 403.3 6196.3 2725.0 2486.0 2479.3 6944.7 1.2 10.93 9045.53 2.88 348.22 4514.17 2.41 32.41 191.17 246.14 2.56 1.75 1.86 4.12 2.01

Obscn_E9QQ96 TGLAPTDSGRYTCQVS E9QQ96;5841 high 124.3 156.0 151.3 111.7 19433.7 12721.3 19546.7 9425.3 12848.0 3038.0 283.5 618.7 20759.0 5683.0 19314.0 3724.7 15187.7 1073.3 663.3 19060.3 10594.3 7459.0 5685.7 21795.7 2.5 4869.75 1487.63 3.11 6581.43 3267.57 731.74 3.59 490.58 713.61 3.28 4.64 2.68 2.03 15.5

Snx15_Q91WE1 THRNLFRRLEEFPAFP Q91WE1;65 high 423.7 443.7 1488.3 370.3 25388.3 26961.3 31087.3 50746.0 17759.7 17673.7 6583.0 12042.3 42447.7 39716.7 51909.0 52589.3 47121.0 13990.0 16484.7 39158.0 37468.0 18151.0 32702.7 38137.0 1.3 61.65 9.6 2.25 428.22 2636.14 103.81 9.2 3 2.48 3.18 1.69 1.34 4.01 15.25

Arhgef15_Q5FWH6 TKAWEGDRPEGAPLNA Q5FWH6;315 high 127.3 132.7 146.3 140.0 8641.3 4227.7 19627.0 6905.0 1536.7 719.7 249.7 897.3 13518.7 5961.0 11238.0 4725.3 16343.0 1408.7 1081.3 18437.0 7447.7 5049.7 5069.7 20352.0 1.2 1424.91 1215.33 3.95 6042.96 5429.64 202.26 2.61 2.5 8.24 2.38 1.83 1.62 2.11 6.63

Map1s_Q8C052 TKPRVSQNGPRAPVLA Q8C052;527 everywhere 129.0 132.3 136.3 135.7 5427.7 2940.7 14933.7 4531.3 831.3 880.3 262.0 817.0 12069.0 8940.0 12249.0 4799.0 18887.3 703.5 418.7 19728.3 6408.3 6862.7 6995.7 18030.7 580 1658.94 1008.4 720.04 950.01 716.38 1305.65 1517 1077.32 1310.28 1499.16 1071.1 961.74 987.79 930.73

Ttn_A2ASS6 TLEIRNAAVSDSGKYT A2ASS6;34979 high 140.7 112.7 121.7 142.3 12902.0 11567.0 23803.7 8778.3 12535.0 2015.7 420.0 692.3 15334.5 5156.7 11167.0 4500.7 14448.0 478.5 457.7 18013.0 11002.0 5007.0 4786.0 16024.0 1.3 4896.78 116.13 5.53 4865.91 5513.7 1360.34 5.45 1927.62 1958.26 2.2 8.03 2.36 3.28 5.54

Hmcn1_D3YXG0 TLHIRRAEVSDTGQYV D3YXG0;3113 high 138.0 142.0 168.0 141.3 40178.7 35597.3 37580.0 27919.7 25368.3 7208.7 1261.0 3397.0 32429.0 21056.7 40707.3 16567.7 38315.0 2648.5 4206.0 39649.3 29423.7 17966.7 21490.0 38056.0 0.98 2220.48 805.59 2.91 2900.74 3586.33 628.15 5.6 1828.51 1713.95 2.1 1.67 1.46 2.38 2.51

Cntnap2_Q9CPW0 TLIPRGVFLENLGNTD Q9CPW0;829 low 126.0 133.0 158.3 130.0 11247.7 6818.0 21019.3 13506.3 2842.3 1669.3 770.3 1737.7 19313.3 17043.0 16877.7 12271.7 19341.7 1946.3 2548.0 22358.0 9136.7 6166.3 8607.3 23382.3 1.6 7.52 17.22 7.12 30.52 23.9 26.37 88.2 85.13 69.85 8.96 213.41 67.51 23.58 161.01

Ttn_E9Q8K5 TLSSLEPSDTGAYTCV E9Q8K5;6793 high 125.0 139.3 145.0 124.3 8818.7 3273.3 10949.7 2367.3 1658.0 783.3 418.0 510.3 5829.0 4050.3 5733.3 3485.3 4224.7 731.0 759.0 8644.7 3416.3 2829.3 2115.3 7793.7 1.1 2908.5 1331.06 9.2 1694.28 2496.48 512.88 1.79 1661.85 1543.57 1.97 9.15 2.16 2.19 2.29

Ttn_A2ASS6 TLVFTQVDSSDSGEYI A2ASS6;8905 high 119.0 126.0 142.7 143.3 1847.3 1584.3 5552.0 1767.0 555.3 519.7 255.0 549.7 6960.0 4075.0 4833.3 2687.3 4394.7 478.0 424.3 6383.7 2675.3 2694.3 1513.0 6443.3 1.1 5643.82 3758.48 6.92 1016.7 6520.44 1882.34 1.34 4913.14 4196.19 2.42 30.55 1.69 3.33 2.54

Vdac3_Q60931 TSGHAYTDTGKASGNL Q60931;43 high 131.7 132.3 132.0 108.7 9364.3 5106.0 15398.7 5773.0 2195.0 1347.7 251.3 516.7 13155.5 5088.3 5693.5 3096.3 12609.3 452.5 410.7 16616.7 7049.3 4323.0 3754.7 14249.7 4.9 430.03 34.87 2.07 19432.73 5210.96 2.86 1.66 32.11 23.92 4.16 2.62 3.7 3.02 1.88

Kcnv2_Q8CFS6 TSLLDGHNDTPAQMST Q8CFS6;91 high 132.3 117.3 129.0 125.7 9539.3 4478.3 20139.0 5490.0 2202.3 1055.0 331.0 882.0 10878.3 5029.7 11603.3 3816.0 12049.0 997.0 602.7 16185.0 5867.3 4238.3 8058.0 18691.7 1.2 2 1621.18 2.08 522.33 1516.63 2.73 2.92 420.53 571.04 3.31 1.92 1.92 1.64 1.41

Ift80_Q8K057 TSVKRFGKEEQIIKLG Q8K057;491 high 138.0 136.7 166.3 146.0 9384.3 6009.0 17278.0 8066.3 2686.7 1220.0 21482.7 1810.3 18733.7 12594.3 21973.7 8458.3 12967.3 3292.3 1307.7 16663.7 6491.7 7192.7 11428.7 17431.3 1.8 2842.03 884.76 46.66 1.28 792.58 2526.75 207.87 27.86 6.68 5.14 10.99 19.32 10.19 3.38

Syn1_O88935 TSVSGNWKTNTGSAML O88935;329 high 128.0 121.0 149.3 124.7 4021.3 2196.0 20250.7 2936.7 1367.7 543.0 22698.3 1169.0 4676.0 3744.7 4099.7 2061.7 5126.7 2897.7 834.7 8595.7 2719.7 2386.0 6258.3 9412.7 3.7 4255.41 304.62 6.27 31.4 720.72 793.7 102.94 7.36 59.98 24.21 19.2 15.34 19.69 12.8

Ogdh_Q60597 TTFIGGQEPALPLREI Q60597;191 high 121.7 137.3 124.7 138.7 8869.3 3399.3 15157.0 5296.7 1542.3 1200.0 734.3 1039.7 10086.7 13344.7 9750.0 7193.0 15028.3 1829.0 1129.7 20691.3 6064.3 5068.0 5572.0 21880.7 0.97 2.09 2.94 3.81 2103.36 1150.77 1.86 2.44 2.03 3.64 2.64 4.07 3.73 7.55 2.08

Slx4_Q6P1D7 TTGRQIEDRVAQLLSE Q6P1D7;303 high 135.7 142.3 137.7 130.3 7889.3 4598.7 15028.0 6697.0 1019.3 1021.0 1623.3 1033.0 17296.0 6238.7 15281.7 5598.3 14178.0 667.0 831.3 16374.3 5520.7 5468.3 6213.3 19833.3 1.5 2.38 2.6 8.71 9044.48 5972.4 3.01 1.77 6.49 3.54 3.81 1.58 1.94 1.98 2.12

Col19a1_Q0VF58 TVKIFPKGLPEEYAIA Q0VF58;85 high 145.0 131.0 155.7 154.7 5959.0 6112.3 7296.0 10866.0 3069.3 1975.3 1473.7 1849.3 13350.0 6547.0 9017.7 6747.0 4301.0 1672.3 1651.7 6068.7 6299.0 13441.0 3808.7 9015.7 1.3 9051.05 2092.45 2.15 1.56 2844.87 3173.79 3.22 2.26 2.62 2.3 2.84 1.51 1.7 1.57

Whrn_Q80VW5 TYSMVSYSDTGSSTGS Q80VW5;517 high 133.7 128.0 139.0 120.0 11850.0 5219.0 11617.0 3168.0 2442.7 436.3 252.7 438.0 6361.3 3859.0 7822.3 2966.3 6146.7 637.0 417.0 12911.7 5424.3 2574.7 3706.7 10690.0 1 1121.18 210.42 4.37 2128.03 883.96 681.6 2.89 384.13 335.72 2.72 2.07 1.21 3.47 4.25

Ms4a10_Q99N03 VAQGHSSSDTGRALAT Q99N03;227 high 147.0 139.3 141.3 120.3 12760.3 10964.0 14837.7 5015.0 2277.0 793.5 230.0 432.3 9845.7 6252.3 9648.7 3236.5 17004.3 448.5 328.0 28969.0 10483.0 5133.0 3414.0 17959.7 42 18115.8 14712.57 3.38 16749.53 20386.93 9104.89 2.45 16739.56 15717.46 2.64 690.69 1.55 5.14 28.7

Numa1_E9Q7G0 VASKLPRTQPDGTSVP E9Q7G0;1719 everywhere 119.7 139.7 141.3 130.7 8229.3 4633.0 17180.0 6033.5 1442.7 912.7 1211.3 1340.3 8381.0 5018.0 8629.0 3421.0 14196.3 1448.7 1012.3 15980.0 4647.3 4429.7 7922.7 20110.7 360 293.39 64.62 37.66 3.65 80.69 105.45 213.33 198.8 188.79 437.55 185.09 153.49 119.68 185.71

Nin_Q674R4 VDELQSELEEYQAQGR Q61043;551 no signal 120.0 127.0 122.0 113.7 3500.3 1278.0 6435.0 4096.7 518.0 479.3 242.3 562.3 6779.7 4040.3 6371.7 2431.3 6397.7 499.3 538.0 7745.3 3131.7 2480.7 2128.0 8686.0 1.7 1.71 2.35 2.61 2.2 2.43 1.52 2.97 1.56 3.7 2.47 1.77 2.35 2.81 1.61

Ttn_E9Q8K5 VDSSDSGEYICRAENS E9Q8K5;8017 high 146.7 132.3 121.3 132.7 2426.0 1792.0 7746.0 2834.7 665.7 456.0 285.3 523.0 7110.0 5703.3 7360.0 3977.7 7647.7 565.0 476.3 10831.3 3834.7 3405.3 2561.7 9315.3 2 7263.41 4571.13 3.88 463.82 5671.35 4656.16 6.35 6316.83 6617.71 8.1 189.96 2.15 2.33 4.3

Prepl_Q8C167 VEHRDDELYILTNVGE Q8C167;301 no signal 126.7 125.0 121.3 135.7 1808.0 1068.3 5225.0 1855.0 478.0 410.7 238.7 518.3 5742.3 5193.7 5499.3 2279.0 6770.3 429.0 325.7 7690.7 2159.0 2590.0 1947.3 8225.3 1.1 1.41 2.36 1.64 8.24 2.41 2.31 4.88 2.04 2.91 2.34 1.54 1.28 2.23 1.68

Efr3b_Q6ZQ18 VEKPRLSQNLDGVVIE Q6ZQ18;637 medium 137.7 144.7 126.0 120.0 4003.3 1743.7 10665.3 3548.3 918.0 569.0 232.0 573.3 9023.7 6053.7 8401.7 2257.7 10687.3 459.5 472.7 15380.0 5251.7 3721.3 2944.0 12986.0 250 522.27 110.72 256.7 244.79 118.8 315.86 317.88 195.81 322.04 787.37 406.3 200.17 323.66 293.41

Galns_Q571E4 VFFTSDNGAALISAPN Q571E4;281 high 133.0 129.0 139.0 127.3 9845.7 8858.7 11971.3 7825.3 3034.7 1403.3 287.7 607.0 9139.0 5407.7 7316.7 2878.3 5535.0 754.7 825.3 10356.0 6391.7 3173.7 3144.3 11380.0 1.1 1414.93 234.12 1.82 3329.1 1415.17 142.25 1.79 250.66 290.89 3.09 2.21 2.02 2.12 3.69

Dhx37_Q6NZL1 VFGDFEQFPPPEITRR Q6NZL1;681 medium 131.7 135.3 144.0 120.0 11450.7 6253.0 24768.0 21104.7 3297.3 2611.7 852.0 2032.7 18716.3 12117.3 18133.7 9581.3 24394.7 2222.5 2524.3 27103.0 11738.3 7251.0 7271.3 25173.7 1.5 6.24 58.68 4.38 524.03 163.23 8.14 3.29 5.29 4.67 6.75 14.71 2.71 3.1 4.88

Ptk7_Q8BKG3 VFVTIAESDTGVYTCH Q8BKG3;369 high 150.3 143.0 156.0 136.7 10887.7 3726.3 8831.0 3228.0 1284.0 505.0 266.3 582.3 6415.7 5812.7 6441.0 3441.0 4290.7 605.0 783.0 7670.3 2675.3 2857.0 2200.7 6576.7 1.2 5112.92 2522.84 1.74 2377.88 6236.91 3743.95 1.44 3356.66 3984.42 2.16 86.42 1.34 2.37 3.5

Ttyh3_Q6P5F7 VGFYGNGETSDGIHRA Q6P5F7;103 high 136.3 135.3 145.3 125.3 8392.0 5816.0 23775.0 9816.0 2013.7 1262.3 694.0 1276.7 15255.3 9698.3 15566.3 8068.3 22601.0 2000.7 1601.7 25909.0 9394.0 6782.3 8207.7 23407.3 1.5 1867.18 135.72 9.94 3.13 282.53 723.63 1.6 2.91 4.34 4.77 1.72 2.73 3.42 2.89

Nrg3_O35181 VGSVKEYVPTDLVDSK O35181;91 high 137.0 121.0 138.3 140.3 6264.0 2679.3 13989.3 4617.0 1075.3 1084.7 5778.7 981.3 9679.7 5509.3 8492.7 3853.0 19218.0 2141.0 1163.3 12806.0 4962.3 4445.0 4611.0 14529.0 1.8 2916.52 2702.57 15.89 1.74 678.78 1110.25 8.11 3.48 7.63 3.51 2.39 1.36 2.03 1.56

Hmcn1_D3YXG0 VISDAGVYTCAATNIA D3YXG0;1231 high 128.3 139.7 132.3 134.7 8270.3 3794.7 7668.3 3083.0 3704.0 859.0 422.7 454.7 5479.7 2907.0 5719.7 1890.7 2593.7 501.7 506.0 4652.0 2388.0 2244.0 1594.7 5188.7 1.1 104.68 11.63 2.11 4157.38 384.77 15.71 2.73 30.15 13.17 2.2 2.27 3.13 2.13 2.43

Jmjd7_P0C872 VLYVQKQCSNLPTELP P0C872;125 125.3 133.3 161.0 145.3 1781.0 1346.7 3849.7 1812.3 1541.0 912.7 1015.7 1422.7 2535.0 2280.0 2712.3 2367.3 2191.7 1465.0 1010.3 2877.0 1960.0 2628.0 2042.7 3124.0 1.2 2.03 1140.35 3.97 6.28 3.86 2.05 4.3 4.22 2.34 2.5 1.99 4.75 2.51 2

H2-K1_P01902 VMKMRRNTGGKGVNYA P01902;327 everywhere 147.0 165.0 224.3 164.7 10856.7 7034.0 12781.7 10545.3 2066.3 2268.7 679.0 1352.3 26569.3 31690.3 28958.0 16103.3 17518.7 1478.7 1220.3 13620.3 8516.3 16982.7 11074.0 14754.3 590 584.33 335.69 281.46 194.68 158.2 167.59 92.67 112.84 125.73 93.86 103.91 129.87 138.2 112.83

Thnsl2_Q80W22 VNYHYQQTDSGQSSIR Q80W22;397 high 115.0 143.3 144.0 133.7 18544.7 10621.7 23668.0 13400.0 10806.3 3281.7 679.3 1043.3 17062.0 11340.7 16342.0 8020.7 21522.3 2010.0 1193.7 24533.7 12549.7 9110.0 9083.3 24396.0 1.3 135.74 3.72 2.93 6053.98 2292.81 80.42 1.36 77.87 53.87 5.26 2.49 1.16 2.07 3.8

Trrap_E9QLK7 VPPFEKQGEKDKEDKQ E9QLK7;525 high 128.3 125.0 143.7 121.7 3852.0 2521.3 11224.7 3944.7 853.3 2626.0 269.7 677.0 8405.0 5706.7 6991.3 3362.7 9244.3 1126.0 853.3 14791.7 5029.0 3382.0 4287.7 13639.0 1 1387.47 435.12 4.17 19.79 224.64 52.22 5.49 2.19 8.72 1994.4 1.82 1.5 8.37 2.13

L1cam_P11627 VQWRPQGKQETWRKQT P11627;751 medium 121.3 134.0 134.3 137.7 17484.0 10729.0 29124.7 14133.7 5970.3 6073.3 1492.7 2647.7 22611.0 21802.3 29837.7 12576.3 32074.7 3159.5 3482.0 30481.0 17573.0 15715.0 19355.3 28869.7 48 121.83 388.82 51.92 64.04 42.81 49.86 82.58 137.61 100.04 30.66 58.81 39.02 80.26 52.32

Fbxl7_Q5BJ29 VSDTGLESLALNCFNL Q5BJ29;415 high 124.7 134.7 144.3 146.0 6376.7 2448.0 9104.7 5182.3 1158.3 1118.0 265.0 406.7 5028.3 5774.0 4920.7 3051.7 2878.0 454.0 351.0 4136.0 2826.3 3171.7 1383.3 4406.7 1.5 1692.58 128.58 2.43 1012.63 1202.96 675.71 3.28 1779.48 1963.53 2.9 15.41 2.4 2.08 92.07

Hmcn1_D3YXG0 VSDTGQYVCRAINVAG D3YXG0;3121 high 143.0 132.0 158.7 140.3 14305.7 5470.7 12607.7 5009.0 1661.0 675.3 414.7 591.3 11475.3 9025.0 12005.0 4313.0 9931.7 918.3 544.3 13302.7 4796.3 5261.0 3723.7 12306.0 1.1 8165.03 1290.72 2.83 4256.92 4653.97 1079.89 2.93 880.64 1394.92 3.97 3.38 1.51 5.03 3.61

Vsig10l2_A0A140LHF2 VSKPRVQLNDPSPVEG A0A140LHF2;147 everywhere 146.3 119.0 130.7 136.0 5738.0 3710.3 14703.0 4555.3 1106.3 1103.0 513.3 657.0 11330.7 4413.7 11295.3 3419.7 12235.7 787.0 640.3 15808.0 5039.7 3666.7 7419.7 16877.7 4100 3928.18 2415.94 3457.7 3555.17 3276.96 3549.17 3150.71 3121.78 3099.67 4337.09 3011.2 2662.02 3421.01 2942.54

Wnk2_F7BQG5 VTFKFDLDGDAPDEIA F7BQG5;42 high 136.3 127.7 126.0 130.7 1890.3 876.0 1883.3 1404.3 474.3 360.0 257.0 483.7 3197.7 3283.3 3865.0 2051.7 2548.0 396.0 367.3 3282.0 1567.0 1979.3 944.7 2677.7 1.2 2.72 4016.79 2.15 177.28 1969.32 1.42 13.29 128.61 210.95 2.74 2.56 3.13 4.88 1.79

Pax3_P24610 VTGYQYGQYGQSKPWT P24610;463 low 132.7 129.3 150.7 124.0 7785.7 5588.3 19891.3 7690.3 4308.7 1338.0 1631.0 1647.7 9735.7 11046.7 9436.7 7048.7 12745.0 2504.3 2599.3 20443.0 7313.0 5252.7 9465.3 22447.0 2.3 34.6 6.65 2.9 15.87 3.96 4.94 23.64 2.69 40.91 4.91 3.43 1.51 2.88 3.23

Ptk7_Q8BKG3 VTIAESDTGVYTCHAS Q8BKG3;371 high 139.3 143.3 159.3 138.7 16397.3 10133.3 14386.7 3736.7 2549.7 1094.3 427.0 839.3 8291.0 6694.0 8982.3 3848.3 7357.7 861.3 989.0 13548.7 5163.0 3917.7 3650.7 13052.0 0.97 6568.48 3578.12 3.06 3310.49 4763.95 2202.94 3.8 3407.11 3885.73 3.09 137 1.75 2.74 4.54

Mtmr2_Q6P572 VVVHCSDGWDRTAQLT Q6P572;341 high 137.0 149.0 140.7 136.3 8189.3 784.7 1690.7 1080.7 880.0 547.3 788.0 987.3 2372.7 2091.3 2234.7 1433.3 1540.7 893.7 786.7 2020.7 1147.7 1740.7 850.3 1990.3 1.1 1.98 2.79 4.93 6859.51 2982.89 1.88 2.74 1.87 5.96 2.52 7.99 1.44 3.25 2.66

Crat_B7ZDD9 VYPAVNWTALSDTGLA B7ZDD9;11 high 135.3 141.0 133.0 135.3 12619.3 6280.7 19418.7 7771.0 2518.3 1208.7 378.3 1119.7 13276.7 10333.3 11023.0 6826.0 12358.0 1599.0 1391.0 17377.7 7418.0 3773.0 5158.0 17265.0 2.6 3353.91 800.05 2.58 2172.41 3530.17 1133.8 3.58 1484.5 2958.6 2.3 44.17 1.17 2.25 3.07

Trpc1_Q61056 WFGQMSGYRRKPTCKK Q61056;335 low 254.3 283.7 253.0 220.0 6822.3 12993.0 7026.7 24459.7 4909.3 2866.7 1026.3 1454.3 8680.0 63940.7 10669.3 39791.7 24466.0 1553.0 1533.0 3538.3 5382.7 64711.0 21965.7 7252.3 5.4 57 14.52 49.54 52.46 41.07 43.88 73.37 61.35 56.5 27.45 39.53 47.34 45.32 82.59

Eef2_P58252 WGDRYFDPANGKFSKS P58252;261 low 186.0 151.3 140.7 137.7 18983.7 12031.0 27699.0 21681.0 6347.0 5555.7 1695.7 3202.7 22643.7 22347.7 24133.0 14995.3 28381.3 5294.0 4673.0 29367.0 17426.0 14241.7 14347.3 29546.0 3.8 9.34 15.59 19.93 17.08 43.24 13.95 54 79.41 85.71 123.66 24.18 32.25 55.41 31.35

Exoc5_Q3TPX4 WRTPGGGSRGGPEAFD Q3TPX4;23 high 135.0 143.7 144.3 132.3 13073.0 7405.7 26522.0 16947.5 3919.5 2350.7 763.3 2284.0 21645.0 12274.0 23807.7 7342.3 31726.7 2819.5 2471.7 34235.7 14531.7 10902.0 10454.0 30334.3 1.1 2.77 6.08 2.84 1252.26 341.98 6.7 1.93 3.01 7.28 4.36 3.13 3.05 2.37 7.12

Plxna4_Q80UG2 WVERYYSDIGKMPAIS Q80UG2;1809 high 141.0 123.0 147.7 141.7 27926.3 14849.7 30767.0 20848.3 8423.0 7549.3 2927.0 3794.7 25449.0 21578.3 30545.3 18434.7 38585.0 6201.0 6841.3 31692.0 20298.3 10619.7 19244.7 35090.3 1.1 6.87 4.87 2.95 5280.43 1067.84 2.64 23.76 7.11 19.7 4.68 4.01 1.99 12.66 2.71

Eri2_Q5BKS4 YCCPVGKYQQDRKCCG Q5BKS4;617 low 221.3 208.7 213.3 212.0 3761.7 5046.3 4943.3 14139.3 5887.7 2084.0 1902.0 2106.7 10100.3 36454.3 10542.7 21894.7 8329.3 1970.3 1879.7 4411.3 3286.3 14721.7 5365.3 5918.0 6.4 38.62 31.4 10.23 36.33 5.49 5.19 144.96 73.9 112.05 63.82 2.19 9.65 40.84 13.09

Epha5_E9PUP9 YEEKNGTCQVCRPGFF E9PUP9;297 high 143.7 140.7 140.0 161.0 14222.3 13455.0 25471.7 22230.7 4791.3 2884.3 1091.3 2213.0 18118.0 20036.0 14523.3 12333.0 18765.0 2720.3 2345.7 24094.3 10276.0 7914.0 8979.0 23671.0 1.1 2474.31 337.93 2.68 12.8 555.34 1147.02 2.06 2.42 7.1 2.8 1.45 1.14 3.73 2.2

Trgv5_A0A075B5Y9 YGSVKTYKQDKSHSRL A0A075B5Y9;51 high 186.7 210.3 232.3 154.7 8627.0 9667.3 13663.0 15202.3 3514.3 3649.7 13677.3 1775.7 14716.7 32409.3 15723.7 19800.7 13434.3 2167.0 1697.7 12087.7 5846.3 14916.3 9977.7 14292.7 1.2 9103.44 3742.8 4.68 4.74 2759.34 6494.38 8.38 88.36 68.22 14.95 2.5 2.36 5.77 6.97

Nell1_Q2VWQ2 YIHGGKPRTEALPYRM Q2VWQ2;129 low 376.7 319.0 280.0 295.3 22799.3 17699.0 31968.0 31333.0 10914.0 8960.0 2799.7 4444.0 33095.7 51919.0 46320.3 44035.3 36267.7 3794.0 5352.0 34395.3 24328.3 21706.7 30145.7 37777.3 51 92.16 136.72 55.06 75.76 5.44 102.59 96.55 91.23 133.54 149.8 79.83 70.73 123.51 115.6

Mob3a_Q8BSU7 YIHHFDRIAQMGSEAH Q8BSU7;167 high 141.0 145.3 151.3 140.7 39111.7 37093.0 32710.0 48682.0 22797.7 14575.0 7441.0 11076.3 30136.0 42489.3 46532.7 43560.0 42953.3 12504.7 17693.7 30197.0 30251.7 21755.3 36863.3 34927.3 1.1 2.1 2.63 3.26 9061.56 3078.17 2.83 5.1 3.82 6.14 3.59 2.39 1.18 3.37 1.75

Pxdn_Q3UQ28 YIQNVAQSDSGEYTCF Q3UQ28;395 high 131.0 127.3 157.0 151.0 11011.0 15178.3 17103.7 5721.0 6436.0 1099.3 394.7 594.0 9478.0 6671.0 8300.3 3568.0 9623.3 834.3 574.3 24783.0 4620.0 3109.7 2960.0 17932.0 1.8 14917.36 7394.98 2.58 3526.94 10545.6 8321.22 1.94 10428.68 12285.84 3.59 288.54 1.38 2.13 8.23

Arpc5_Q9CPW4 YKGFESPSDNSSAVLL Q9CPW4;111 high 143.7 130.0 144.7 145.7 11664.0 2734.3 14104.3 4147.0 1358.3 602.0 544.0 666.7 28259.3 6747.3 35716.0 5437.3 6809.3 1028.0 762.7 9565.3 3989.0 3034.3 3579.3 13608.7 1.2 2.02 3.07 3.09 11971.43 3048.48 1.9 11.81 2.17 3.09 2.26 2.46 2.41 2.27 2.09

Thnsl2_Q80W22 YQQTDSGQSSIRCCLA Q80W22;401 high 123.0 144.3 139.0 140.3 13943.7 7476.7 14115.7 8567.3 6100.7 2354.3 360.0 864.7 13058.7 9514.3 12552.3 5463.3 6348.3 842.0 722.3 9348.3 5068.0 4445.0 4315.0 11381.0 1.9 538.79 33.28 1.61 5952.67 1495.37 89.72 1.58 63.8 166.55 2.99 1.7 2.21 1.93 1.75

Vcl_Q64727 YRQDLLAKCDRVDQLT Q64727;537 high 146.3 135.7 133.7 132.3 48299.7 12047.0 30121.0 31951.7 4983.0 3529.3 1808.0 2530.3 21477.0 16666.3 21356.0 14098.3 23002.7 2939.0 3780.3 24919.0 11586.0 8229.7 8864.0 24481.3 2.3 10.2 4.75 3.21 8715.39 3419.75 8.38 6.77 4.1 5.43 3.45 3.58 1.46 3.38 3.34

Cntnap2_Q9CPW0 YSDTGRNWKPYHQDGN Q9CPW0;117 high 131.3 135.7 128.0 129.7 34304.0 35064.0 34617.7 24632.7 25948.3 10626.7 1153.0 2827.3 24350.3 16758.7 27002.7 11439.7 39578.7 5672.3 4578.7 60093.3 36683.7 16404.3 11915.7 47312.7 2.4 7047.19 1647.38 2.43 2605.16 3086.66 1177.56 13.65 2344.13 2475.57 6.47 65.82 3.38 3.19 6.27

Jmjd1c_A0A0A0MQ98 YSLSNTISASTPFECT A0A0A0MQ98;1409 high 127.7 149.7 160.3 137.0 4150.7 2199.7 9737.0 3290.0 1139.0 621.3 461.0 634.0 6712.3 4315.3 6729.3 3153.0 4224.3 862.3 801.0 8410.7 2777.7 2558.7 2946.0 8968.3 1.3 1010.66 846.74 22.06 14.27 780.28 647.56 3.46 2.44 3.44 2.59 1.76 2.51 2.48 5.74

Whrn_F7BB17 YSMVSYSDTGSSTGSH F7BB17;2 high 148.3 131.3 144.7 134.3 17160.3 13445.0 23918.0 7229.7 6521.3 1674.7 476.0 647.7 11911.0 5840.7 13382.3 4877.0 15144.7 1659.3 1155.3 21507.3 11182.0 5177.3 6811.0 17642.0 1.2 1066.32 114.9 2.49 4540.18 1558.44 380.06 2.01 301.23 331.33 3.57 2.69 3.74 2.69 2.04

Lrfn4_Q80XU8 YTCIATNPAGEATARV Q80XU8;349 high 141.0 123.3 129.3 127.3 2656.7 1702.7 8062.3 2348.7 640.0 339.7 358.3 395.7 4601.0 3140.7 4603.0 2069.0 7026.7 527.3 432.7 10216.0 3243.7 2240.7 2443.3 8442.3 1.6 2.65 2.41 8.59 1743.07 858.23 5.42 3.5 3.21 3.7 4.7 4.6 2.95 2.17 5.22

Wdr63_B2RY71 YTDWKMERDSDTGRLM B2RY71;677 high 130.3 137.7 139.7 148.7 18674.0 15325.0 30295.0 16604.0 13823.7 4758.0 808.7 1679.7 19855.7 13459.0 23956.7 10459.0 28586.0 2357.5 3047.0 30512.0 19260.7 12098.7 10914.3 27071.0 1.7 1826.38 187.24 2.43 2119.05 2895.51 1500.3 8.08 3645.69 4091.24 5.95 20.22 5.95 2.98 23.79

Nimble whole proteome peptide array 2
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signal strength 
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JPT peptide array results Nimble whole proteome peptide array 1
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Chapter 3: Prevalent binding motif in C57BL6 mice cured of B78 

melanoma via immunotherapy 

Preface 

This chapter highlights an interesting finding we came across when analyzing epitopes that were 

recognized by multiple mice as highlighted in chapter 2. We found that half of the analyzed mice 

exhibited antibiodies against an immunodominant motif consisting of four amino acids (SDTG). 

While most of the work is complete, some key questions are left unanswered. We have a few 

ongoing experiments to address these and will update the results as we are able to obtain them.  

One key limiting factor for this chapter was availability of mouse serum containing antibodies 

directed against SDTG-containing peptides to use for various experiments. We were able to show 

that additional mice injected with the same tumor cell line and treated the same way were able to 

generate an antibody response against some SDTG-containing peptides. These additional samples 

will be helpful for some of the planned experiments that will require larger volumes of serum 

containing antibodies against SDTG-containing sequences. We have tried many ways but have yet to 

identify the exact cause of SDTG recognition as well as what else besides SDTG causes antibody 

recognition of these peptides.  

We are planning to submit the manuscript later this summer to a peer reviewed journal and make it 

available on BioRxiv at the same time. It is tentatively titled and authored by: 

Hoefges A, Mathers N, McIlwain SJ, Tetreault K, Hampton A, Feils A, Tsarovsky N, Pinapati R, Garcia 

B, Patel J, Morris ZS, Erbe AK, Ong IM, Sondel PM. Prevalent binding motif in C57BL6 mice 

cured of B78 melanoma via immunotherapy. In preparation for submission; 2023. 
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Abstract 

Background: Using a high-density peptide array, we assessed potential protein-targets for antibodies 

detected in mice cured of melanoma through a combined immunotherapy regimen. Our goal was to 

identify linear peptide sequences recognized by anti-tumor antibodies produced in mice cured of 

melanoma following immunotherapy. 

Methods: Mice bearing B78 melanoma tumors were treated with a combination immunotherapy 

(local radiation therapy + intratumoral anti-GD2 mAb linked to IL2) capable of inducing an “in situ 

vaccine” effect (ISV), enabling mice to be cured of their tumors with long-term immune memory. 

Naïve (prior to tumor injection) and immune (post-rechallenge/after cure) sera were collected from 

these mice. Using flow cytometry, immune sera showed strong antibody-binding against B16 

(parental cell line of B78) and B78 melanomas. These sera were then used on a whole-proteome 

peptide-array with 16-mer linear peptides overlapping by 12 or 14 aa to determine specific 

antibody-binding sites, and data were analyzed using HERON (Hierarchical antibody binding Epitopes 

and pROteins from liNear peptides), a dynamic programming method that scans adjacent peptides 

to determine whether a peptide is bound by antibodies. Epitopes were selected if peptides were 

bound using immune sera but not bound, or bound significantly less, with the sera from naïve mice.  

Results: We identified many binding epitopes only present in immune mice. Among the epitopes 

found using our moderate binding category (namely the epitopes showing strong antibody binding), 

we noticed a repeating motif consisting of 4 amino acids (aa), SDTG, that was a component of over 

60% of epitopes that are well recognized by antibodies induced in at least 50% of the cured mice. 

Even though the epitope analysis indicated that this SDTG motif was a component of the peptide 

actually recognized on these 16-mers by these immune antibodies, this SDTG 4 amino-acid motif is 

not the only reason for antibody binding to these epitopes, as ~ 1/3 of the 16-mer peptides 
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including this SDTG motif do not show detectible binding. The specific aa before and the specific 2 

aas following the SDTG motif seem to be important for antibody binding. Using an independent 

cohort of mice, we were able to show binding of selected peptides containing the identified SDTG 

motif by serum from these additional immune mice.  

Conclusions: This motif might be an important piece in the immune response of some mice to the 

immunotherapeutically induced cure of syngeneic B78 melanoma. We are further investigating what 

causes binding vs. no binding to the motif, and if the antibodies against it originated as a response to 

one specific immunogenic protein vs. an immune response to multiple immunogenic proteins  

containing the same motif. The presence of antibodies against this motif might be a useful 

biomarker to predict response to our ISV regimen and might have the potential to be used for other 

immunotherapy treatments.  

Introduction  

Recent cancer immunotherapy has shown substantial clinical progress especially in melanoma. Even 

so, melanoma still causes about 10000 cancer-related deaths in the US alone. Current patients with 

late-stage melanoma still have a low 5-year survival rate (~30%) which reflects an improvement 

from the 5-year survival rate for comparable patients prior to the introduction of modern 

immunotherapy (~15%) (Albittar et al., 2020; Siegel et al., 2022). Current therapeutic measures 

include surgical resection and immunotherapy utilizing checkpoint blockade like anti-CTLA4 and 

anti-PD1 (Albittar et al., 2020).  

However, a 30% 5-year survival rate is not satisfactory, and many patients still do not show 

responses to current cancer immunotherapy treatment regimens (Chiriva-Internati & Bot, 2015; 

Patel & Minn, 2018).  
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Utilizing an in situ vaccination (ISV) regimen previously developed in our lab, consisting of local 

administration of radiation and an immunocytokine (IC), we are able to cure C57BL/6 mice with B78 

melanoma tumors with lasting protective immune memory (Morris et al., 2016). Within this 

treatment, the low-dose radiation acts on the tumor to increase immunogenicity by modifying the 

tumor phenotype and releasing immune stimulatory cytokines. The IC is an engineered fusion 

protein that contains an anti-GD2 monoclonal antibody linked to IL-2. GD2 is a surface antigen on 

many cancers of neuroectodermal origin, including melanoma and neuroblastoma (Navid et al., 

2010). Previous research showed epitope spread in mice cured of B78 via the ISV treatment, as 

demonstrated by rejection of the parental B16 melanoma cell line lacking GD2 expression 

(Haraguchi et al., 1994; Morris et al., 2016; Silagi, 1969; Silagi et al., 1972; Yang et al., 2012). Serum 

samples from these cured mice contained antibodies able to bind to the tumor cells,  which was not 

seen in serum samples from naïve mice (Baniel, Heinze, et al., 2020; Hoefges et al., 2023).  

To identify possible new antigenic targets that can be used in a therapeutic approach or as 

biomarkers, we utilized a whole proteome peptide array to determine the peptide targets of these 

antibodies found in the serum samples from these cured mice. In 2 recent manuscripts we detailed 

the immunologic methodology involved for detecting binding of these immune antibodies to 

thousands of peptides in the whole proteome array (Hoefges et al., 2023) and presented a 

bioinformatic analysis approach to determine which peptides, epitopes and proteins are well 

recognized by these immune serum samples (McIlwain et al., 2023).  

This paper evaluates the group of peptides found to be most strongly recognized by sera from six 

immune mice evaluated using this whole proteome peptide array. When we focused on those 100 

distinct epitopes that were most strongly recognized by at least 3 of these 6 mice, we found a 

dominant peptide motif of the 4 aa sequence SDTG, that was contained in roughly half of these 100 
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distinct epitopes. This manuscript presents the data identifying this immunodominant epitope and 

explores its possible meaning and implications.  

Methods 

Mice and in vivo tumor treatment:  

The treatment model used here has been previously described in detail (Baniel, Heinze, et al., 2020; 

Morris et al., 2016; Morris et al., 2018). In brief, B78-D14 (B78) tumor bearing mice were treated 

when tumors reached ~ 100 mm3 with a combination of 12 Gy local radiotherapy (RT), followed 5 

days later with 5 daily intratumoral injections of the hu14.18-IL2 immunocytokine (IC). For mice that 

were cured, after 90 days they were rechallenged with an additional injection of the B78 tumor, and 

mice that rejected the rechallenge were considered immune. At specific timepoints, as previously 

described in detail in (Hoefges et al., 2023), serum was collected via mandibular bleed using BD 

serum collection tubes. For select animals, a terminal bleed was obtained via cardiac puncture 

under general anesthesia, prior to euthanasia, to obtain larger volumes of serum from immune 

mice. Experiments were performed under an animal protocol approved by the Institutional Animal 

Care and Use Committee.  

Tumor cells:  

B78-D14 [“B78”, obtained from Ralph Reisfeld (Scripps Research Institute) in 2002] melanoma is a 

poorly immunogenic cell line derived from B78-H1 cells (obtained from Dr. Matthew Krummel at 

UCSF) which were originally derived from B16 melanoma (Becker et al., 1996; Binnewies et al., 2019; 

Broz et al., 2014; Haraguchi et al., 1994; Silagi, 1969). B78-D14 cells lack melanin, but were 

transfected with functional GD2/GD3 synthase to express the disialoganglioside GD2 (Becker et al., 

1996; Haraguchi et al., 1994), which is overexpressed on the surface of many human tumors 

including melanoma (Nazha et al., 2020). B78-D14 and B78-H1 cells were grown in vitro in RPMI-
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1640 (Mediatech) supplemented with 10% FBS, 2mMol L-glutamine, 100U/ml penicillin and 

100g/ml streptomycin. Mycoplasma testing via PCR was routinely performed.  

Nimble peptide array:  

The mouse whole proteome peptide microarray was designed and generated as previously 

described (Hoefges et al., 2023) and based on the protein set downloaded from UniProt in 

December of 2018 for C57BL/6 mice (The UniProt, 2017). Fluorescent intensity unit scoring and 

analyses for each peptide were analyzed as described (Hoefges et al 2023, McIlwain et al 2023).  

Peptide ELISA:  

For peptide ELISA, 29 separate JPT BioTidesTM Biotinylated Peptides were purchased containing a 

TTDS-linker and biotinylation at the N-terminus. The peptides were generated using SPOT synthesis 

(Nahtman et al., 2007). Peptides were synthesized from C- to N-terminus ensuring that only full-

length peptides will have a biotin at the N-terminus. Coating of streptavidin plates was performed 

per manufacturers instruction with a 250-fold dilution of lyophilized BioTides. ELISA was performed 

according to JPTs peptide ELISA protocol with the adaptation to a 384 well plate instead of the 

standard 96 well plate to conserve on serum samples. Neutravidin coated 384 well plates by 

ThermoScientific (#15400) were used. TMB incubation was set to 30min before adding of the stop 

solution and plates were read at regular intervals during TMB substrate incubation (reads at 655nm) 

and 1min and 3min after addition of stop solution (reads at 450nm). Optical density values were 

used to analyze results.  

scRNAseq 

Mice bearing B78-D14 tumors were treated with no treatment or external beam RT (12 Gy, Day 1) + 

IT-IC (50μg/dose, Day 6-Day 9). On Day 9, 1 hr post-intratumoral injection of IC, mice were 
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euthanized via CO2 and tumors were excised. Duplicate tumors per treatment group were finely 

chopped and suspended in 2.35 ml of RPMI 1640 + Enzyme D (100μL), R (50μL) and A (12.5μL) 

(Miltenyi), transferred to a C Tube (130-093-237, Miltenyi) and placed on a gentleMACS Octo 

Dissociator with Heaters. On the gentleMACs dissociator, program m_imp Tumor_02 was used, after 

which the tubes were then inverted and placed in a shaking incubator at 37°C x 40min, and then 

returned to the gentleMACS dissociator and run on program m_imp Tumor_03. Dissociated tumors 

were filtered through a 40μm cell strainer (352340, Corning), washed with 15ml of RPMI 1640, and 

centrifuged at 300xg for 10 min. After removal of the supernatant, live cells were purified from the 

tumor cell pellet using Miltenyi’s Dead Cell Removal Kit (130-090-101) according to the 

manufacturer’s protocol. Cell viability was determined and confirmed to be >90%. The Chromium 

Next GEM Single Cell 5’ Reagent Kits v2 (Dual Index) protocol from 10X Genomics was  followed for 

scRNAseq processing. Quantity and quality of the RNA were assessed using High Sensitivity D5000 

ScreenTape on an Agilent 4200 TapeStation System (UW Biotech Center). Around 10,000 cells per 

sample captured for library preparation, and sequenced on an Illumina NovaSeq6000 (Novogene, 

Sacramento, CA). 

Statistical analysis:  

Peptide array processing 

Data from 13 total samples (5 naïve, 6 immune and 2 replicate samples of 2 individual immune 

samples) were assayed for antibody binding from 6,090,593 unique sequence probes mapped to a 

total of 8,459,970 probes (due to redundancies in tiling across protein sequences and using a mixed 

tiling of either 2aa or 4aa across each protein), or a total of 53,640 individual proteins. Using 

spatially corrected processed data from Nimble Therapeutics, the data were  log2 transformed, 
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quantile normalized, and further processed using a sliding average mean window across the protein 

location of +/-8 aa. 

HERON (McIlwain et. al 2023) was used to determine thresholds for calling antibody binding at the 

probe, epitope (consecutive probes), and protein level for each sample using meta-analyses 

methods to summarize binding across subjects in the post-rechallenge condition. Briefly, 1) a global 

p-value was calculated using a z-test for each probe signal using all sample and probe values, and 2) 

a differential p-value was calculated between the average of the naïve samples and each individual 

immune (tumor-free) sample. The global p-value and differential p-value for each immune sample 

were then combined using the Wilkinson’s max meta p-value method (Wilkinson, 1951). After 

correcting for false discoveries using the Benjamini-Hochberg (BH) method (Benjamini & Hochberg, 

1995), the individual probes for each post-rechallenge sample are considered bound by antibodies if 

their false discovery rates (FDR) are below a threshold. Epitope regions were identified by applying 

the skater algorithm (AssunÇão et al., 2006) to identify groups of antibody-bound probes (spatially 

and across subjects), and epitope meta p-values were calculated using the Wilkinson’s max method 

on the 2nd highest probe p-value. Protein p-values were calculated using Wilkinsons’s min (or 

Tippet’s) method (Tippett, 1931). After correcting the epitope and protein p-values using the BH 

algorithm, the epitope and protein sample calls were made using an FDR cutoff. The number of 

samples that were bound by antibodies for each probe, epitope, and protein were tabulated as K of 

N statistics (K = # of samples with antibody binding; N = total # of samples).  

MAFFT alignment tool 

MAFFT (Multiple Alignment using Fast Fourier Transform) (Katoh et al., 2019) is a high-speed 

multiple sequence alignment program for amino acid or nucleotide sequences. It was used here to 

align epitope sequences for all epitopes identified in a certain category to visualize alignment of 
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sequences within these epitopes. Input of the top 100 16-mers sorted by average immune 

fluorescent score from the moderate category recognized in many individual immune mouse 

samples showed strong alignment for these top peptide candidates. Peptide candidates were 

previously filtered to represent only one protein isoform for each gene.  

WebLogo creation 

WebLogo is a web-based application to make the generation of sequence logos easy and painless. 

Sequence logos are a graphical representation of an amino acid or nucleic acid multiple sequence 

alignment developed by Tom Schneider and Mike Stephens. The logo consists of a stack of symbols 

for each position in the sequence. Level of sequence conservation at a certain position is displayed 

by the overall height of the stack while a specific amino acids conservation and frequency is 

indicated by the height and size of the specific letter. In general, a sequence logo provides a richer 

and more precise visual description of a binding site than would a consensus sequence. WebLogo 

was created by Gavin E. Crooks, Gary Hon, John-Marc Chandonia and Steven E. Brenner, 

Computational Genomics Research Group, Department of Plant and Microbial Biology, University of 

California, Berkeley and was described in detail by Crooks et al (Crooks et al., 2004) and is based on 

Schneider and Stephens sequence logo alignment (Schneider & Stephens, 1990).  

Observed vs. expected motif frequency in the proteome  

Observed vs. expected frequencies were calculated following Shen et al’s probabilistic model for the 

analysis of frequencies of amino acid pairs within protein sequences (Shen et al., 2006). We utilized 

the protein sequences present on the whole proteome peptide array and calculated frequencies for 

each amino acid as well as the count and frequency for each 4-mer peptide. We then followed the 

calculations described in Shen et al. If the log2 of the observed divided by expected frequency is 
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larger than zero, the sequence occurs more often than expected, if it is smaller than zero, it occurs 

less often than expected.  

Expected frequency for SDTG=P(S) x P(D) x P(T) x P(G) = 0.0856 x 0.0482 x 0.0542 x 0.0635 = 

0.00001419; SDSG= 0.00002240 

Observed frequency of SDTG: 310 SDTG-mers found in the dataset = 0.00001382.  

Observed frequency for SDSG: 806 SDSG-mers found in dataset = 0.00003594.  

Log2(Observed/Expected) for SDTG: -0.03795 

Log2(Observed/Expected) for SDSG: 0.68209 

Random forest model 

All unique sequences bearing the xSDTGxx peptides were found using a regex search.  

In total there are 848 sequences. The following features were extracted: 

- motif.pos1 - the amino acid at the 1st position before the SDTG 
- motif.pos6 - the amino acid at the 1st position after the SDTG 
- motif.pos7 - the amino acid at the 2nd position after the SDTG 
- start - the starting position of the SDTG within the peptide 
- sequence_length - the length of the peptide sequence 

Using the alakazam R package, the following features were collected over the whole peptide: 

- gravy - the hydrophobicity of the amino acid sequences 
- bulk - the average bulkiness of the amino acid sequences 
- polar - the average polarity of the amino acid sequence 
- aliphatic - the average aliphaticity of the amino acid sequence 
- charge - the overall charge of the amino acid sequence 
- region_ACIDIC - the fraction of amino acids that are acidic 
- region_BASIC - the fraction of amino acids that are basic 
- region_PHOS - the fraction of amino acids containing phosphorylation sites (STY) 
- region_AROMATIC - the fraction of amino acids containing aromatics 

We also estimate features for the gravy, bulk, polarity, aliphaticity, and charge of the motif.pos1, 

motif.pos6, motif.pos7, and the motif.pos67 amino acid sequences. 
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We regressed the average post-rechallenge signal using random forests from the random forest 

package. After investigating the mean squared error and mean absolute error using 10-fold cross-

validation, the also investigated the variable importance to estimate the largest contributors to the 

random forest model. We find that charge, polarity, and the bulkiness of the amino acids at the 1st 

and 2nd position after the SDTG have the greatest effect on the regression modeling.  

2-way ANOVA 

An ordinary 2-way ANOVA was carried out using GraphPad Prism version 9.5.0 using data displayed 

in Figure 3.6A. Multiple comparison results used Tukey’s multiple comparisons test.  

DNA sequencing analysis pipeline 

DNA sequences from B16 and B78 cell lines were kindly provided by the Maris Laboratory at 

Childrens Hospital of Philadelphia (CHOP) and compared to the ensemble GRCm39.107 mouse 

genome. Paired-end reads were aligned using bwa mem, converted to sorted bams utilizing 

samtools (https://samtools.github.io/bcftools/howtos/csq-calling.html), gatk was used to analyze 

for single nucleotide variations, small indels and frameshift mutations 

(https://gatk.broadinstitute.org/hc/en-us). Duplicates were marked using gatk as well as to add or 

replace read groups. Gatk Haplotype caller was used for variant finder and bcftools csq for 

consequence calling on protein sequences. Vcf2prot (https://github.com/ikmb/vcf2prot) was 

utilized to find new proteins.  

scRNAseq 

Raw reads were aligned to the mm10 reference genome together with UMI (unique molecular 

identifier) counting using the Cell Ranger pipeline (V3) from 10X Genomics. Data was filtered using 

DoubletFinder (McGinnis et al., 2019) to remove potential doublets. Further filtering was done to 

include only the cells with low mitochondria contents (<=10%) and more than 200 genes covered by 

https://gatk.broadinstitute.org/hc/en-us
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the mapping. To integrate the scRNAseq, we used a fuzzy clustering-based integration method 

(Harmony method) (Korsunsky et al., 2019) to account for potential technical variance across 

samples. 

Downstream analysis for all cells and for only tumor cells were based on Seurat single -cell analysis 

package (Stuart et al., 2019) including: principal component analysis with standard deviation 

saturation elbow plot to select the optimal number of principal components, graph-based clustering 

using FindCluster with different resolutions from 0.1 to 2 to justify the number of clusters  based on 

representative markers overlaid in the hierarchical tree across different resolutions (Clustree R 

package), differential expression analysis using MAST (Finak et al., 2015) implemented in Seurat with 

the cutoff average log2FC 0.5, and at least 30% of cells expressed the markers. Data was further 

analyzed using GraphPad Prism version 9.5.0.  

Results  

Most of the highly recognized epitopes share a common motif 

We have shown previously that B78 melanoma bearing mice successfully treated and cured with ISV 

could generate many different antibodies against endogenous proteins on the cell surface of B78 

melanoma and in the proteome of C57BL/6 mice (Hoefges et al., 2023). We used a high-density 

whole proteome peptide array system to focus on identifying antigenic epitopes recognized with 

strong binding by antibodies in immune serum samples (after the mice had been successfully cured 

of their tumor and rejected a rechallenge with the same or a related tumor type) but no binding by 

antibodies in naïve mouse serum samples (before tumors were implanted). An example of how the 

raw data from this high-density array system can be analyzed to identify highly recognized epitopes 

is presented in Figure 3.1A. As we reported, we used the HERON system, evaluating the 

strength/intensity of binding data to define 3 analysis categories of peptide and epitope binding, 
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based on how many standard deviations above the mean was used to define the threshold for each 

category. We utilized a very strict (> 10 S.D. over the mean), a more moderate (> 6 S.D. over the 

mean) and an inclusive (> 3 S.D. over the mean) threshold. When focusing on the moderate 

threshold, we saw around 2000 distinct epitopes on average recognized by each of 6 individual 

immune mice probed on a whole-proteome peptide array (Figure 3.1B).  

To identify which of these epitopes might be more important and need further investigation, we 

looked at epitopes that were recognized by multiple immune mice. Figure 3.1C shows the number 

of these moderate category epitopes that were co-recognized by at least 3 of our 6 whole proteome 

profiled immune mice (highlighted by green dots in Figure 3.1C). We then focused on those epitopes 

with the highest average immune signals. We furthermore filtered out different splice variants of 

proteins if the identified epitope was in a conserved area (i.e., the peptides were the same for this 

area between different splice variants). One epitope entry per specific sequence was used to ensure 

each was a unique epitope, and made certain that the binding component (main aa se quence 

recognized) of the epitope was present and then selected the top 100 of these epitopes. We then 

collected the sequence for the whole epitope and entered it into a sequence alignment program 

(MAFFT, Multiple Alignment using Fast Fourier Transform) to check for common aa sequences and 

possible overlap between proteins and epitopes that otherwise was not apparent to us ( Figure 

3.1D). Interestingly, we saw that over 50% of our top 100 sequences aligned to a specific motif four 

amino acids in length. It was either an SDTG (Serine, Aspartic acid, Threonine, and Glycine) or an 

SDSG, where the T (Threonine) was replaced by another S (Serine). SDTG was present 45 times while 

SDSG was present only 13 times. This high representation of SDTG within these 100 sequences was 

further illustrated in Figure 3.1E.  
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Motif presence in the proteome  

To investigate the meaning of this motif we checked for overrepresentation of SDTG and SDSG in 

the proteome. Utilizing Shen et al’s developed algorithm to determine if a specific amino acid 

sequence’s observed frequency is more or less than expected, we found that there are 310 SDTG-

mers belonging to unique UniProt IDs in the whole proteome peptide array dataset, which leads to 

an observed frequency of 0.00001382 vs. an expected frequency of 0.00001419 (Shen et al., 2006). 

The Log2(Observed frequency/expected frequency) gives information if the sequence occurs less or 

more often than expected. If the result is greater than 0, the sequence occurs more than expected, 

if it is less than zero, it occurs less than expected. Log2(0.00001382/0.00001419) = -0.03795. This 

result indicates that SDTG occurs slightly less often in the proteome than expected. With it occurring 

less often in the proteome or even with an average frequency as expected, finding SDTG in 45 of our 

top 100 co-recognized epitopes is quite unexpected. The Log2(0.45/0.00001382) = 15, consistent 

with a far higher than expected presence in the epitopes recognized by the immune sera from these 

6 mice, and thereby suggesting it has biological significance in this setting.  

When testing for overrepresentation of SDSG in the proteome, we found an overrepresentation of 

SDSG with an expected frequency of 0.00002240 and an observed frequency of 0.00003594, leading 

to a value of 0.68209 which indicates a small overrepresentation of the sequence. Thus, the 

appearance of SDSG in 14 of the 100 top epitopes is also greater than expected, but ~ 10-fold less so 

than SDTG (Figure 3.1D). For SDSG, the Log2(0.14/0.00003594)= 12. 

Most, but not all SDTG motif containing peptides are recognized by some immune sera  

We investigated if we would observe binding by immune serum to all peptides in the proteome 

containing SDTG. We filtered the whole proteome peptide array dataset for SDTG -containing probes 

and grouped those into regions, combining individual consecutive peptides into one region, and 
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removed all redundant sequences from separate splice variants. By this process we found 169 

separate SDTG sequences in the proteome (Figure 3.2A). Not all SDTG peptides showed binding in 

the immune samples. Of these 169 sequences, 125 sequences were detected utilizing HERON with 

48 being recognized in the restrictive category (light green in Figure 3.2A), 40 in the moderate 

category (dark green in Figure 3.2A) and 37 in the inclusive category (dark red in Figure 3.2A). 44 of 

these SDTG-regions were not recognized by HERON (light red in Figure 3.2A). Overall, very little 

reactivity to SDTG was found in naïve samples, while over half of all peptides showe d significant 

binding in some immune samples and a quarter of peptides showed very high reactivity (88 regions 

were recognized in moderate or restrictive, 48 in the restrictive category by HERON) in immune 

samples.  

To investigate what may be different between the SDTG-containing peptides with 

substantial immune serum binding versus the SDTG-containing peptides without substantial 

immune serum binding, we utilized a random forest model. This screened for the potential 

importance of many different properties of these peptides to help distinguish those peptides that 

were bound by immune sera from those that were not. The properties evaluated, and their 

importance in whether an individual SDTG containing peptide was bound by immune sera are shown 

in Figure 3.2B, and include: peptide charge, presence of specific amino acids in specific positions, 

polarity, groups they contain, their acidity, and other features.  

The random forest model showed that charge, as well as amino acid positions adjacent to the SDTG 

motif do have some influence on whether a particular peptide might or might not be bound by 

immune serum, none of these parameters, nor any combination of these parameters can be used 

with certainty to determine whether a given peptide will or will not be bound by immune serum 

(Figure 3.2B). For example, the determinant of charge was identified as the most important 

determinant tested in Figure 3.2B. Peptides with extreme charges (< -4 or > +3) all show low or 
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moderate binding by immune serum (Figure 3.2C). Yet, peptides with moderate-low charges ranging 

from -4 to +3 show about equal distribution of peptides with low signal, with moderate signal and 

with high signal. In other words, within the moderate charge range, there is no charge difference 

between peptides that are recognized well vs. not recognized by immune sera (Figure 3.2C).  

We then asked whether the single amino acid position immediately before the SDTG sequence 

influenced the ability of the peptide to be bound by immune sera (Figure 3.2D). However, for the 20 

aa tested in the position before the SDTG, 17 showed a wide distribution of peptides with high, 

medium, and low signal average with immune sera; indicating that these 17 individual aa did not 

substantially influence immune serum binding. Two aa appeared to show only strong binding by 

immune sera (C and K), while one aa showed only low binding (W). However, for all 3 of these, the 

number of peptides found with that amino acid in the first position was low (4 for C, 9 for K and 5 

for W). Further inspection showed that these peptides were all closely related stacked peptides 

from a single epitope for C and W and from 2 epitopes for K. Thus, it is possible that the presence of 

C or K in this position actually increased binding by immune sera, while a W may actually decrease 

binding. However, as the number of epitopes with these 3 aa in this position is so small, it may be 

that some totally different property is influencing the high or low binding of these, and by 

coincidence/chance alone, the C, K or W is showing up in this position in these few peptides. Figure 

3.2E & F show a similar analysis as shown in Figure 3.2D, but for the importance of the specific aa 

(of 20 possible) seen in position 6 (Figure 3.2E) and position 7 (2 down from the SDTG) (Figure 3.2F). 

For the most part, most aa in this position 6 and 7 are associated with a range of peptides with high, 

moderate, or low binding by immune sera. The combination of all 3 of these positions (1-SDTG-6-7) 

can be seen in Supplemental Figure 3.1.  
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Antibody to the SDTG Motif is present in additional immune animals 

For further investigation of the antibody response in immune mice to this SDTG motif, we tested 

whether additional animals that were cured of the same B78 melanoma utilizing the same 

treatment also developed antibodies against SDTG containing epitopes. We chose 26 separate 

peptides containing SDTG from those that showed high-binding by some immune serum samples 

from the original whole-proteome peptide array. The original whole proteome peptide array data 

using the original naïve and immune serum samples (Hoefges et al, 2023) are shown in heat-map 

format, against these 26 peptides, which are shown on the Y axis in Figure 3.3A. We tested these 

same 26 peptides via a separate peptide ELISA assay system (see Methods and Hoefges et al, 2023) 

on the same original naïve and immune serum samples (where they were available) ( Figure 3.3B) 

and were able to reproduce somewhat similar binding patterns between the data from the whole 

proteome array and the peptide ELISA systems. When testing these same 26 SDTG-containing 

peptides in the peptide ELISA system using serum samples from 20, new, additional, independent 

mice that had successfully cleared their B78 melanoma tumor utilizing the same radiation in 

combination with the immunocytokine immunotherapy, and had never been tested on the  whole 

proteome array, we were able to identify 9 additional mice that also responded to at least some of 

the SDTG-containing peptides (Figure 3.3C). With 9 out of 20 recognizing at least some SDTG-

containing peptides, the ratio is similar to that seen with our original whole proteome sample set (3 

out of 6 mice recognizing SDTG peptides). This therefore confirms that induction of antibody to 

some SDTG containing peptides is induced by the process of bearing B78 tumor and receiving this 

radio-immunotherapy treatment.  
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Why is antibody recognition of SDTG so prevalent? 

One possible cause of SDTG reactivity could relate to the fact that the B78 tumor used here was 

derived from B78-H1 melanoma that was then transfected with GD2 synthase and GD3 synthase to 

induce membrane expression of the GD2 disialoganglioside, to enable recognition by the anti-GD2 

immunocytokine used in the therapy (Haraguchi et al., 1994). To test this, we obtained the parental 

B78-H1 cells (B78 cells never transfected to express GD2) and implanted these into 20 C57BL/6 mice 

which we then treated with radiation and intratumoral IL2. Since these tumors did not express GD2, 

treatment with an anti-GD2 immunocytokine would not be advantageous. This treatment with 

intratumoral IL2 would not be as effective as the immunocytokine against a GD2 expressing tumor 

but should still provide some immunotherapeutic benefit. To help generate some tumor-free mice, 

we treated half of the cohort with anti-CTLA4 in addition to the radiation and IL-2, since we have 

previously shown that the addition of anti-CTLA4 to the treatment increases response and can cure 

larger tumors (Morris et al., 2016; Morris et al., 2018). Serum samples from all 20 of these mice 

were obtained on day 55 post-treatment (when some animals with progressive tumors needed 

euthanasia). These serum samples were all tested for reactivity to SDTG-expressing peptides using 

13 of the previously most-reactive peptides in the ELISA system (as shown in Figure 3.3B&C). We 

included all mice here irrespective of tumor clearance or not. While 1 of the 20 mice showed very 

strong anti-SDTG antibody response to all of the SDTG containing peptides (mouse D5), 11 of the 19 

mice tested had detectible antibody to at least one SDTG containing peptide, 2 mice had reactivity 

to 2 SDTG peptides and 2 mice had reactivity to 3 or more SDTG peptides (Figure 3.4A).  

Tumor growth curves of these 20 mice treated either with radiation and IL-2 only or radiation in 

conjunction with IL2 and anti-CTLA4 are shown in Figure 3.4B, no obvious difference could be noted 

between the two separate groups. Overall, the complete response rate was low in  this experiment: 

2 mice getting the IL2 alone had complete response (CR) and 5 mice getting the IL2 with anti-CTLA4 
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had a complete response (CR), out of 10 in each group. When dividing the groups based on ELISA 

reactivity to SDTG-containing peptides and grouping them into 3 groups: a) did not recognize any 

peptide, b) recognized one peptide, or c) recognized more than 1 peptide, we also saw no obvious 

differences in the growth kinetics (Figure 3.4C, p-values 0.05 for 0 vs. 1, 0.06 for 1 vs. 2+ and 0.79 for 

0 vs. 2+). The complete response rate and partial response rate were similar in Figure 3.4C for these 

mice with antibody detected to SDTG to Figure 3.4B where groups were divided based on treatment 

received.  

Hypotheses regarding the frequent SDTG recognition 

We established that the SDTG motif is recognized frequently by mice cured of B78 melanoma 

utilizing radiation and IC treatment, but we are still investigating why it is frequently recognized. 

One of our hypotheses is that somewhere in the B78 genome a mutation happened that caused an 

amino acid sequence change in a protein which led to a protein previously not containing SDTG, now 

containing SDTG. This could have happened via a deletion, insertion or via a base pair switch that 

resulted in a changed amino acid sequence (Figure 3.5A). Another hypothesis is that the protein 

already contained an SDTG, but due to a mutation in the gene the conformation of the protein was 

changed which now exposes the SDTG in the folded protein. Either of these scenarios could make 

the modified protein appear foreign and different to the immune system, in the exposed SDTG 

region, resulting in immune recognition of this mutated protein (Figure 3.5B). However, our search 

through DNA mutations in B78 versus normal mouse cells has not yielded any new proteins in B78 

that contain SDTG and has not shown mutations that would cause conformational changes in a 

protein that contains SDTG. We did find 2 proteins (Ccna1f and Btbd8) with mutations that contain 

SDTG (Supplemental Figure 3.2), but the mutations seemed to be minor and not affect folding. Both 

proteins did show high binding in the whole proteome peptide array to the SDTG -containing region. 

However, further analyses utilizing alpha fold protein prediction is underway.  
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The third hypothesis is not based on DNA mutations, but rather differential expression between 

normal tissue and B78 melanoma either due to treatment or just in general (Figure 3.5C). Might 

there be a protein that contains SDTG that has very restricted expression in post-natal tissues, such 

that the immune system is not aware of it. If that protein were overexpressed in or on B78 tumors, 

the process of rejecting it immunotherapeutically may turn on a strong immune response, which 

could focus on the SDTG containing epitope. To investigate this further, we conducted scRNAseq of 

treated and untreated tumors taken 8 days post radiation, and immediately after receiving the 4 

subsequent doses of the immunocytokine, to look at differential expression in SDTG -containing 

proteins at this time point in treated and untreated tumors. In these analyses of scRNAseq data, we 

used RNA expression of SDTG-containing proteins in the B78 tumor cells themselves and compared 

this to RNA expression from the non-malignant, non-melanoma cells within the tumor, consisting of 

cells from the tumor microenvironment, identified as epithelial cells, myeloid cells, B cells, stromal 

cells, NK cells and T cells (Figure 3.6A). We further split this up into treated and untreated tumor 

and other.  

We found four SDTG-containing proteins that had significantly different expression in the treated vs. 

untreated tumor samples as well as in comparison to the non-tumor cells found in the tumor 

microenvironment, mainly T and NK cells, stromal cells, myeloid and B cells and endothelial cells 

(Figure 3.6B). The 4 genes with differential mRNA expression and SDTG-motif present in their 

protein were Junb, Pdia3, Bng and Rpl11 as identified via 2-way ANOVA and Tukey’s multiple 

comparisons test with Junb and RpI11 higher in the treated than untreated, and the other 2 lower in 

the treated tumor than the untreated tumor. Bsg showed an overall higher expression in tumor than 

other independent of treatment. For Pdia3 we observed highest expression in the untreated groups 

vs. the treated groups.  
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Junb, Pdia3 and Rpl11 were also highly recognized via antibody responses as measured on 

the whole proteome peptide array (Figure 3.3A). We attempted ELISA analyses with these peptides 

but were not able to get good ELISA binding to any of these peptides even testing the original serum 

samples from 4 of the original 6 mice, of which at least 2 mice tested in this ELISA had shown strong 

binding to these peptides in the proteome array (Figure 3.3A vs. Figure 3.3B).  

Discussion and conclusions 

In this paper we identify a 4 aa SDTG motif, found in many peptides, that was strongly bound by 

immune sera from mice cured of B78 melanoma utilizing an ISV treatment consistent of radiation 

and intratumoral immunocytokine targeting GD2 on the tumor cell surface and delivering IL2. 

Antibody able to bind to this motif was identified in roughly half of all mice that have become 

immune to this B78 melanoma tumor via our treatment as shown via successful rejection of a 

rechallenge (Figure 3.1). This motif is not overrepresented on its own in the mouse proteome when 

utilizing an algorithm to determine expected vs. observed frequencies of specific motifs (Shen et al., 

2006). To identify a motif that is this frequently recognized in the immunome of mice is especially 

striking when looking at the study of Han & Lotze who took two blood samples from the same 

individual, from the left arm in the morning and the right arm in the evening and divided each draw 

into 20 aliquots (Han & Lotze, 2020). They then went on to analyze all complementarity-determining 

regions (CDR)-3 regions found in T and B cells, via sequencing, to establish the immune repertoire 

that this one individual had at the 2 timepoints. The immune repertoire was defined as the sum-

total of the individual clonotypes within one chain, including individual CDR3 sequences. They found 

over 5 million separate clonotypes with only 12,220 (0.24%) of these being shared by all 40 aliquots. 

Only about 50% were shared between any 2 aliquots with a higher percentage being shared at the 

morning draw (55%). About half of the identified clonotypes appeared in only one of the 40 aliquots. 

Seeing that only 0.24% of all clonotypes were shared between all aliquots taken within one 
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individual highlights the diversity present at any given time in clonotypes and the adaptome, where 

the adaptome is defined as the sum-total of expressed T and B cell receptor genes in a sample, 

composed of seven chains, including the alpha/beta and gamma/delta chains for T cells, and 

heavy/lambda or kappa chains for B cells (Han & Lotze, 2020). 

Finding this 4 aa sequence motif in more than 50% of the top epitopes from a whole proteome 

antibody binding screen identifying epitopes co-recognized by at least 3 of 6 separate immune mice, 

but not by their naïve sera (Figure 3.1) in comparison to the fraction of shared clonotypes within a 

single individual, suggests this motif is highly recognized by an immune response triggered by 

bearing the B78 melanoma and receiving this curative immunotherapy.  

We further characterized the SDTG-motif and its properties. We identified all SDTG-containing 

regions present on the whole proteome peptide array and kept only unique SDTG-containing 

regions. This revealed that of the 310 SDTG-mers only 169 were unique epitopes and not part of an 

isoform of the same gene (Figure 3.2A). Within these 169 SDTG-containing regions we found 125 

being recognized by HERON, with 48 in the restrictive category, 40 in the moderate category and 37 

in the inclusive category. 44 peptides were not recognized as having significant binding by HERON. 

While this highlights that most SDTG regions did show antibody binding, not all of them did. To 

determine what is required for antibody binding besides the presence of the four aa long sequence 

of SDTG we utilized a random forest model. While the random forest model showed some 

correlation to overall charge of the peptide as well as aa present right before or after the SDTG 

motif, it did not show a clear answer to what determines whether immune sera from a mouse that 

binds to at least some SDTG containing peptides will or won’t bind to an individual SDTG containing 

peptide of interest (Figure 3.2B). One issue with this analysis could be that we were only able to use 

the data present from the 169 SDTG containing regions from the proteome used in the initial 

peptide array. However, for a thorough analysis of importance of which aa found just before or after 
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the SDTG aa (as in Figue 3.2D&E) it may be helpful to look at additional aa before or after the motif 

as well as all possible combinations of the 20 aa in all positions.  

To further substantiate the significance of this motif, we tested sera from several separate immune 

mice, to validate that antibody against this SDTG motif could be confirmed in additional mouse 

serum samples. By testing for antibody binding to SDTG peptides in a validation set of 20 mice 

(compared to the original 6) we were able to identify an additional 9 mice with strong reactivity 

towards at least 1 SDTG-containing peptide (45%, Figure 3.3C), with several mice recognizing several 

SDTG peptides. We translated these results with the whole proteome peptide array system to an 

analysis in a separate ELISA system using a fraction of the SDTG containing peptides that were 

strongly positive in the array. Not all of these peptides showed the same pattern of binding on the 

same samples utilized in the whole proteome peptide array, but there were some clear similarities. 

In general, peptides that did not show the same pattern, i.e., lacked positive binding signal in the 

ELISA using the serum samples from the initial peptide array, also did not show binding to any of our 

validation serum samples via ELISA. This does not mean that these validation samples do not have 

reactivity towards these peptides, but rather hints at a possible issue with binding in the ELISA 

system. This could be caused by the different synthesis mechanisms used to generate these 

peptides, the different way of attaching peptides to the plate between the whole proteome array 

and the peptide ELISA, different incubation times and temperatures as well as the opposite direction 

in which the peptides are attached to the plate in the array vs. the ELISA (N-terminal attachment via 

Biotin in the ELISA system vs. C-terminal attachment via a Lysine in the peptide array).  

Due to these issues with some of the peptides, we decided to choose peptides we had seen good 

ELISA results with to further screen for SDTG-reactive antibody presence.  
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One possible mechanism that might have induced antibody to SDTG could potentially be the plasmid 

used to integrate GD2 and GD3 synthase into the B78-D14 cell line to express GD2 on the cell 

surface. To test if this was the case, we implanted B78-H1 cells into mice and treated them with 

radiation and IL2 as well as radiation, IL2 and anti-CTLA4 to generate tumor-free immune mice. B78-

H1 is the original B78 cell line that had never been transfected and does not express GD2. We were 

able to show that 11 of 20 mice generated antibody able to bind at least one of the 13 SDTG 

peptides tested, and one mouse generated a very strong antibody response to all 13 SDTG peptides 

(Figure 3.4A). However, this mouse did not clear its tumor. Nonetheless, the ability of these mice, 

never exposed to a plasmid containing tumor to recognize some SDTG containing peptides 

establishes that SDTG generation in these mice is not caused by possible changes in the genome due 

to integration of the plasmid enabling GD2 expression on the cell surface.  

The strength of the anti-SDTG antibody response in this experiment was lower than those shown in 

Figure 3.3, based on the lower fraction of SDTG peptides recognized. Even so, the number of 

positive peptides recognized by these 19 serum samples from treated mice ( Figure 3.4A) of these 13 

selected SDTG containing peptides (27 positive reactions out of 247 tests involving 13 SDTG -

containing peptides identified with separate mice) far exceeds (p< 0.001) the number of ELISA 

positive reactions seen with the 20 highly immune validation mice shown in Figure 3.3C, when they 

were tested on 10 randomly selected 16-mer peptides from the whole proteome array (1 weakly 

positive reaction out of 200 combinations in a similar ELISA, as reported previously (Hoefges et al., 

2023). This could be further caused by differences in selection of mice tested via ELISA. For this 

experiment we tested all mice included in the experiment. We rechallenged all of these mice 

regardless of current tumor status 30 days after they finished treatment and harvested their serum 

10 days after rechallenge. For all other experiments we only utilized rechallenge serum from mice 
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that had successfully rejected a rechallenge as well as their primary tumor with the primary tumor 

cured at least 30 days prior to rechallenge.  

We wanted to assess if the development of antibodies targeting SDTG-containing regions was 

associated with tumor clearance or response to treatment. To assess this, we grouped the mice 

based on SDTG-recognition by their serum testing in ELISA. If only 1 SDTG-containing peptide of the 

13 tested was recognized, they were evaluated separately than those mice that had serum that 

bound more than one SDTG-containing peptide. A third group contained animals that did not 

recognize any of the 13 tested SDTG-containing peptides. Analyses of tumor size in response to 

treatment between these 3 groups did not show any significant difference; nor was there any trend. 

These results indicate, in this small study, that the development of antibody to SDTG following 

treatment was not associated with a detectible impact on anti-tumor effect in the initial tumor 

response to treatment. The only trend visible was that the addition of anti-CTLA-4 to the radiation + 

immunocytokine treatment induced a slightly better overall response rate than radiation and IL-2 

alone (p = < 0.001); all of the animals receiving the additional anti-CTLA4 showed a partial or 

complete response (Figure 3.4B & C). SDTG-reactivity and response correlation was difficult due to 

sample size. While this might be due to SDTG-detection not aiding response, it could also be 

because this cohort overall had a lower than previously reported response rate (for SDTG as well as 

treatment). All of this might again be due to the different cell line and treatment used than in 

previous reports as mentioned above. In a separate analysis of the curative immune response to 

these same B78-D14 tumors, in response to radiation, checkpoint blockade and toll-like-receptor 

activation, our collaborative team found that the involvement of B cells played a role in the primary 

anti-tumor response, and tumor-reactive antibody was also involved in the anti-tumor effect 

(Jagodinsky et al., 2022). It was not possible to obtain serum from these animals to evaluate anti-

SDTG antibody. 
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When testing the different hypotheses proposed in Figure 3.5A&B, DNA sequencing only showed 

mutations affecting the amino acid sequence in two genes containing SDTG (Cacna1f and Btbd8). 

Both had these mutations in a separate area of the protein than the SDTG sequence is located, and 

the mutation present did not seem to affect protein folding properties (Supplemental Figure 3.2). 

We are further investigating the influence of the mutation on protein structure utilizing alpha fold 

predictions.  

RNAseq analysis revealed differential expression of 4 genes between the tumor and other cell types 

found in the tumor microenvironment (Figure 3.6). One issue with the RNAseq data is that we were 

only able to match 115 gene names containing SDTG. Some of the missing genes were ones with 

high peptide array binding. These potentially could have a more differential expression between 

normal tissue and tumor. We are currently also conducting bulk RNAseq of tissues obtained from 

tumor-bearing mice, to compare B78 cells vs. radiated B78 cells vs. normal C57BL6 skin cells. We are 

hoping that this comparison will allow for better comparison between tumor cells and “normal” 

non-tumor cells (those found in skin) than we did with our initial analysis that used the non-tumor 

immune and stromal cells from the tumor microenvironment, to evaluate gene expression in non-

tumor cells with data from the single cell RNAseq data obtained from in vivo tumors.  

In summary, we identified an SDTG-based antibody binding motif that seems to have 

biological meaning, given the very strong and high frequency of its recognition by a large proportion 

of mice cured of the B78 tumor by this immunotherapy regimen. While the translatability of this 

exact motif to humans might not be given, the approach used to identify this motif could certainly 

be used as a template for motif identification in human samples. It will be important to investigate 

this motif further to elucidate the reason why it is recognized so strongly and so frequently, and 

whether its presence may somehow be involved in the primary, or memory, anti-tumor response.  
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Figure 3.1: Motif identification. 

A: Example of raw high-density peptide array binding data highlighting a predicted epitope, 

defined as a clustered and overlapping antibody binding region in the peptide microarray. A 

section of the membrane-spanning 4-domains subfamily A member 10 (Ms4A10) protein is 

shown, with 8 stacked 16-mer peptides, each shifted by 2 aa positions, starting sequentially at 
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Q99N03;223     SYKDVAQGHSSSDTGR 2.00 3.11 12.51 127.05 1.46
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aa position 221 through 235, and thereby collectively representing aa positions 221-251. 

Fluorescence intensity results are shown for each of these 8 16-mer peptides for separate serum 

samples from 2 naïve mice (naïve B2 and naïve A3) and 3 immune mice (PD1, B2 and A3). Five of 

the consecutive 16-mers show strong binding by 2 of the 3 immune sera, while the other 3 16-

mers show very weak binding by all 5 sera shown. Immune A3 shows binding to the same 5 

peptides but signal strength is significantly reduced in comparison to the other 2 immune mice. 

The 5 well recognized 16mers each share the 8 sequential aa shown in green font in the probe 

sequence section, indicating this 8 aa sequence, shared by these 5 peptides is the recognized 

epitope. 

B: Number of epitopes identified in the Immune samples with significantly higher antibody 

binding (in the moderate threshold category) in immune serum than in Naïve serum samples. 

Each dot represents the number of epitopes recognized in the moderate category for each of 

the 6 separate immune mice tested.  

C: Number of unique epitopes each recognized by any individual immune mouse, or co-

recognized by 2, 3, 4, 5 or 6 immune mice (of 6 total mice) for the number of epitopes in the 

moderate category. The single dot plotted above the individual numbers plotted on the X axis 

indicates the number of total distinct epitopes recognized by exactly that number of mice. 

Epitopes shared by 3 or more mice are highlighted with green dots. For example, 186 epitopes 

are recognized by 3 mice. That means 186 epitopes total are shared by exactly 3 of the six 

immune mice tested, different epitopes out of this group of 186 are recognized by different 

combinations of 3 mice out of the 6 immune mice. For reference of epitopes recognized in the 

inclusive and restrictive categories, please refer to Hoefges et al 2023, Figure 3.  
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D: All epitopes co-recognized by at least 3 mice were filtered to include unique epitopes only 

representing one isoform of each protein. The average immune score of a specific epitope was 

used to represent the epitope. Epitopes were ranked by highest average immune signal and the 

top scoring 100 epitopes were aligned to identify amino acid sequences shared or similar 

between these using MAFFT alignment. MAFFT alignment revealed a 4-aa sequence (with 4 

identical or similar amino acids) shared by 65 of the top 100 epitopes.  

E: WebLogo representation of the top 100 epitopes aligned in D. WebLogo is a software for 

sequence logo generation which is a graphical representation of an amino acid multisequence 

alignment. It consists of a stack of symbols for each position in the sequence. Level of sequence 

conservation at a certain position is displayed by the overall height of the stack while a specific 

amino acid’s conservation and frequency is indicated by the height and size of the specific letter. 

Length of the WebLogo is 24 positions due to MAFFT alignment aligning the original 16-mer 

sequences to start and end at different positions. The WebLogo clearly highlights the conserved 

common motif of SDTG within these 100 epitopes.  



 
121 

 

Figure 3.2: SDTG-Motif in the proteome: binding vs. no binding. 

A: MAFFT alignment of all 169 unique SDTG-sites present on the whole proteome peptide array 

is shown on the left. To the right, are the corresponding measured log2-transformed 

fluorescence intensities for each of these unique SDTG peptides, as detected with all serum 

samples tested. These serum samples include samples from 5 naïve mice and 6 immune mice. 

The heat map color scale is linearly related to the strength of the fluorescent signal for that 
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serum sample tested, ranging from black (weakest) over purple to light yellow (strongest). Last 

column in the heatmap represents the level at which HERON identified these peptides as being 

bound, or not bound by the immune sera (light green: restrictive, dark green: moderate, dark 

red: inclusive, light red: not called).  

B: Random Forest model significance matrix showing parameters with influence on signal 

strength for a specific peptide containing SDTG. Each line on the Y axis is a separate parameter 

tested for importance of influence on signal strength (see statistical methods).  The X axis 

indicates % IncMSE, defined as % increase in mean standard error, the higher the MSE is, the 

more influence this parameter has on the model inferring importance of the parameter.  

C: Charge as a significant influence on binding: Each light green dot is a fluorescent signal value 

for naïve serum being tested on 848 unique SDTG-containing peptides. Each dark green dot is a 

value for immune serum being tested on the same 848 peptides. The strength of the signal is 

indicated on the y axis, and the electric charge for that peptide is indicated, from -9 to +6 on the 

X-axis. Those few peptides with extreme charges < -5 or > +4 have low chances of SDTG-

antibody binding. Peptides with charges ranging from -4 to +2 show a distribution of peptides 

with low, moderate, or high immune serum binding. None of the peptides have high binding 

with naïve sera, regardless of charge. 

D: Amino acid position immediately before SDTG (position 1): each column along the X-Axis 

shows the dots for immune serum binding to all 848 SDTG-containing unique peptides, based on 

which of the 20 possible aa is in the position immediately before the SDTG. The vast majority of 

peptides have one of 17 aa in that 1st preceding position, that are associated with a similar 

distribution of high, medium or low values in each column. A small number of epitopes have a C 
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or K in this position, and they all have high binding, while a small number have a W in this 

position, and they all have low binding. These correspond to “motif.pos.1” in Figure 3.2B.  

E: Amino acid position 6, one amino acid after SDTG: This analysis is similar to that in Fig. 2D, but 

instead is looking at those epitopes that have the indicated aa on the X-axis in position 6, 1 aa 

after SDTG in the epitope. Some amino acid combinations show a trend toward either high or 

low binding while others show a wide range of high, medium, and low binding possibilities. The 

analyses yield somewhat similar results as seen in Figure 3.2D, and this corresponds to the 

analysis of “motif.pos.6” in Figure 3.2B. 

F: Amino acid position 7, two amino acids after SDTG: This analysis is similar to that in Figure 

3.2D&E, but instead is looking at those epitopes that have the indicated aa on the X-axis in 

position 7, 2 aa after SDTG in the epitope. Some amino acid combinations show a trend toward 

either high or low binding while others show a wide range of high, medium, and low binding 

possibilities. The analyses yield somewhat similar results as seen in Figure 3.2D&E, and this 

corresponds to the analysis of “motif.pos.7” in Figure 3.2B. 
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Figure 3.3: SDTG-containing peptides are seen by additional mice and can be validated utilizing 

ELISA. 

A: Heatmap of 29 chosen peptides from the whole proteome peptide array displaying whole 

proteome peptide array data using the serum samples from the 6 individual immune mice used in 
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the original peptide array (Hoefges et al., 2023). 26 of these 29 peptides contain SDTG in their 

sequence and were chosen based on significant binding (restrictive or moderate category) by serum 

from at least 50% (> 3 of the 6 mice tested) of the immune samples tested in the whole proteome 

array. Two peptides (Artx_Q61687;873 and Pdcd4_Q61823;81) did not contain SDTG in their 

sequence but were recognized by 5 of the 6 individual immune mouse serum samples in the whole 

proteome peptide array, were also included, as was 1 peptide that was chosen as a negative control 

peptide (Gria4_Q9Z2W8) as no binding was observed to it by any of the serum samples tested in the 

whole proteome peptide array (from naïve or immune mice). Data shown are log10 of the 

fluorescence units of the peptide array signal.  

B: Heatmap of ELISA results using the same peptides and serum samples as in Figure 3.3A. Gray 

areas indicate the 4 serum samples that had been previously depleted. To enable testing on all 29 

peptides, only some peptides were tested with these; the untested combinations are shown in gray. 

Serum samples B2, A3, PD1, A4 and C4 were cryopreserved serum samples from the same exact 

aliquot used in the proteome array (Fig. 3A). For some of the original samples no serum or almost no 

serum remained (AC5, PD1, A4 and C4, grey areas indicate peptide not tested). Data shown are 

normalized to the average value of the negative control peptide (Gria4) for each serum sample. Red 

boxes are applied to all values above 2 and below 3 to highlight significant increases over 

background to determine positive binding values.  

C: ELISA data for the same peptides as in Figure 3.3A&B but using independent immune mouse 

serum samples never tested before from 20 separate mice that received the same treatment to cure 

their B78 cancer. Also included here is a repeat immune serum sample from one of the 6 immune 

mice used in the original whole proteome samples, as an internal control (mouse B2, also shown in 

in Figure 3.3A&B. Data shown are normalized to the average value of the negative control peptide 

for each serum sample. Red boxes are applied to all values above 2 and below 3 to highlight 
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significant increases over background to determine positive binding values. Values > =3 are 

displayed in yellow and easily recognizable as positive.  

 

Figure 3.4: GD2 expression on the tumor is not required to induce antibody to SDTG. 

A: ELISA data for 13 SDTG-containing peptides and for 2 peptides not expressing SDTG, but showing 

reactivity with 5 of the 6 initial serum samples used in the peptide array, as well as 1 negative 

control peptide (Gria4) (as described for Figure 3.3) are shown. The 20 mice tested here were 

injected with B78-H1, a B78-tumor cell line lacking GD2 expression. Post-treatment serum samples 

from 19 individual mice were available as collected on day 55, 9 treated with radiation and IL-2, and 

10 treated with radiation, IL-2 and anti-CTLA4. One of the mice (D5), showed potent recognition of 
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all peptides tested, and a separate timepoint from this same mouse (labeled D5 20221101, was also 

tested in parallel and showed similar reactivity. Mouse D5 was treated with radiation and IL2 alone. 

Also included here is a repeat immune serum sample from one of the 6 immune mice used in the 

original whole proteome samples as an internal control (from the same timepoint from mouse B2, 

also shown in Figure 3.3 A, B and C labeled here as B2 original). Data shown are normalized to the 

average value of the negative control peptide (Gria4) for each serum sample. Red boxes are applied 

to all fold-change values above 2 and below 3 to highlight significant increases over background to 

determine positive binding values. Values > =3 are displayed in yellow and easily recognizable as 

positive.  

B: Tumor growth curves for all 20 animals with B78-H1 flank tumors are shown starting the day 

before treatment. Serum was harvested at day 55 post treatment. Complete responses (CR), partial 

responses (PR) and the combination of partial and complete responses are shown as  a fraction of 

the 20 mice evaluated as well as by percent.  

C: Tumor growth curves of the same animals in B are shown divided into mice with reactivity to no 

SDTG peptides (8 mice) , reactivity to only one SDTG peptide (7 mice), or reactivity to more than one 

SDTG peptide (4 mice), as shown in Figure 3.4A. Complete, partial and a combination of complete 

and partial responses are noted as absolute numbers as well as percent for those 11 mice with at 

least 1 SDTG peptide detected. 
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Figure 3.5: Hypotheses to elucidate strong and frequent SDTG-response: 

A: A mutation in B78 created an additional SDTG-site in a protein that is now being recognized by 

the immune system as foreign.  

B: A mutation in an SDTG-containing protein caused a conformational change which now makes the 

SDTG-site accessible and recognizable for the immune system.  

C: SDTG-containing proteins are upregulated in B78 vs. normal cells and are being recognized 

through immunogenic cell death. 

A

B
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Figure 3.6: Differential expression values of mRNA measures of SDTG-containing proteins. 
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Figure 3.6: Differential expression values of mRNA measures of SDTG-containing proteins.  

A: Heatmap of scRNAseq data from tumor homogenates of 2 treated and 2 untreated mice taken on 

treatment day 8 (RT given on day 0, intratumoral IC injections given on days 5-8). Populations are 

divided into malignant B78 tumor cells (tumor) and normal non-malignant normal stromal cells 

(other). The population labeled as other consists of epithelial cells, stromal cells, myeloid cells, B 

cells, NK cells, and T cells. Medians of each of these populations divided by treatment were used. X 

axis shows different cell types, the Y axis displays a list of 115 SDTG-containing genes ordered by 

epitope detection category based on HERON calls starting with restrictive (top 38, until first dotted 

white line), 24 in moderate category (until next white dashed line), 23 in the inclusive category and 

30 that were not called by HERON. Expression values are shown ranging from 1 to 15 as a heatmap 

from black over purple to light yellow. Expression values above 15 are shown in bright yellow. 

B: Volcano plot of the values displayed in Figure 3.6A for treated vs. untreated tumor samples. Red 

circles highlight genes with differential expression as identified using a two-way ANOVA utilizing 

data displayed in 6A. The X axis plots the difference between means. A dotted grid line is shown at 

X=0, no difference. Y value plots the minus logarithm of the q ratio, using the method of FDR. A 

dotted grid line is shown at Y=-log(Q).  
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Supplemental Figures 

 

Supplemental Figure 3.1: Amino acid position surrounding SDTG:  

A: aa position 6 & 7, the two positions immediately following SDTG. Each column along the X-Axis 

shows the dots for immune serum binding to all 848 SDTG-containing unique peptides, based on all 

represented combinations of which of the 20 possible aa is in the 1st position immediately after the 

SDTG and which is in the 2nd position immediately after the SDTG. The top graph shows naïve 

samples, the bottom graph shows all immune samples. Almost all naïve samples show low signal in 

all possible combinations. Immune samples show low or high binding depending on the 

combinations, with some showing high and low binding across different peptides with the same 

combination of aa in position 6 & 7 after the SDTG.  

B: Positions right before as well as 1st and 2nd position after SDTG (position 1, 6, & 7) are shown in 

combination. Each column along the X-Axis shows the dots for immune serum binding to all 848 

SDTG-containing unique peptides, based on all represented combinations of which of the 20 

possible aa is in each of the 3 indicated positions, namely, the position immediately before SDTG, 

the 1st position immediately after the SDTG, and the 2nd position immediately after the SDTG. The 

top graph shows naïve samples, the bottom graph shows all peptides with mean values of immune 

samples. Almost all peptides with mean values based on naïve samples show low signal in all 
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possible combinations. Mean values of immune sample peptides show low or high binding 

depending on the amino acid combinations, with some showing high and low binding across 

different peptides with the same combination of aa in position 1, 6, & 7 surrounding the SDTG.  

 

 

Supplemental Figure 3.2: DNA sequencing results with mutations in SDTG-containing proteins.  

A: Protein sequence alignment of B78 DNA sequencing data translated to a protein sequence vs. 

C57BL/6 protein sequence for Cacnaf1 is shown. A single nucleotide variation caused a change at aa 

position 124 with a V (Valine) to L (Leucine), both are aliphatic. SDTG is located at aa position 472.  

B: Protein sequence alignment of B78 DNA sequencing data translated to a protein sequence vs. 

C57BL/6 protein sequence for Btbd8 is shown. A single nucleotide variation caused the change of Q 

(Glutamine) to P (Proline) at aa position 166. Q is amidic, P is aliphatic.  
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Chapter 4: Discussion, Conclusions, & Future directions 

Overview 

In this chapter I summarize the findings and conclusions from chapters 2 and 3, discuss additional 

scientific questions that arise, as well as outline the major implications of this work. I also give a 

brief overview of additional findings I did not present in chapters 2 and 3. Finally, I discuss possible 

ways of addressing in future and ongoing experiments some questions so far left unanswered.  

Summary of thesis findings 

Antibody landscape of C57BL/6 mice cured of B78 melanoma via immunotherapy 

Here we established a method to utilize a high-density overlapping stacked array of 16-mer peptides 

representing the entire C57BL/6 proteome to identify the linear “immunome” of epitopes 

recognized by antibody induced in mice after receiving curative immunotherapy that is associated 

with complete and durable eradication of B78 melanoma tumors and induces tumor-specific 

immune memory. We utilized the HERON analysis method (Appendix A), developed by us 

specifically to analyze these whole proteome peptide array datasets of immune and naïve mice, and 

isolated peptides, epitopes, and proteins that showed a significant increase in antibody binding 

compared to the naїve samples.  

By utilizing epitopes, rather than single peptides, we increased the reliability and reproducibility 

(Figure 2.2B & 2C) as measured by repeat samples. HERON requires a degree of similar recognition 

of the related epitopes, but does not require that all probes that are part of the epitope are also 

recognized by another sample to indicate that the same epitope has been recognized in an 

additional sample. The same principle applies to protein data, where recognition of the same 

protein was given if the individual mouse sample showed antibody binding to any region of this 
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protein. By not requiring the same or similar region of the protein to be recognized, we achieved a 

higher number of proteins that were recognized by 4, 5 or even 6 mice than when comparing to 

epitope data (Figure 2.3C & 4C).  

Separately, we showed that peptides that showed antibody binding in the whole proteome peptide 

array, in most cases, also showed antibody binding in a separate peptide ELISA as well as a smaller 

scale peptide array (Figure 2.5). Furthermore, utilizing additional mice that had not been evaluated 

using a peptide array, we found that 65% of the mice in the validation cohort recognized at least one 

of the peptides tested that was previously recognized by 3 of the original 6 mice ( Figure 2.7D). 

Having any of these peptides recognized by additional mice supports the biological importance of 

these proteins being antibody targets by multiple mice in our system. To enhance the importance of 

these peptides being recognized by additional mice, we also selected random peptides from the 

whole proteome dataset and tested these on the same validation set of mice. In the randomly 

selected peptides we only achieved a 0.05% rate of positive reactions, while the HERON-selected 

peptides yielded 20% positive reactions. This indicates that the HERON method used to select 

peptides from the whole proteome peptide array data successfully identifies peptides that are also 

being recognized in validation assays with the same serum samples at a significantly increased rate 

over randomly chosen peptides (p<0.001).  

More importantly, due to the random rearrangement of V-D-J immunoglobulin gene components, a 

large diversity in antibody repertoire, even in a group of genetically identical mice, was expected. 

The ability of HERON to identify peptides based on their recognition by an initial set of mice using 

the original dataset and the same peptides being subsequently recognized by serum from additional 

mice drives the point of immunologic importance of these proteins for mice of the same strain 

immunized to the same B78 tumor using the same immunotherapy regimen.  
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In summary, we described the immunologic methods used to obtain data and validate it using 

additional small-scale peptide arrays and peptide ELISA systems. We showed the spectrum of 

peptides, epitopes and proteins recognized and described what fraction of targets recognized by at 

least one immune mouse are also recognized by some other mice, despite the stochastic nature of 

each mouse’s individual B-cell repertoires. 

We showed that this peptide array technology and analysis method can be used to detect the linear 

antibody-recognized “immunome” of sera from mice immune to B78 (and B16) melanoma through 

RT + IC immunotherapy. Proteins recognized by sera from multiple immune mice may potentially be 

of importance in achieving immunity to the cancer or could potentially be used as a biomarker of a 

potent adaptive response to the cancer.  

Prevalent binding motif in C57BL/6 mice cured of B78 melanoma 

Here we described a four amino acid motif identified in many strongly recognized epitopes from 

immune sera of mice cured of B78 melanoma utilizing a RT + IC immunotherapy regimen that acts as 

an in situ vaccine.  

The motif was identified when focusing on all epitopes that were recognized via antibody  from at 

least three of the six original immune samples that were tested on the whole proteome. We took all 

epitopes recognized by at least three mice and ordered them based on average immune signal from 

highest signal to lowest. When using the top 100 epitopes (highest immune signals), 65 of these 

showed the four aa motif (Figure 3.1). This motif was found in over 50% of the top epitopes from a 

whole proteome antibody binding screening of epitopes that were co-recognized by at least 3 of the 

6 separate immune mice, but not by the naïve sera. This observation suggests that this motif is 

recognized during an immune response to the B78 tumor for many B78-bearing mice. We identified 

310 separate SDTG-containing regions of which 194 were unique epitopes that did not belong to an 
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isoform of the same gene (Figure 3.2). Within these 194, we found 114 of these with an average 

immune binding score of over 100 and 42 with an average immune binding score of under 20. This 

showed that while most SDTG-containing regions were recognized via an antibody response in some 

of these mice, some SDTG-containing epitopes were not. This generated the question: what besides 

the presence of SDTG determines binding? To elucidate this, we used a random forest model and 

discovered that charge, as well as the amino acid position before SDTG and two positions after 

SDTG, does play a role. However, none of these findings by themselves gave a clear answer (Figure 

3.2) and we are investigating further.  

We tested an additional validation set of 20 immune mice for reactivity to SDTG-containing peptides 

and found 9 mice with strong reactivity towards at least 1 SDTG-containing peptide (45%, Figure 3.3) 

and several of these 20 mice recognizing multiple SDTG-containing peptides. One possible cause of 

SDTG-reactivity could have been the transfection of the original GD2-negative line with a plasmid 

needed to integrate GD2 and GD3 synthase into the B78 tumor cell genome to cause expression of 

GD2 on the tumor cell surface. If these genes, or a translated portion of the plasmid, contained an 

SDTG sequence that was “foreign” to these mice, this could have induced antibody to the foreign 

proteins, that might have created some anti-SDTG antibody. To test for this, we aquired the 

“original” B78 cell line, referred to as B78-H1 that was not transfected to express GD2, and treated 

mice bearing B78-H1 tumors with radiation and IL-2 or with radiation, IL-2 and anti-CTLA4, in an 

effort to cure them of their B78-H1 tumors. We then harvested serum from all 20 treated mice and 

tested for reactivity against SDTG-containing peptides. We found 1 mouse with strong response to 

SDTG and a few with weaker but detectible SDTG-reactivity (Figure 3.4). With the ability to generate 

an SDTG-response in these mice, we have shown that the transfection of the plasmid needed to 

integrate GD2 and GD3 synthase into the B78 genome was not required to induce anti-SDTG 

antibody.  
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We performed DNA sequencing on B78 and B16 cells to search for mutations as possible 

mechanisms for a strong and frequent SDTG response. We hypothesized that a mutation could lead 

to an additional SDTG sequence being present in a protein or, that a protein that contained an SDTG 

naturally, could aquire a mutation that resulted in a conformational change leading to exposure of 

SDTG (Figure 3.5). However, we only found 2 genes (Cacna1f and Btbd8) containing SDTG that had 

mutations at different parts of the protein. These mutations were not predicted to have an 

influence on the protein structure and cause exposure of the SDTG motif.  

We then went on to RNAseq analyses of the B78 tumor, where we found four genes that were 

differentially expressed between tumor and cell types found in the tumor microenvironment (Figure 

3.6).  

In summary, we identified a four aa motif that most likely has immunologic relevance ; antibody 

against it is present in a large proportion of mice cured of B78 tumor via in situ vaccine treatment 

(RT + IC). The exact meaning and origin of this motif are yet to be fully elucidated, but the workflow 

used here to identify this motif could certainly be applied to human data.  

Summary of additional findings not mentioned in the previous chapters 

In addition to the work presented above, we have collaborated with researchers from the Children’s 

Hospital of Philadelphia (CHOP) who have developed an analysis pipeline utilizing surface 

proteomics and target prioritization. The Maris lab at CHOP focuses on neuroblastoma research. 

While this thesis is focused on melanoma, and there are many fundamental differences between 

melanoma and neuroblastoma, both of these tumors are from neuroectodermal origin and 

generally express GD2 on their surface. Amber Weiner PhD, a postdoc in the lab of John M. Maris, 

generated a neuroblastoma surfacesome atlas. To do this, she performed plasma membrane protein 

extraction utilizing a sucrose density gradient methodology followed by nano-liquid chromatography 
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coupled to mass spectrometry (nLC-MS/MS) on 9 neuroblastoma cell lines as well as 12 patient-

derived xenografts (PDX). She then integrated the MS data with RNA-sequencing data from 153 

neuroblastomas and 7859 normal tissues to evaluate proteins that had an annotated extracellular 

domain that was differentially expressed in neuroblastoma compared to normal tissues. She 

identified 4826 unique membrane proteins and confirmed known neuroblastoma surface proteins in 

development as immunotherapeutic targets like ALK, GPC2, NCAM1, DLL3 and CD276. Utilizing her 

dataset of the human neuroblastoma surfaceome, we screened all of these neuroblastoma 

surfacome proteins to identify those that are human homologues of the mouse proteins that 

showed strong antibody binding by the whole proteome array data we generated using the sera 

from the 6 originally tested mice that had been immunotherapeutically cured of the B78 melanoma. 

Focusing on the mouse proteins with strong antibody binding (identified in our restrictive category), 

we were able to map the human homologues of 71 of them to human UniProt IDs. Of these, 52 

were unique gene names. After intersecting these 52 proteins with the neuroblastoma surfaceome 

and target prioritization, we found five proteins that were also enriched in the neuroblastoma 

surfaceome data. These five proteins were Hectd4, Cntnap2, Ace, Ptk7 and Pdia3 (Figure 4.1).  

The top hit based on abundance in neuroblastoma was Pdia3 (Figure 4.1), a protein disulfide-

isomerase. It is well studied and showed some potential as a biomarker in multiple cancer types  

(Wang et al., 2017; Zhang et al., 2020; Zhang, Li, et al., 2022; Zhang, Wang, et al., 2022). Ptk7, also 

highly abundant on the neuroblastoma surfaceome (Figure 4.1), called the inactive tyrosine-protein 

kinase, is a tyrosine kinase involved in the Wnt signaling pathway. It functions in cell adhesion, cell 

migration, cell polarity, proliferation, actin skeleton reorganization, and apoptosis and also has a 

role in embryogenesis, epithelial tissue organization and angiogenesis (Golubkov et al., 2010; Meng 

et al., 2010; Prebet et al., 2010; Puppo et al., 2011). Recently, an anti-PTK7 antibody as well as CAR 

T-cells targeting PTK7 have been developed and are undergoing testing as possible therapeutics 
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(Damelin et al., 2017; Jie et al., 2021; Kim et al., 2022). Ace, angiotensin-converting enzyme, plays a 

key role in the regulation of blood pressure, electrolyte homeostasis or synaptic plasticity (Anthony 

et al., 2010; Yang et al., 1970) and is also very abundant in the neuroblastoma surfaceome where it 

is highly recognized via antibody as detected in the whole proteome peptide array of mice cured of 

B78 melanoma. Cntnap2, contactin-associated protein-like 2, is associated with several 

neurodivergent disorders, like autism spectrum disorder, epilepsy, ADHD, schizophrenia, and 

intellectual disability (Choe et al., 2022; de Jong et al., 2021; Penagarikano et al., 2011; Poot, 2015). 

Hectd4, an E3 ubiquitin-protein ligase, showed relatively low abundance on the neuroblastoma 

surfaceome abundance scale, but was still enriched (Figure 4.1). Certain Hectd4 variants are 

associated with type 2 diabetes and neurodevelopmental disorders (Faqeih et al., 2023; Lee et al., 

2022; Sun et al., 2021). Hectd4 is involved in Myc stability (Vatapalli et al., 2020). Components of 

this pathway could potentially be targeted and used as therapeutic targets for select cancers. This 

data showing that these human proteins are homologues of mouse proteins that are strongly 

recognized by antibody from mice cured of B78 further supports pursuit of these as potential 

biomarkers or therapeutic targets. 

 

We also utilized a different approach from the Maris lab to identify possible new therapeutic 

targets. In this approach Mark Yarmarkovich PhD, a previous post-doc in the Maris lab who now has 

his own lab at NYU, developed a tumor discovery workflow to identify peptides presented via MHC 

in neuroblastoma tumors (Yarmarkovich et al., 2021). He purified MHC and eluted peptides from 

patient-derived xenografts and primary neuroblastoma tumors and characterized peptide 

sequences by tandem mass spectrometry. Exome sequencing of these tumors was also performed. 

Utilizing the exome sequencing data of the tumors, HLA types were inferred using PHLAT (Bai et al., 
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2014). Predicted MHC binding affinities for eluted peptides were obtained using NetMHC. 

Differential gene expression was assessed via comparison of 153 neuroblastoma cases to the GTEx 

database of normal tissue gene expression. The differential gene expression was used to derive 

antigens and compare these against a database of MHC presented peptides from 190 healthy 

tissues. This resulted in the discovery of 83 neuroblastoma antigens that had not been observed in 

healthy tissue. With Mark’s help, we utilized his MHC-peptidome dataset for neuroblastoma and 

filtered the mouse homologues of these to search for any that were identified as mouse proteins 

highly recognized by our immune mouse serum samples. We identified some overlapping genes that 

were recognized in his neuroblastoma MHC peptide dataset that were also recognized in our whole 

proteome peptide array dataset of antibody recognition by mice cured of their B78 melanoma. 

Within our restrictive dataset, we identified a total of 33 proteins that are also in his list of 1980 

human proteins with peptides found presented by HLA on human neuroblastomas;  we are further 

investigating these. One of the issues with the comparison of this dataset to ours is the gene 

translation from mouse to human as well as the different HLA subtypes present in humans that are 

not translatable to mouse data. However, we are looking further into the recognized proteins, 

because their dual recognition through these 2 detection systems would seem to increase the 

likelihood of their biological/immunological importance.  

In addition to these collaborations, we looked more closely into several other proteins. One of these 

being Hemicentin 1 (Hmcn1, D3YXG0). Hmcn1 was strongly recognized by the 4 of the 6 mice in the 

original peptide array with another mouse with weak recognition. This protein has multiple 

antibody-recognized epitopes, 4 of them contain SDTG sites, 2 of them with high binding and 2 with 

moderate to low binding. We validated 2 of the Hmcn1 SDTG-containing peptides as being 

recognized via ELISA by additional mouse serum samples (Figure 3.3). We furthermore detected 

strong antibody staining for Hmcn1 in B78 and B16 cells (Figure 4.2A) as well as B78 tumors 
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removed from tumor-bearing mice and skin of C57BL/6 mice (Figure 4.2B&C), evaluated via IHC-IF 

(immunohistochemistry-immunofluorescence). Looking at RNAseq profiles for Hmcn1 expression 

across tissues, RNA for this protein is expressed in almost all tissues as well as most cancers. 

However, Hmcn1 is highly overexpressed in human melanoma tumors (Figure 4.2D). Hmcn1 has 

been found to have negative effects on outcome if cancers have a higher expression of Hmcn1 

(Gong et al., 2022; Kikutake et al., 2018; Liu et al., 2019; Wen et al., 2022). We are further 

investigating whether the presence of antibodies against Hmcn1 could potentially be used as 

biomarkers.  

Additional work in progress, future directions and scientific conclusions:  

Work in Progress 

While we have characterized the antibody landscape of C57BL/6 mice cured of B78 melanoma via in 

situ vaccine (RT + IC), we have a number of questions yet left unanswered. Here I discuss some of 

the ongoing and future experiments we are proposing to elucidate some of the unanswered 

questions.  

One of the first things we plan to investigate further is whether there is an association of antibodies 

against select proteins that are only present if the animal has a complete response. So far we have 

focused our analysis on naïve and immune samples, i.e. samples that had never seen a tumor in 

comparison to serum samples of mice that successfully rejected a tumor and exhibited memory 

against the same or similar tumor type. Our next step will be to test the peptides that were 

recognized by the highest number of individual immune samples (combining original data with ELISA 

data from validation set mice) on mice that have a tumor but did not receive treatment, as well as 

on mice that did receive treatment but failed to clear the tumor. In chapter 3 we took a first look at 

mice that did not fully reject their initial B78 (in this case B78-H1) tumors; in that limited study we 
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were not able to see differences in anti-tumor response based on the pattern/level of antibody 

detected against SDTG peptides tested. However, with a larger number of mice and by using the 

original B78-D14 tumor (which does have GD2 surface expression), as well as focusing on select 

peptides, we might be able to discern differences in recognition frequency by antibody, based on 

whether the mice were immunotherapeutically cured, or not. One factor that needs to be controlled 

for in such studies is that mice that showed a response after receiving treatment, but were unable 

to clear their tumor fully, might still show the same antibody generation as seen in mice that were 

able to clear their tumor fully, as an immune response against the tumor took place, but in the end, 

was not strong enough to fully clear it. For this experiment, we are currently collecting more serum 

samples to test untreated, treated but not cured, as well as mice that were treated and cured; sera 

from these 3 groups will be tested and compared via ELISA on select peptides. I plan to conduct 

these experiments early in summer 2023.  

We hope that the workflow we developed here to identify important cancer antigens can be 

transferred to humans and other mouse cancer models. While we don’t necessarily expect that all 

our identified proteins will translate to human data, the workflow developed here could easily be 

applied to human serum samples of different cancer types and help identify additional targetable 

proteins or antibodies as potential biomarkers of response to therapy. We currently have an 

ongoing clinical trial for advanced melanoma at UW Madison (UW16134) investigating the same  

utilized in situ vaccine regimen (RT + IC) in melanoma patients that was used in the mice in this 

thesis. We are collecting their serum at multiple timepoints. So far this trial has enrolled seven 

patients. Due to the large diversity across humans, a larger sample size will be necessary to perform 

statistical analysis and possibly reach significance, when trying to see whether there may be any 

association with detectible antibody in the serum of these patients after treatment, and their 

likelihood of responding to the therapy with a clinical anti-tumor response.  
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Another question we are currently investigating is what caused the strong antibody response 

against SDTG-containing peptides in the first place?  

To investigate this further, we are working on DNA sequencing analysis of B78, B16 and the normal 

C57BL/6 mouse genome. While we were not able to find genetic alterations leading to generation of 

SDTG so far (point mutations), we are still working on analysis concerning more complicated 

alterations like chromosomal inversions, deletions and duplications as well as copy number 

variations. To complement the DNA sequencing, we conducted RNAseq on a single cell level of  in 

vivo extracted tumors as well as bulk RNAseq of B78 cells in culture. For the scRNAseq we used 2 

tumors from untreated animals and 2 tumors from treated animals. For the bulk RNAseq data, we 

treated some B78 cells with radiation and left others untreated. We also included healthy C57BL6 

skin lysates as our control. With these data we hope to see changes in genes that contain the SDTG 

motif in the tumors compared to the normal skin. Some of this work is detailed in Figure 3.6. 

However, we hope that the bulk RNAseq data will provide more information about B78 vs. healthy 

skin as well as the differences caused by radiation in B78 gene expression without the confounding 

effects of the presence of the cells (and their RNA) from the non-tumor cells in the tumor 

microenvironment.  

Future Directions 

Another possible place SDTG could have originated from to induce an antibody response is the 

microbiome; if so what we are actually detecting with the ELISA and peptide array may be cross-

reactivity of microbial proteins and normal mouse proteins. If the bulk RNAseq as well as scRNAseq 

data do not show any significant differences in any SDTG-containing genes between tumor and 

normal tissue, we will look closer into the microbiome as a possible source of inducing antibody 

reactivity to SDTG. To do this, we will utilize a blast peptide search against all common known 
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bacterial species present in C57BL/6 mice. In conjunction, we will conduct 16S rRNA sequencing 

(Johnson et al., 2019) to capture the microbiome present in mice with SDTG-recognition in 

comparison to mice that did not develop antibodies recognizing SDTG (but have also been treated 

against B78 tumors and rejected the tumor with memory). We hypothesize that an increase in a 

specific bacterial population that contains the motif SDTG in one of its proteins might be the cause 

of SDTG recognition and subsequent SDTG-antibody generation.  

It could also be possible that the original site of SDTG-recognition was from a viral protein. To 

investigate viral proteins and possible viruses that these mice could have been infected with, we 

would again start with a blast search for SDTG in mouse virus proteins and then move on to 

sequencing.  

Another approach would be to focus on the antibody sequence and B cells. Characterizing the 

sequence of the antibodies generated, specifically the hyper variable regions, may help assess 

antibody targets. Contrasting the antibody repertoire sequencing of antibody producing cells from: 

a) mice before tumor implantation (as a baseline and to filter out tumor-unrelated antibodies), b) 

mice after tumor implantation but before treatment (to focus on antibodies associated with B78 

melanoma) and c) after mice have been cured and exhibit memory (to compare to the other 2 

groups to filter out differences associated with a positive anti-tumor response) might help us 

uncover the original target that the SDTG antibodies are directed against. The technology for 

antibody repertoire sequencing is rapidly improving and allows for ranking and robust detection of 

antibody sequences (Choi et al., 2023; Greiff et al., 2014). We might be able to screen these 

sequences for potential binding ability to SDTG-containing peptides. To answer the question why 

only some SDTG-containg proteins showed strong antibody binding and others did not, we could 

develop monoclonal antibodies that recognize the top 5 SDTG-containing peptides based on 

antibody binding scores from the whole proteome array and ELISA, and use  as “controls” the 
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bottom 5 SDTG-containing peptides based on fluorescent signal from the whole proteome peptide 

array. We would hope to generate at least one antibody that strongly recognizes the top 5 peptides 

and not the bottom 5 peptides. This antibody and its interactions with the top 5 peptides, vs. the 

bottom 5 peptides could be studied using structural biology.  

There are different ways to generate these antibodies: 1) We can use the peptides to isolate B cells 

from mice that are recognizing SDTG and generate a hybridoma cell line from these B cells. 

2) We can introduce these peptides to mice or rabbits to generate B cells recognizing a specific set 

of peptides, then generate a hybridoma of the B cells from these mice (or rabbits), select for 

successful hybridoma cells and test via ELISA for specificity to the 5 peptides (Zarei et al., 2015).  

3) We could use phage display to generate binders that bind well to our top 5 peptides and not the 

bottom 5 peptides. 4) We can use the sequencing information we got from the antibody repertoire 

sequencing and generate recombinant monoclonal antibodies which is proposed to be quicker and 

cheaper than the traditional generation of antibodies and allows for easy modifications (DeLuca et 

al., 2021). Once we have the separate antibodies, we will be able to test them against all SDTG-

containing peptides we identified. With these antibodies we will have the possibility of conducting 

multiple experiments and reproducibly use the same source of antibody for characterization 

reasons. However, generation of monoclonal antibodies is laborious and time consuming. Instead, 

we could also utilize mice that developed anti-SDTG antibodies and pull out these specific antibodies 

from the serum utilizing the peptides we know are bound. After we have a somewhat “pure” anti-

SDTG antibody sample, we can use this antibody as a tag. Tumor, skin, or microbiome lysates could 

be probed against the SDTG-targeting antibody. Everything bound to the SDTG-antibody can then be 

analyzed using mass spectrometry to identify the specific target. Furthermore, the antibody will help 

us in characterization of biophysical aspects including its affinity to its target and solvent 
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accessibility. If the affinity is very low, what we have identified is most likely not the primary target 

or its native antigen. We recognize this latter approach might not have the discriminatory capability, 

or analytic power of the mAb approach, and thus is a “2nd-line” option. 

Utilizing mass spectrometry to identify the native antigen of the anti-SDTG antibody will also help us 

identify if the native target was a linear sequence containing SDTG, or if it actually targets a 

conformational epitope. Up until this point, i.e. without the “original” anti-SDTG antibody, we were 

unable to assess if the native target was a linear or conformational epitope. Predicting a 

conformational epitope and globally testing a whole proteome for conformational epitopes is not 

yet possible. Phage display may allow for restricted identification of some conformational epitopes.  

After further investigation utilizing the above described assays, we might be able to answer the 

questions so far left unanswered concerning SDTG:  

1) Why is it being recognized and what is its native antigen?  

2) What determins binding besides the presence of SDTG as some SDTG-containing peptides were 

not recognized in the original dataset?  

The answers to these questions might help us in determining the significance and usability of this 

motif and the workflow developed to detect it.  

Another way to utilize the whole proteome peptide array data is to use it for identification of new 

CAR-T cell targets. For this approach, we are partnering with the DeKosky lab at MIT as well as with 

the Yarmarkovich lab at NYU. The DeKosky lab focuses on inventing and applying cutting-edge tools 

in translational molecular biology to study immune system interactions and focused on TCR and 

antibody sequencing. The Yarmarkovich lab focuses on developing and employing technologies at 

the intersection of genomics, proteomics, immunology, antibody engineering and computational 

biology and has developed a novel class of peptide-centric CAR T cells that potently eradicate 
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tumors in preclinical models. We will supply the DeKosky lab with tumor, lymph node and spleen 

cells from mice cured of B78 using our ISV regimen that showed immune memory via rejection of a 

rechallenge with the same or a related tumor type. We will first test their serum against some of the 

previously identified top peptides from the whole proteome peptide array dataset, then harvest B 

and T cells from these mice from their tumor, lymph node and spleen where the DeKosky lab will 

generate a TCR library of the most “frequent” TCRs present in the cells. In addition, they will 

generate a library of all “frequent” scFvs in the same samples  utilizing yeast display and next 

generation sequencing (Banach et al., 2022; Fahad et al., 2021; Wang et al., 2018). These libraries 

will be transferred to the Yarmarkovich lab who will then clone these into CAR T cells and gene tically 

modified TCR T cells and generate a library of these (Yarmarkovich et al., 2021). These will be further 

evaluated utilizing the Berkeley lights platform to screen for the most potent tumor-recognizing and 

killing TCR and CAR T cells with a high-throughput, single cell level resolution (Bunse et al., 2019; 

Green et al., 2019). This will help identify the most functionally potent MHC-presented peptides as 

well as the most potent surface antigens (not MHC-presented) for best CAR T cell recognition.  

Conclusions 

Returning to the main 3 hypotheses for this thesis, proposed at the end of chapter 1, we have 

shown in chapter 2 and chapter 3, that mice that reject a rechallenge with the same, or a related, 

tumor type have developed antibodies that recognize the cancer cells, and that some 

immunodominant antigens are recognized by antibodies in immune sera from multiple mice cured 

from the same tumor (Hypothesis A).  

We furthermore provided evidence that a whole-proteome peptide array will be a useful tool in 

identification of antibody targets on cancer cells (Hypothesis B) as we were able to identify a 

number of candidates that are now under further investigation.  



 
148 

Our last hypothesis was that antibody targets co-recognized by the antibodies of multiple immune 

mice may potentially be useful as future therapeutic targets, and possibly as a way to monitor 

patient’s antibody responses as a biomarker of anti-tumor immunity. We are currently still working 

on answering this hypothesis and have proposed a series of experiments to investigate this further, 

some of which are already underway and outlined above.  

 

In summary, we have identified a list of tumor-associated antigens and a binding motif on B78 

tumors that may potentially be used as biomarkers of response as well as possible new 

immunotherapeutic targets. Filtering these against serum samples from mice with large tumors that 

did not receive treatment as well as mice that received treatment but were unable to successfully 

reject their tumor will help narrow down the list of possible biomarkers and therapeutic targets.  

Overall, this work could be extended to the identification of immunodominant tumor-associated 

antigens within other cold murine cancers. Ultimately, these findings and this methodology could be 

extended to the study of sera from human cancer patients, cured via immunotherapy, to similarly 

probe the antigens recognized by tumor-immune human sera. 
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Figures 

 

Figure 4.1: Identified enriched neuroblastoma surface proteins with highlighted antibody targets 

in whole proteome peptide array dataset. 

A: Heatmap of relative abundance of cross-identified proteins together with known neuroblastoma 

surface targets in 9 neuroblastoma cell lines sorted by average abundance. B: Heatmap of relative 

abundance of cross-identified proteins together with known neuroblastoma surface targets in 11 

neuroblastoma patient-derived xenografts sorted by average abundance. C: Protein abundance of 

all identified neuroblastoma surfaceome proteins with commonly known proteins highlighted in red 

and proteins identified in our dataset highlighted in yellow (with black font). Normalized iBAQ 

abundance is a measure of protein abundance where the iBAQ value is obtained by dividing protein 

intensities by the number of theoretically observable tryptic peptides between 6 and 30 aa and is on 

average highly correlated with protein abundance (Krey et al., 2014; Schwanhausser et al., 2011) 
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Figure 4.2: Hmcn1 is expressed in B78, B16 and normal mouse skin. 

A: Immunohistochemistry staining of B78 and B16 cultured on slides with anti-HMCN1 antibody and 

anti-rabbit IgG AF647 as a secondary antibody. Strong staining was observed. Images were aquired 

using the EVOS FL imaging system from ThermoFisher at 20x. B: Fresh frozen sections of mouse skin 
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were stained with phalloidin (green), DAPI (blue), and anti-Hmcn1 in conjunction with a secondary 

anti-rabbit IgG AF647 antibody (red). Images were aquired utilizing a Zeiss LSM710 confocal 

microscope. Images were aquired with a 400x magnification. C: Fresh frozen sections of mouse 

tumor were stained with phalloidin (green), DAPI (blue), and anti-Hmcn1 in conjunction with a 

secondary anti-rabbit IgG AF647 antibody (red). Images were aquired utilizing a Zeiss LSM710 

confocal microscope. Images were aquired with a 630x magnification. D: Hmcn1 mRNA expression 

in normal and matched tumor tissue as collected from Gepia: Gene Expression Profiling Interactive 

Analysis, http://gepia2.cancer-pku.cn/, doi: 10.1093/nar/gkz430.   
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Appendix A: Collaborative biostatistical-bioinformatic methodology 

manuscript directly related to the work presented in this thesis 

Preface 

This manuscript accompanies chapter 2 of this thesis as it detailes the bioinformatics method 

developed to analyze the serum samples of naïve mice and mice cured of B78 melanoma with 

immunological memory. It was necessary to develop an analysis method that reliably filters results 

for peptides, epitopes and proteins that show antibody binding in immune mouse serum samples 

but not (or to a significantly lower degree) in naïve mouse serum samples. Over the course of 4 

years we worked to perfect this algorithm to accurately analyze the raw data. Many iterations with 

larger or smaller changes were analyzed for precision in analysis by comparing random hits from the 

algorithm output with the raw data and vice versa.  

For this manuscript I was a vital part in developing HERON. I helped test different versions of HERON 

for its capabilities and completeness in capturing epitopes and proteins of interest by comparing 

analysis results to the raw data and using the raw data to make informed decisions of what HERON 

should be picking up as positive hits vs. not and where and how to set thresholds. I was involved in 

the conceptualization, data curation, formal analysis, investigation, methodology, validation, review, 

and editing process for this paper.  

The manuscript has been sent out for peer review for publication and has been deposited in BioRxiv 

and can be found online as:  

Sean J. McIlwain, Anna Hoefges, Amy K. Erbe, Paul M. Sondel, Irene M. Ong; (2023) Ranking 
Antibody Binding Epitopes and Proteins Across Samples from Whole Proteome Tiled Linear 
Peptides, bioRxiv 2023.04.23.536620; doi: https://doi.org/10.1101/2023.04.23.536620 
 

https://doi.org/10.1101/2023.04.23.536620


 
181 

Ranking Antibody Binding Epitopes and Proteins Across Samples from Whole 

Proteome Tiled Linear Peptides 

Abstract 

Ultradense peptide binding arrays that can probe millions of linear peptides comprising the entire 

proteomes or immunomes of human or mouse, or numerous microbes, are powerfu l tools for 

studying the abundance of different antibody repertoire in serum samples to understand adaptive 

immune responses. There are few statistical analysis tools for exploring high-dimensional, significant 

and reproducible antibody targets for ultradense peptide binding arrays at the linear peptide, 

epitope (grouping of adjacent peptides), and protein level across multiple samples/subjects ( i.e. 

epitope spread or immunogenic regions within each protein) for understanding the heterogeneity of 

immune responses. We developed HERON (Hierarchical antibody binding Epitopes and pROteins 

from liNear peptides), an R package, which allows users to identify immunogenic epitopes using 

meta-analyses and spatial clustering techniques to explore antibody targets at various resolution 

and confidence levels, that can be found consistently across a specified number of samples through 

the entire proteome to study antibody responses for diagnostics or treatment. Our approach 

estimates significance values at the linear peptide (probe), epitope, and protein level to identify top 

candidates for validation. We test the performance of predictions on all three levels using 

correlation between technical replicates and comparison of epitope calls on 2 datasets, which shows 

HERON's competitiveness in estimating false discovery rates and finding general and sample -level 

regions of interest for antibody binding. The code is available as an R package downloadable from 

http://github.com/Ong-Research/HERON. 
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Introduction 

The technology for high-dimensional identification of specific antibody binding repertoire has 

significantly improved over the last decade, allowing for the determination of antibody binding to 

~6 million peptides simultaneously with peptide array technology to probe every mouse or human 

protein using 16-mer peptides with 1, 2 or 4 amino acid (aa) tiling to identify antibody targets from 

serum or plasma (Lyamichev et al., 2017). This extremely high-dimensional, high-throughput 

method for antigen-specific immune profiling can enable detection of immune responses to 

infection or vaccines, and potentially study the precise targeting of tumors by one’s own immune 

system with or without immunotherapy/combination therapy. There are many existing methods for 

analyzing microarray and peptide array data (Flinterman et al., 2008; Heffron et al., 2021; Heffron et 

al., 2018; Imholte & Gottardo, 2016; Imholte et al., 2013; Lin et al., 2009; Lin et al., 2012; Lo et al., 

2020; Mergaert et al., 2022; Nahtman et al., 2007; Potluri et al., 2022; Renard et al., 2011; Zheng et 

al., 2019; Zheng et al., 2021), including pepStat, which was designed to analyze different viral strains 

for a single protein, and a few methods for analyzing these ultra-dense, high-dimensional array data 

(Chen et al., 2022; Mergaert et al., 2022; Zheng et al., 2021), but additional methods are necessary 

to advance understanding of immune response as antibody binding signals from arrays represent an 

aggregate of complex biological and biochemical interactions. Antibodies may bind to peptides via 

various mechanisms of interaction based on the antibody’s antigen binding site and amino acid 

configuration of the peptides, affecting binding affinity, and each protein may have multiple 

epitopes that are bound by antibodies, amplifying the immune response to the  protein. These 

considerations are important when studying immune responses involved in diseases, including 

infectious, auto-immune, or neoplastic. To the best of our knowledge, there are currently no 

existing methods that can simultaneously identify and rank antibody binding responses at different 

scales, i.e., to linear peptides, epitopes (defined here as antibody bound region of adjacent linear 
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peptides or probes tiled within a protein) and proteins, for diagnostics or treatment; or for 

understanding the heterogeneity of immune response within an individual or across a population.  

 

Existing methods for analyzing antibody binding of peptide array data such as pepStat (Imholte et 

al., 2013), estimates the false discovery rate (FDR) at a peptide-level and reports subject-level 

statistics. Bayesian models such as pepBayes have been shown to be potentially superior to pepStat 

but is also designed to analyze a single protein from multiple related viral strains and does not take 

into account the sequential probes across the protein (Imholte & Gottardo, 2016). Another Bayesian 

model does include provision for handling sequential probe signals by using a latent autoregressive 

component, however the authors propose a limit in the problem size (300 peptides and 50 samples) 

when using their implementation. MixTwice (Zheng et al., 2021) is a statistical method that achieves 

more power to detect significant probes by using local FDR. None of these methods ensure a 

reproducible way to rank epitopes and score both the epitopes and proteins when analyzing peptide 

arrays with ~6 million unique sequence probes. 

We developed an algorithm, HERON (Hierarchical antibody binding Epitopes and pROteins from 

liNear peptides), which is an R (R-Core-Team, 2022) package available on GitHub, for analyzing ultra-

dense peptide arrays to identify and rank significantly bound linear peptides, epitopes, and proteins. 

The overall workflow is shown in Figure A.1A. Our approach builds on existing approaches (Imholte 

et al., 2013) including clustering methods to locate contiguous probes (i.e., epitopes) with high 

binding affinity, and meta-analysis methods from Fisher and others (Becker, 1994; Dewey, 2022; Liu 

& Xie, 2020; Poole et al., 2016; Sun & Lin, 2020; Wilkinson, 1951; Wilson, 2019) to: 1) allow for 

reliability and reproducibility with granularity in confidence level for making antibody binding calls 

at different thresholds, 2) ensure that we identify probes that are more highly bound in post- 
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(experimental) compared to pre-exposure (control), and that we give more weight to those with 

higher overall binding, 3) identify consecutive overlapping probes with high signal and categorize 

the shared amino acid (aa) sequences represented by those highly recognized probes as epitopes 

based on specified thresholds, and 4) identify proteins due to epitope spread (i.e., identify proteins 

recognized by distinct epitope binding in different regions of the protein by sera from multiple 

samples, not necessarily at the same place on the protein). 

To ensure that probes that are more highly bound in post- (experimental or positive) compared to 

pre-exposure (control or negative) are identified, and that probes with higher overall binding are 

given more weight or a smaller estimated p-value, our algorithm calculates probe-level p-value 

scores for each post-sample by combining t-test scores for differential expression (one sided test 

above control) and global z-tests normalized for relative height compared to all of the data in the 

experiment (Figure A.1B). 

In order to identify common and unique epitopes across individual samples we find regions of 

consecutive probes across the tiling of the proteins that are consistent with their calls across 

positive samples by making initial antibody binding calls on the probe-level adjusted p-values based 

on a threshold, then utilizes one of three approaches for identify ing epitopes, which are consecutive 

probes tiled across a single protein. After finding the epitopes, we then calculate a score for all the 

epitopes using a respective meta p-value estimation method (Becker, 1994; Dewey, 2022; Liu & Xie, 

2020; Poole et al., 2016; Sun & Lin, 2020; Wilkinson, 1951; Wilson, 2019) and adjust for false 

discoveries using Benjamini-Hochberg (BH) (Benjamini & Hochberg, 1995). A similar approach using 

meta-analysis is applied to epitope level calls at the protein level to calculate scores for all the 

proteins. 
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In this report, we measured the performance of our method on two datasets to illustrate its utility. 

The goal of the first dataset (COVID-19) was to identify diagnostic epitopes across the landscape of 

the SARS-CoV-2 viral proteome as detected by human serum samples from individuals following 

SARS-CoV-2 infection (Heffron et al., 2021). The goal of the second dataset (Melanoma) was to study 

the landscape of antibody responses to the whole mouse proteome of genetically identical mice 

before cancer and after curative immunotherapeutic in situ vaccine treatment (Morris et al., 2016) 

and rechallenge with a related tumor and to rank the responses for study and validation. For 

evaluation of the COVID-19 dataset, we show performance measures for finding significant epitopes 

by comparing them with the regions identified using a t-test method from the SARS-CoV-2 

manuscript (Heffron et al., 2021) and for the Melanoma dataset, we measured correlation between 

technical replicates using different parameter settings. 

Materials and Methods 

Datasets 

The COVID-19 dataset (Heffron et al., 2021) compares analyses of serum samples from individuals 

following proven infection with SARS-CoV-2 (COVID+) with serum samples from uninfected 

individuals (COVID-); this dataset was downloaded following the instructions from 

https://github.com/Ong-Research/UW_Adult_Covid-19. There are 60 (20 COVID-, 40 COVID+) 

samples in total, with 118,651 unique sequence probes mapped to 470,086 16-mer probes for 387 

proteins with a tiling of 1 amino acid (aa) and up to 5 replicates on the array. The data were 

preprocessed using pepMeld (Baker, 2020) and the resulting sequence matrix was quantile 

normalized at the sequence probe level.  

The melanoma dataset compares naïve mouse serum to mice that have successfully rejected a 

tumor after immunotherapy and also showed immune memory when presented with a rechallenge 
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of the same or a similar tumor type. These mice had an established B78 melanoma tumor, have 

been treated with a potent immunotherapy treatment consisting of 12 Gy external beam radiation 

followed 5 days later by 5 consecutive days of intratumor injections of an immunocytokine which 

targets the GD2-expressing tumor via a monoclonal antibody and delivers IL-2 directly to the tumor 

site to elicit a strong and long-lasting anti-tumor immune response.  

The Melanoma dataset was collected by Hoefges et al. 2023 (Hoefges et al., 2023) and can be found 

on Zenodo under the following DOI: 10.5281/zenodo.7871566.  

The dataset consists of 11 biological (serum) samples tested for recognition of 6,090,593 16-mer 

unique sequence probes mapped to 8,459,970 protein probes using a mixed tiling of either 2 aa or 4 

aa with a total of 53,640 individual proteins. Of the 11 samples, 5 samples were from naïve mice, 

(referred to as “pre-treatment”; i.e., prior to tumor introduction or immunotherapy), and 6 were 

immune samples (referred to as “post-treatment”; i.e., they were tumor-bearing mice that 

underwent radiation and immunotherapy treatment to become tumor-free. Following tumor-

clearance, the mice were rechallenged with the tumor line to test immune memory). Two of the 

immune samples had technical replicates: one (sample B2) had replicates of the same Immune 

serum sample tested on the same array (performed within 24 h of each other) while the other 

(sample PD1) had the replicates of the same immune serum sample on identical arrays but 

performed ~ 1 year apart from each other. In total, there were 13 serum samples, 5 from naïve 

mice, 8 from 6 immune mice, (including the 2 replicates for B2 and PD1). The data were pre -

processed by Nimble Therapeutics, quantile normalized, and then smoothed using a sliding average 

mean window across the protein location of +/-8 aa  
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Algorithm  

The R package, HERON, can be downloaded and installed from GitHub (http://github.com/Ong-

Research/HERON). The overall workflow of the algorithm is illustrated in Figure A.1 including the 

underlying approach for finding significant probes (Figure A.1B). Herein, we describe the methods 

for finding consecutive blocks of probes on the protein, which we call epitopes, as they can be used 

to identify the exact sequence of 2-16 consecutive amino acids, shared by consecutive probes, all 

recognized by the same antibody, and thereby corresponding to an epitope recognized by an 

antibody (Hoefges et al., 2023). Given the found epitopes, we then describe how to estimate the 

significant epitopes and corresponding proteins. 

Estimating probe-level p-values for each positive sample 

HERON was designed to analyze ultradense peptide binding arrays with multiple protein sequences, 

e.g., whole mouse or human proteomes, and the goal is to rank or calculate a p-value/false 

discovery rate (FDR) for each linear peptide probe for each positive sample and summarize ranking 

at different resolutions (at epitope and protein levels) for multiple positive samples . As shown in 

Figure A.1B, we first calculate a global p-value using a distribution function for all of the data 

provided in the experiment, then a differential p-value using a one-sided t-test for each positive 

sample is calculated assuming that the standard deviation is the same between groups using the 

pre- (control) or post- (experimental or positive) samples. Parameters for generating probe-level p-

values can be adjusted and one can use either or both of the global and differential tests when 

calculating significance for peptides to identify probes that are more highly bound in post- 

(experimental or positive) compared to pre-exposure (control) samples, or give more weight to 

those with higher overall binding, respectively. Our approach calculates a combined p-value from 

the global p-value and differential p-value using Wilkinson's max meta p-value method (Becker, 

http://github.com/Ong-Research/HERON
http://github.com/Ong-Research/HERON
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1994; Birnbaum, 1954; Tippett, 1931; Wilkinson, 1951). Supplementary Figure A.1 shows the 

estimated global p-values (SA.1A), differential p-values (SA.1B), combined global and differential p-

values (SA.1C), and adjusted p-values (Benjamini-Hochberg, SA.1D) versus the peptide array signal 

after applying the HERON workflow on data for a positive sample from the Melanoma dataset, 

where a low p-value/FDR indicates an increased probability that both the global and differential 

hypotheses are rejected. 

K of N Calls and One-Hit Filter 

The linear probe-level p-values are then adjusted for false discovery rates using the Benjamini-

Hochberg algorithm. Next the significance values for the linear peptides are calculated and an FDR 

threshold cutoff is used to identify the set of antibody-bound probes (which we will also refer to as 

“calls” or “called” probes) for each positive sample. HERON also reports the number of samples that 

have an adjusted p-value less than the specified threshold, i.e., reporting a number, K samples that 

indicated antibody binding for the called probes, out of a total of N samples. To filter out 

inconsistent calls due to spurious noise (or non-specific signals), the algorithm has a one-hit filter 

option for removing probes that are called as bound by antibodies that do not have a supporting 

consecutive probe call in the same serum sample and does not have a call for the same probe in 

another serum sample. The one-hit filtering is a soft procedure, where the raw and adjusted p-

values are set to 1 for the filtered one-hit probe. These procedures are also applied to epitope- and 

protein- level probes after the steps described below. 

Epitope Finding 

Once the set of antibody-bound probes are identified, epitopes can then be found using three 

different segmentation algorithms: unique, hierarchical, or skater. 
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The unique method iterates through all the samples, finding consecutive runs of probes that were 

called on the same protein, then combines all the regions found across the samples into a single list, 

and reports the unique set of blocks/epitopes. The method permits overlapping blocks. FigureA. 2A 

illustrates the “unique” algorithm on an example set of called probes.   

Both the hierarchical clustering (hclust call in base R) (Murtagh, 1985) and skater (spdep R package) 

methods (Bivand et al., 2013; Bivand & Wong, 2018) in HERON first finds regions within each protein 

where consecutive probes are called in any positive sample (Figure A.2B). These groups of called 

probes are then segmented using either the hierarchical (Figure A.2C) or skater (Figure A.2D) 

clustering method and the average silhouette score is used to determine the optimal number of 

clusters or graph cuts respectively.  

To calculate similarity or dissimilarity between probes in relation to their significance scores or calls 

for the post samples, HERON provides the option to utilize a “binary” or a “z-score” method. The 

binary method uses the probe calls as labels (true/false for bound/unbound by an individual serum 

sample) for which a hamming distance can be calculated between the probes. The z-score method 

converts the probe p-values to a one-sided z-score before clustering using the Euclidean distance. 

After building a distance matrix for all possible pairs of probes on the protein, we then use a 

clustering algorithm to find groups of consecutive probes on the protein that are similar in their calls 

or significance values across the post-treatment samples. For both the hierarchical and skater 

segmentation implementation we use the maximum average silhouette score to determine the 

number of clusters (hierarchical clustering) or cuts (skater). Ties in the silhouette score are broken 

by selecting the clustering with the maximum number of clusters or cuts. Other different distance 

metrics can also be used for measuring the distance between elements; however, our algorithm 

used the Euclidean distance with the z-score clustering and an average hamming distance for 

segmenting using the binary calls.  
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Using the hierarchical clustering algorithm from hclust, HERON first calculates the distance matrix as 

usual. For each identified cluster, a distance matrix is derived by setting each i/j element to the 

maximum pairwise distance between probes starting at protein position i and ending at protein 

position j for the group of probes to be segmented. Complete hierarchical clustering is then 

performed using the distance matrix to find clusters that are contiguous probes within the protein 

(Figure A.2C). 

The skater algorithm is used to find consecutive probe regions with similar signal patterns across the 

samples. Since skater allows graph constraints on the clustering process, we introduced a line ar 

graph where an edge is introduced between each peptide that is the adjacent peptide within the 

protein tiling. Each iteration of the skater algorithm finds the best cut in the graph using the 

calculated distance metric between the probes. After iterating through all possible cuts to find the 

cut that gives the best average silhouette score, the epitope regions are then defined by the 

remaining connected nodes in the graph (Figure A.2D). 

Epitope and Protein p-values 

An epitope level p-value is calculated by using a meta p-value method with each positive sample’s 

linear probe p-values for the probes that are contained in that epitope. Similarly, the protein level p-

value is determined using a meta p-value method based on the epitope p-values found across the 

protein for each positive sample. Many meta p-value estimation methods exist (Alves & Yu, 2014; 

Becker, 1994; Huo et al., 2020; Liu & Xie, 2020; Poole et al., 2016; Sun & Lin, 2020; Wilkinson, 1951; 

Wilson, 2019), including Fisher, and each has its own characteristics depending on the type of 

underlying hypothesis to be tested.  

For epitopes, we chose a meta p-value method that requires most, if not all, of the peptide probes 

within the epitope block to have significant values, such as Wilkinson’s max  (wmax) (Becker, 1994; 

Birnbaum, 1954; Tippett, 1931; Wilkinson, 1951). To relax the requirement that all probe p-values 
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within an epitope be significant, Wilkinson’s max can be calculated on the n th maximum p-value (I.e., 

wmax2 for the 2nd highest p-value within the epitope). In cases where Wilkinson’s max is used and 

the number of probes in the epitope is fewer than n peptides, HERON conservatively assumes that 

the p-value was 1. Due to the inherent possibility of dependency between the signals of adjacent 

probes, HERON also allows the use of the harmonic mean (hmp) (Wilson, 2019) and the Cauchy (cct) 

(Liu & Xie, 2020) meta p-value methods, which have been shown to be tolerant to inter-

dependencies between the elements for which the p-values are combined.  

At the protein level, our goal was to identify proteins where at least 1 (or more) epitope (s) are 

significant, a meta p-value method of choice would be the minimum + Bonferroni correction 

(min_bonf) or the Wilkinson’s minimum (wmin) or Tippett’s method  (Becker, 1994; Birnbaum, 1954; 

Tippett, 1931; Wilkinson, 1951). Using the nth minimum (I.e., wmin2 for the 2nd smallest epitope p-

value within the protein) would be a more stringent requirement, where at least n epitopes have to 

be significant. In the case where there are fewer than n epitopes with p-values, HERON tries to call 

Wilkinson’s min with the (n-1)th p-value iteratively. If there is only one p-value, then Wilkinson’s 

nth min will just return the single p-value. 

Results 

The performance of the algorithm and optimal parameter settings were tested on two different 

datasets, COVID-19 and Melanoma. Performance was evaluated by testing the correlation between 

technical replicates for repeatability of calls, finding peptides that ensure reproducibility with a 

validation assay such as ELISA, and epitope boundary finding parameters as described in the next 

sections.  
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Comparison of HERON performance on COVID-19 Dataset 

We compared HERON’s performance on a COVID-19 dataset, using parameters that were similar to 

the t-test workflow used to identify diagnostic peptides (Heffron et al., 2021). We utilized the 

following significance parameters: an absolute shift on the differential t-test of one, where one 

would mean the difference between the current COVID+ sample’s normalized fluorescent value 

from the Nimble system sample and the average normalized values from the COVID- samples is 

significantly different by more than 2-fold, an adjusted p-value threshold <0.01, one-hit filter, 

hierarchical clustering with binary and hamming distance scores, Williamson’s max and Tippett’s for 

epitope and protein meta p-values estimation respectively. Probe, Epitope, and Protein calls were 

made if 25% of the COVID+ samples were called at the adjusted p-value threshold of <0.01. We also 

use the differential t-test (not the global z-test) to resemble the processing done in the Heffron et al. 

2021 paper.  

Each segmentation result and subsequent calls at the probe, epitope and protein levels are 

compared to the previously reported regions (Heffron et al., 2021) (Figure A.3A). For the epitope-

level, we converted the selected epitopes back to the list of probes that are contained within each 

epitope, and then compared the probes between the two methods. The overlaps and probes unique 

to the Heffron et al. 2021 and the HERON method are provided in Supplementary Table A.1. All but 

7 probes previously reported were identified by HERON indicating good agreement between the 

probe calls. The differences between the probes called can be due to 1) relaxation for every COVID+ 

sample that gets called separately using the standard deviation from the COVID- samples, 2) the 

Heffron paper uses a strict 2-fold change cutoff whereas HERON is using a less stringent method 

that incorporates the 2-fold change as part of the differential p-value calculation. Looking at the 

probes, we found that of the 7 missed by HERON, 4 are on the edge of achieving the 25% cutoff (9 

out of 40 COVID+ samples). Also, all 7 of the probes missed by HERON are part of short (1-2 probes) 
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epitopes. Conversely, of the 145 probes identified in HERON but not in Heffron et al., 56 are on the 

edge of not being called (exactly 10 out of 40 COVID+ samples). 

Figure A.3B is a heatmap of the spike protein with line graphs showing the probe and epitope 

annotations of the SARS-CoV-2 spike protein from the heat map displayed across the top. The 

epitope and probe annotations also display the agreements and disagreements between HERON 

and the epitopes and probes as previously reported (Heffron et al., 2021). The differences between 

the epitope calls are most likely due to the method for finding epitope segments and the meta p-

value method used to score them. The overlaps and epitope probes unique to the Heffron or HERON 

methods are provided in Supplementary Table A.2. Of the 61 epitope probes that were missed by 

HERON, 43 are due to an epitope extension, where HERON finds a longer epitope than the previous 

method, but results in a loss of significance. 3 of the 43 extensions are on the edge of 25% (9 out of 

40 COVID+ samples). The remaining 18 have matching epitopes in HERON but are shifted or 

fragmented and also have a loss of significance. Subsequently, of the 79 epitope probes found in 

HERON but not in the previous method, 49 are extensions (with 9 on the edge, i.e., 10 out of 40 

COVID+ samples called), and 21 are from new epitopes (with 6 of the 21 on the edge of being called.  

These results indicate that HERON can find epitopes that can be more specific to a subset of 

subjects, which warrants additional study to further improve the epitope segmentation process. 

The protein level Venn diagram at the bottom in Figure A.3A shows HERON selected additional 

proteins than the previous method (Heffron et al., 2021). Since the requirement on the protein-level 

is to have one or more significant epitopes and many potential epitopes are detected on the 

proteins, the proteins selected in the COVID dataset will be permissive in the number of proteins 

called.  
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Repeatability of Probe, Epitope, and Protein Significance Values with the Melanoma Dataset 

We studied the repeatability of the p-value on the probe, epitope, and protein level by looking at 

the correlation between the significance values obtained on technical replicate samples  from the 

murine Melanoma immunotherapy dataset. The Pearson correlation of the -log10(FDR) between two 

technical replicates: one single immune serum sample was divided into two identical aliquots which 

were tested in parallel with parallel data sets collected in the same array assay (B2), or a separate 

single immune serum sample divided into two identical aliquots which were tested on similar arrays, 

independently with parallel datasets collected in two separate similar arrays that were performed 

approximately one year apart (PD1).  

For the parameters specific to probe p-value calculations, we chose three different levels of 

significance on the global z-test p-value coupled with the FDR cutoff used (Inclusive – global with a 

standard deviation (sd) shift of 3 and adjusted p-value cutoff of <0.2, Moderate – global sd shift of 6 

and adjusted p-value cutoff of <0.05, and Restrictive – global sd shift of 10 and adjusted p-value 

cutoff of <0.01) and investigated with or without the use of the one-hit filter. For the epitope p-

value parameters, we chose five different ways of finding epitopes (unique, hierarchical clustering 

with binary calls and hamming distance (hbh) or z-score with Euclidean distance (hze), skater with 

binary calls and hamming distance (sbh), and skater with z-score and Euclidean distance (sbz). The 

epitope meta p-value was either Wilkinson’s max (wmax1), Wilkinson’s 2nd max (wmax2), Fisher 

(fisher), harmonic mean (hmp), or Cauchy (cct). For protein meta p-values, we choose either Fisher 

(fisher), Tippetts/Wilkinsons min (wmin1), Wilkinson 2nd min (wmin2), or min with a Bonferroni 

correction (min_bonf). Different adjusted p-value cutoffs could be used for the probe, epitope, and 

protein levels. Our results have tied these three parameters to the same value.   
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We calculate the Pearson correlation for the between the technical replicates of B2 and PD1 using 

the -log10(adjusted p-values) for the probes, epitopes, and proteins using an exhaustive search of the 

parameters mentioned above. The correlation results are presented in Supplementary Table A.3. 

Looking at the average correlations between the probe-level p-values of the technical 

replicates of B2 and PD1 (Supplementary Table A.4) and marginalizing across the one-hit filter 

results, we found that using more stringent statistical filtering improves the technical replicate 

Pearson intercorrelation of the probe –log10(adjusted p-values) (Inclusive – 0.806, Moderate – 0.841, 

and Restrictive – 0.846). By marginalizing across the statistical parameters, we also found that using 

the one-hit filter slightly improves the average replicate intercorrelation (Without – 0.824, With – 

0.837). To find a good setting with good repeatability across the probe level significance values used, 

we then averaged the average correlation for the probe, epitope, and protein across the inclusive, 

moderate, and restrictive statistical parameters. The overall correlation results are reported in 

Supplementary Table A.5 and the top 10 parameter settings are summarized in Figure A.4A. 

Looking at the top 10, it appears that the Wilkinson's max on the 2nd highest p-value for epitopes 

and either Tippett’s or min+Bonferroni for protein meta p-values using the skater or hierarchical 

clustering segmentation methods on the binary calls achieve the highest average correlation across 

the significance levels and the two technical replicates.  

The choice of segmentation method can also determine the length of the epitope (Figure A.4B). It 

appears, on average, that the “unique” (uniq) segmentation method gives longer epitopes, while the 

skater or hclust segmentation methods using the binary calls obtains shorter epitopes. Looking at 

Figure A.4A, the shorter epitopes maybe indeed be more accurate since those methods are within 

the top 2 parameters for highest average technical correlation.  
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Supplementary Figure A.2 shows technical replicates as scatterplots for each of the probe, epitope, 

and proteins for the best overall average correlation using the Moderate global standard deviation 

shift and FDR cutoff values. 

Probe, Epitope, and Protein Counts with Different Significant levels on the Melanoma 

Dataset 

We used the best correlation parameters to make calls on the Melanoma dataset for which the 

technical replicates were averaged together at the inclusive, moderate, or restrictive significance 

levels to obtain calls at the probe, epitope, and protein level. The significance calls for each sample 

and level for the moderate significance values are displayed as a complex upset plot (Krassowski et 

al., 2022; Lex et al., 2014) in Figures A.5A – Probe-level, A.5B – Epitope-level, and A.5C – Protein-

level. The number of probes, epitopes, and proteins recognized by 4,  5 or 6 of the 6 immune mice 

was substantially lower than the number of epitopes mutually recognized by multiple individuals. 

Figure A.6 presents data for the LEM containing protein 3 (Lemd3), illustrating where two epitopes 

were found in two different positive samples (1 out of 6, ~16%), which resulted in a K of N of 2 (33%) 

at the protein level. Supplementary Figure A.3 depicts the Hemicentin-1 (Hmcn1) protein, which 

had 11 epitopes called in different regions with different numbers of positive samples called.  

Validation by ELISA from expert selected peptides  

For the Melanoma dataset, the probe, epitope, and protein calls using the one -hit filter, unique 

segmentation method, the Wilkinson’s max for epitopes, and min+bonf for proteins with the 

inclusive, moderate, and restrictive significance levels were used to select peptides for validation. 

Hoefges et al 2023 selected 16 peptides (16-mers that had been tested in the high-density array) to 

validate using ELISA; 14 were selected based on their strong signal > 6SD over the mean by at least 3 

of the 6 immune serum samples tested in the high-density array. The other 2 were selected as 
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negative controls, based on signals < 3SD over the mean for all 6 immune serum samples in the high-

density array. These were all then tested in a standard ELISA assay, with data reported out as optical 

density (O.D.) values for each serum sample (naïve or immune) tested, as de tailed by Hoefges et al. 

2023 (Hoefges et al., 2023). 

The replicates for ELISA were first averaged together. To indicate a positive hit, a threshold O.D. 

value of greater than or equal to two was used on each ELISA data point. For each peptide, the 

fraction of positive hits was calculated for the immune samples in the original and validated ELISA 

set and for the pre-/Naïve samples in the validated set. A peptide was called validated for positive 

reactivity if 25% or more of the respective pre-/Naïve or post-/Immune samples were called. 

The Internal Validation Cohort consisted of immune and naïve sera from the original 6 immune mice 

used in the original high-density array (and shown in Figure A.5). When these sera were tested in 

the ELISA on these 16 peptides (Figure A.7A), 10 out of 14 positively-selected peptides (71%) 

validated for positive reactivity on the immune samples, while 0 (0%) of the 14 peptides validated 

for positive reactivity on the naïve samples, as expected. In contrast, 0 out of 2 negatively-selected 

peptides (0%) had validated for positive reactivity on the immune samples, and similarly 0 out of 2 

negatively-selected peptides (0%) had positive reactivity on the pre-/naïve samples, as expected.  

The External Validation Cohort consisted of serum samples from 20 separate immune mice and 

naïve serum samples from 14 of those mice, that had not ever been tested before in any high-

density array or any ELISA assay. When these 34 sera were tested in the ELISA on these 16 peptides 

(Figure A.7B), most (8 out of 14) positively-selected peptides (57%) validated for positive reactivity 

on the immune samples, as expected, while few (only 2 of the 14) peptides (14%) had positive 

reactivity on the naïve samples, as expected. In contrast, 0 out of 2 negatively-selected peptides 

(0%) validated for positive reactivity on the immune samples, and similarly 0 out of 2 negatively-
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selected peptides (0%) validated for positive reactivity on the pre-/naïve samples, as expected. 

These results with this external, independent, validation cohort are showing a similar, but not quite 

identical, pattern as seen with the internal validation cohort; the only difference is some of the 

naïve sera of these 14 independent cohort mice tested were also detecting a fraction of the positive 

peptides, which was not seen with naïve sera from the original cohort of 6 immune mice. The naïve 

sera from the original 6 mice did recognize some peptides in the high density array, but these 

peptides were not chosen for this validation ELISA testing. Thus, it is not surprising that some of the 

naïve sera in the independent cohort of mice might be able to recognize some peptides not 

recognized by the naive sera of the original cohort (Figure A.7).  

Discussion 

Ultra-dense linear peptide binding arrays are useful for identifying the landscape of antibody binding 

to entire microbe or mouse proteomes for immune studies, however, many factors determine the 

interpretation of immune response in the form of antibody binding to linear peptides from peptide 

arrays. Defining antibody binding epitope boundaries can be challenging as regions of interest can 

be defined as regions with similar antibody binding responses across multiple samples, or a region 

from an individual or a small number of samples. We developed HERON, an algorithm and software 

package that can make antibody binding calls and estimate significance at the peptide, epitope, and 

protein level, while identifying global and individual features.  

COVID-19 dataset performance 

In the COVID-19 comparison between HERON and the method described in Heffron et al. 2021, we 

found good agreement between the probe- and protein- levels found by HERON. However, there 

were significant disagreements at the epitope-level. The discrepancies are due to differences in the 

way the epitopes are found and scored. The HERON method finds epitopes with a procedure that 
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tries to balance an individual sample and across-sample levels and reports K of N or fraction scores 

to allow the user to determine the number of samples that are needed for valid epitopes. In 

contrast, the t-test method presented in the Heffron et al. 2021 study is looking for a difference of 

means between the COVID- negative and positive samples. Looking at the figures of epitope 

annotations for the spike protein of SARS-CoV-2 depicted in Figure A.3, some of the epitope 

boundary differences between the Heffron et al. 2021 t-test method (Heffron et al., 2021) and 

HERON method are probably due to some samples with a high post score. The t-test method makes 

calls based upon the average across all post samples, where a few outliers from the mean could 

result in a higher overall mean. The HERON method makes a call on each post sample, which could 

separate high binding “outliers” from lower binding “inliers”.   

What parameters to use depends upon the type of question and goals of the study. In the case of 

virus epitope discovery, finding consistent epitopes across positive samples is desired to find a 

general biomarker for the development of vaccines and diagnostics. HERON also provides the ability 

to find positive sample specific epitopes and for finding epitopes of longer span using the “unique” 

segmentation method. Finding longer epitopes may be of interest to researchers when trying to find 

positive sample-specific epitopes. 

Melanoma dataset performance 

Our results using the different meta p-values on the Melanoma dataset gives an idea of what 

method to use when calculating an aggregate p-value for the epitope and protein level calls. 

Different methods need to be employed depending upon whether the desired result is for all p-

values within the aggregate to be significant (epitope level) or at least one of the p-values within the 

aggregate needs to be significant (protein level). We have chosen a few different meta p-value 

methods to compare and contrast against each other. Using Wilkinson’s max p-value is also 
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competitive for epitopes. In the literature, there are many more meta p-value methods and a 

comparison of those methods with the ones studied here would be a good next step. However, 

some of them, while modeling the dependencies between the p-values using correlation coefficient, 

require many more samples to be accurate (Kost & McDermott, 2002; Poole et al., 2016) Berk-Jones, 

HC, and others take a longer time to run (Sun & Lin, 2020).  

From our results, the Fisher method seems competitive and the extensions to that method such as 

the empirical Brown (Poole et al., 2016) methods that use covariance between samples to estimate 

p-values might be helpful in finding consistent probes, epitopes, or proteins across all samples when 

the number of samples is high. As the antibody repertoire of mice shows stochastic variability 

between mice, based on VDJ recombination of genes determining antigen binding immunoglobulin 

regions during immune oncogeny, the number of probes, epitopes and proteins expected to be 

recognized by serum from all immune mice is expected to be small. Our initial results evaluating 

this, using the methods developed herein, confirms this prediction (Hoefges et al., 2023). However, 

we are finding that there are some probes, epitopes and proteins co-recognized by a substantial 

fraction of immune mice, suggesting some antigens may be of importance in a substantial fraction of 

mice. For epitope meta p-values, we will use methods that ensure that the underlying p-values are 

mostly significant for epitope scoring. The one-hit filter seems to increase the correlation results 

slightly at the cost of reduced number of hits found. Although the hits that were missed may be due 

to noise from the peptide array. The choice of segmentation algorithm depends upon the desired 

type of epitopes. The “unique” segmentation method seems to find on average longer runs of 

probes and epitopes, while the other clustering methods seem to find shorter and more consistent 

epitopes. In the case of the Melanoma dataset, longer runs of peptides for epitopes seem to be 

desired, whereas the COVID-19 and other virus type studies trying to find good vaccine targets 

would prefer the shorter and more consistent sequences.  
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Assumptions, Issues, and Calibration 

There are several complexities with running HERON during processing peptide binding array 

datasets and we list the majority of them here. Starting at the unique sequence -level, HERON 

assumes that the data is normally distributed, or if the data has been smoothed, the smoothed 

probe-level is normally distributed. 

Assumptions on the unique sequence or smoothed probe-level 

For calculating the differential t-test p-values/scores, HERON assumes that the variance of the post-

sample is the same as the estimated variance of the pre-sample and that the post-sample signal 

represents the mean of the post-group values. To help deal with the higher variance and the 

obvious breakdown of the assumptions, we use the degrees of freedom from the pre -samples to 

estimate the one-sided p-value from the t-distribution.  

Upon calculating the global z-test p-values/scores, HERON assumes that the sequence or smoothed 

probes signals are comparable across different sequences and that the mean and standard 

deviations can be used to calculate the p-value against one sequence signal for a post sample.  

When combining the differential and global z-test p-values, the Wilkinson’s max meta p-value 

method assumes independence among the p-values to be combined. More study is needed to 

determine if HERON has violated this assumption and, if so, the ramifications when estimating the 

combined p-values/scores or if using a different meta p-value that is more tolerant to correlated p-

values would improve HERON’s estimation of significance on the probe-level. 

Finally, in the case of copying the unique sequences to the probe-level, there is an assumption that 

it is fair to do so. The main assumption is that resulting probe-level p-values are still well behaved. In 

the case of the Melanoma dataset, since we are smoothing the data beforehand, each probe can be 

treated as an independent measurement, even though there are some peptide probes that come 
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from a sequence that maps to more than one protein. The COVID-19 dataset, however, is 

unsmoothed and contains many sequences shared between proteins from different strains of the 

coronavirus. To process unsmoothed data in HERON, we estimate the adjusted p-values on the 

unique sequences and then copy the result to the respective probe -level identifiers.  

 

Assumptions on the epitope-level 

For the epitopes, or group of consecutive probes across a protein, the meta p-value methods used 

assume that the p-values are accurate and well-calibrated. Several of them (Wilkinson, min+bonf, 

Fisher, etc.) assume independence among the p-values, which is directly violated as we group 

adjacent probes which overlap, as epitopes. Other methods such as the Cauchy combination test or 

the harmonic mean try to alleviate this assumption, while other meta p-value methods (Brown, 

Kosts, etc.) attempt to model the covariance between the p-values to improve the estimation.  

There is also an assumption that the epitopes identified by the epitope finding methods are the only 

ones to be included in the analyses. For example, do we need to correct for the number of all 

possible epitopes per protein? Currently, HERON treats the list of epitopes as a separate list and just 

corrects using the Bonferroni-Hochberg algorithm when reporting the adjusted p-values for the 

epitopes and uses the uncorrected p-values for estimating the protein-level p-values.  

Assumptions on the protein-level 

Going up another level in the hierarchy of probes, epitopes, and proteins, the protein p-values 

calculations assume that the epitope regions and p-values/scores are well-calibrated and well-

behaved and the further assumptions made by the meta p-value method used to estimate the 

protein p-value/scores from the epitope p-values. We also assume that the adjusted p-value 

correction only needs to be applied to the proteins for which at least one epitope region was found.  
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Calibration of p-values using permutation tests 

One of the ways to alleviate some of the issues presented above is to re-calibrate the scores into 

actual accurate/well-behaved p-values. Permutation statistics, shuffling the sample labels, 

calculating the resulting p-values/score, and using the permutation scores to calibrate the raw p-

values is a popular method for ensuring well behaved statistics.  

While the use of permutation statistics to provide accurate p-values on the unique sequence or 

probe-level is seemingly straightforward (data not shown), it is unclear how to properly perform this 

calibration at the epitope, and protein levels. We are currently exploring this avenue to see if 

providing calibrated p-values to the unique/smoothed probe-level also equivalently gives well 

calibrated scores at the epitope and protein level, or if more complicated calibration is needed.  

Furthermore, permutation statistics is also affected by the number of samples used in the 

experiment. For example, in the Melanoma experiment, there are 8,459,970 unique peptide probes 

(not 6,090,593 due to the smoothing across probes), and only 11 biological samples. Testing for all 

possible permutations (11! = 39,916,800) would achieve a minimum permutation estimated p-value 

of 2.505x10-8, which after using a Bonferroni correction against all probes would achieve a corrected 

p-value (2.505x10-8 x 8,459,970) of 0.212 or 0.153 using 6,090,593 unique sequence probes. While 

there are methods to further increase the p-value accuracy in the lower range of p-values 

(Knijnenburg et al., 2009) with fewer permutations, there is a limitation with using permutation 

tests with millions of features and a small set of independent biological samples.  

Finally, recent studies have shown that care must be taken when using the permutation test 

techniques (Christensen & Zabriskie, 2022). In this paper, we use the normalized log-transformed 

data, which is part of the suggested use of the Box-Cox transformation (Box & Cox, 1964). Other 

methods for analyzing high-throughput peptide binding array data perform a log-log transformation 
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before estimating the statistics (Mergaert et al., 2022; Zheng et al., 2021). While studying the 

application of permutation calibration, we will investigate the usefulness of the Box -Cox 

transformations when calculating the statistics and calibration procedures.  

Proposed Extensions 

With our initial success of the workflow for finding probes, epitopes, and proteins in a high-

throughput protein data set, several avenues exist to further improve upon the HERON method. In 

the next few paragraphs, we discuss four ideas: 1) Improving the combination of probe -level p-

values with copulas or trying other meta p-value methods for calculating epitope and protein p-

values, 2) Enhancing the flexibility of K of N calls using a Binomial or Poisson Binomial, 3) Trying 

different segmentation approaches for finding epitopes such as bi-clustering, and 4) using Bayesian 

models to model the hierarchical nature of the calls made by the workflow. 

HERON allows for the combination of probe-level p-values from the global and differential tests by 

using Wilkinson’s max meta p-value method, which may have violated the independent p-value 

assumption. Other meta p-value methods exist that are tolerant to dependent p-values (Liu & Xie, 

2020; Wilson, 2019) and could be used to estimate the combined p-value. Other meta p-value 

methods incorporate correlation to model the dependence (Brown, 1975; Poole et al., 2016), 

however, these methods’ accuracy is determined by the number of samples for estimating the 

covariances (Alves & Yu, 2014).  

As previously mentioned, HERON was not designed to handle cases with a high incidence where one 

amino acid sequence maps to many proteins and further study is needed to investigate how these 

redundancies affect the scores and how to adapt HERON to improve handling of datasets with this 

feature. 
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The current workflow calculates the K of N for each probe, epitope, and protein after the respective 

FDR cutoff is chosen. A user may want to infer a statistical test for selecting elements where K > b. 

Using the Poisson binomial distribution, we could estimate a probability for each level of K to 

calculate p-values with a null hypothesis of K  b. While another approach would be to just use a 

binomial with a set probability. More investigation is needed to determine the pros and cons of 

utilizing these statistical tests within HERON. 

The segmentation methods tested could be extended with other clustering methods.  Use of 

different distance calculation functions, clustering score methods or clustering methods could 

further improve discovery. The hierarchical and skater clustering mentioned here were only run 

using average Hamming or Euclidean distance. There are many more cluster distance metrics 

available (e.g., Manhattan) to compare and contrast. In this paper, HERON finds the optimal 

clustering by finding the number of clusters/cuts by optimizing the average silhouette score. Other 

clustering scoring metrics, such as the gap statistic (Maechler et al., 2022; Tibshirani et al., 2001) 

could also be used. The problem with the gap statistic is the increase in processing time to run the 

bootstraps for finding the optimal clustering. Using bi-clustering with the skater graph-like 

constraints would allow segments to be found that could overlap with other segments. Future 

iterations of HERON may include some of these and more study should be done to determine the 

advantages and disadvantages of using these different clustering approaches.  

The provided workflow attempts to place significance values on epitopes, proteins, and probes using 

meta p-value methods. Another approach would be to estimate probabilities at each level jointly 

using all the provided data. Implementing a Bayesian hierarchical model, which can borrow 

information from the estimated probability of the different levels from a fitted Bayesian model, 

would be a natural extension of the workflow presented in this paper. For peptide antibody array 

analysis, Bayesian models have been proposed. The pepBayes implementation is designed to handle 
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one protein at a time from multiple strains and does not take into account the sequential probes 

across the protein (Imholte & Gottardo, 2016). Another Bayesian model does include provision of 

handling sequential probe signals by using a latent autoregressive component, however the authors 

propose a limit in the problem size (300 peptides and 50 samples) when using their implementation 

in WinBUGS (Arima et al., 2012). Additionally, neither consider cases for multiple proteins and the 

additional information that can be obtained and leveraged for estimating parameters on the protein 

level.  

Conclusions 

Ultra-dense peptide binding arrays are powerful tools for studying the abundance of different 

antibody repertoire in serum samples to understand adaptive immune responses. HERON, an R 

package for analyzing peptide binding array data, is a flexible and powerful tool for selecting groups 

of linear peptide probes with improved reliability and reproducibility when considering epitopes 

rather than single peptide probes due to several factors; first, there are many more probes than 

epitopes in the proteome, giving a larger number of possible mismatches. Second, an individual 

epitope can be a component of several overlapping probes; our HERON algorithm for detecting 

epitopes recognized by separate assessments of serum samples, requires a degree of similar 

recognition of the related epitope containing probes by the 2 samples, but does not require 

complete identity of probe recognition and signal.  This enables higher reproducibility of epitopes 

recognized with high signals than peptides recognized with high signals when replicate chips are 

evaluated for separate aliquots of the same immune serum sample when evaluating proteins that 

are recognized, since a single protein might be recognized by different individuals at different 

regions.  
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With HERON, finding interesting linear peptide probes, epitopes, and proteins within experimental 

data from large (mouse proteome) and small (COVID-19 proteins) is possible. HERON exists in the 

Bioconductor environment and will be maintained to be of use to the scientific community. Future 

improvements to HERON are proposed and other approaches will be explored to provide versatile 

algorithms for analyzing peptide binding arrays in a multitude of possible experiments.  

Figures 

 

Figure A.1: Workflow and method for processing data. 

A: Workflow illustrating algorithm from a normalized matrix of sequence probes to making probe -

level, epitope-level, and protein-level differential antibody binding calls on each sample. After 

calculating the probe p-values, a threshold is used to identify the probes significantly differentially 

bound by antibodies (probe-level, purple box). The epitope regions are detected using clustering 

algorithms, scored using meta-analyses methods to combine p-values, and a threshold is used to 

identify significant differentially bound antibodies (epitope-level, yellow box). Finally, the protein 
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scores are determined from the associated protein’s epitope p-value(s) using meta-analyses 

methods (protein-level, grey box). (B) The light-blue, pink, and green boxes from Figure A.1A 

correspond to the light-blue, pink, and green boxes in Figure A.1B. The light blue boxes illustrate the 

calculation of the global p-value, the pink box illustrate the calculations for the differential p-values, 

and the green box illustrate the calculation of the combined p-values. P-values or scores are 

calculated by combining p-values from a global z-test and a differential t-test using Wilkinson’s max 

meta p-value method. The N1 and N2 columns (dark-blue colored) indicate the pre-treatment 

sample values and output and the P1 and P2 columns (dark-red colored) indicate the post-treatment 

sample values and output. The green and purple outlined boxes and highlighted (dark orange) text 

indicate the inputs for estimating the parameters of each separate test. The orange outlined box 

and colored text indicate the equation output and location in the results matrix of p-values.  

 

Figure A.2: Illustration and Example of epitope finding algorithms implemented in HERON. 
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Figure A.2: Illustration and Example of epitope finding algorithms implemented in HERON.  

A: Illustration of the “unique” method, which finds the unique set of grouped probes called from 

each post-treatment sample. The cells highlighted in orange, green, or purple are the called probes. 

The table to the right of the illustration is filled in with the color corresponding to the outlined boxes 

in the illustration (orange, green and purple) to indicate the called epitope probe regions in the 

illustration. Epitope ID is defined by Protein_FirstProbe_LastProbe of the epitope.   

B: Illustration of how regions are found to further cluster using either the hierarchical or skater 

method. The orange and green highlighted boxes mark the probes that are adjacent and the table 

on the right indicates the larger groups of probes, in the corresponding orange and green, that will 

be further segmented using the clustering methods.  

C: Illustration of the hierarchical clustering method, which adapts hierarchical clustering to find 

consecutive probes with consistent call patterns across samples. The matrix on the left is the original 

distance matrix calculated from the dissimilarity of the probe calls or scores. The matrix on the right 

is the new matrix after applying the max operation. The two red numbers indicate the cells that 

were changed due to the max operation.  

D: Illustration of the “skater” method which decomposes a linear graph of consecutive probes to 

find consistent call patterns across samples. 
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Figure A.3: Venn Diagram comparisons for COVID-19 dataset and Heatmap of SARS CoV-2 spike 

protein. 

A: Venn diagrams of the linear peptide probe-level (top), epitope-level (middle), and protein-level 

(bottom) where the green circle represents the calls made by HERON and the blue circle represents 

the calls made by Heffron et al. 2021.  

B: Annotated heatmap (Gu, 2022; Gu et al., 2016) of SARS CoV-2 spike protein. The heatmap (at the 

bottom) depicts the normalized intensity values for the probes (x-axis) tiled across the SARS-CoV-2 

membrane protein and the individual patient serum samples (y-axis) with red representing high 

antibody (Ab) binding and blue representing low Ab binding. The top line plot indicates the percent 

of COVID-19 positive (COVID+) samples that were called as significantly differentially bound at least 

2-fold over the average of the COVID-19 negative (COVID-) samples and after calculating the meta p-

values on the epitope-level, the middle line plot indicates the percent of COVID+ samples called 

significantly 2-fold over the COVID- samples on the probe-level, and the bottom line plot shows the 

A B

79 61278

HERON Heffron et al. 2021

Epitope−Level

145

7

332

HERON
Heffron et al. 2021

Probe−Level

7

2
HERON

Heffron et al. 2021

Protein−Level

SARS−CoV−2 spike %Called Protein: 100

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1

6
6

1
3

2

1
9

9

2
6

5

3
3

2

3
9

8

4
6

4

5
3

1

5
9

7

6
6

4

7
3

0

7
9

7

8
6

3

9
2

9

9
9

6

1
0

6
2

1
1

2
9

1
1

9
5

1
2

6
2

0

50

100

%Called Epitope by HERON

0

50

100

%Called Probe by HERON

−2

0

2

4

6

8

Mean log2(Intensity)

C
O

V
ID
−

C
O

V
ID

+

L
o

g
2

(I
n

te
n

s
it
y
)

−5

0

5

10

15

Condition
Uninfected Controls
Covid−19 Patients

Comp 
Heffron et al. 2021
HERON %Called >=25%
Both



 
211 

average signal between control (COVID-) and positive samples. In these line plots, the % Called 

Probe by HERON and % Called Epitope by HERON are highlighted in red if both the HERON and 

Heffron et al. 2021 method called the same probes or group of probes, blue if only the Heffron et al. 

2021 method called the probe or epitope, and light green if the probe or epitope was called by only 

the HERON method.  

 

Figure A.4: Performance Results for Melanoma Dataset. 

A: Average Correlation between technical replicates for the Top 10 algorithm parameter settings.  

Each row-label is as follows: One hit filter (T - True or F – False indicates whether filter is used or 

not), Segmentation method (uniq – unique set of epitopes found across all post samples, hbh - 

hierarchical clustering with binary calls with hamming distance, sbh - skater with binary calls and 

hamming distance, and sbz - skater with z-score and Euclidean distance), epitope meta p-value 

method (wmax2 – Wilkinson's max on the 2nd largest p-value, fisher – Fisher's method), protein 

meta p-value method (tippetts – Tippett's or Wilkinsons’s min on the 1st smallest p-value, min_bonf 
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– finds the minimum p-value then correct by the number of epitopes on the proteins using 

Bonferroni), wmin2 – Wilkinson min on the 2nd smallest p-value).  

B: Average Epitope Sequence Length vs. Segmentation Method. Box of the average sequence length 

that results from stitching the contained probe sequences for the detected epitope.  For each 

segmentation method, the box is calculated using all of the average epitope sequence lengths  for 

the remaining parameters, keep the epitopes that have at least one sample called.  
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Figure A.5: Upset Plots with Average Post Signal and -log10 adjusted p-values. 

Upset plot of the probes (A), epitopes (B), and proteins (C) called for each sample using the 

moderate significance level (min set size = X, sorted by the decreasing number of categories in the 

intersection set). AC5, A3, C4, A4, B2 and PD1 are the designations for the individual mice cured of 

melanoma, that provided the 6 separate immune serum samples tested here. For the probe plot ( A), 
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the top row of violin plots shows the average post signal for each intersection, the middle row of 

violin plots shows the average of -log10(probe adjusted p-values) for each intersection. The epitope 

(B) and protein (C) violin plots are the respective -log10(epitope adjusted p-value) and -log10(protein 

adjusted p-values).  

 

Figure A.6: Heatmap and line plots of Lemd3. 

A: Line charts and Heatmap of Lemd3 using normalized and smoothed intensity values. The X-axis 

indicates the starting position of the probe within the protein and the Y-axis rows consist of the 

individual pre-treatment (Naïve) and post-treatment (Immune) samples. The first line chart above 

the heatmap indicates the percent of positive samples that were called on the epitope -level 

(Moderate Significance), the second line chart indicates the percent of positive samples called at the 

probe-level (Moderate Significance), and the third line chart shows the average signal between 

negative (Naïve) and positive (Immune) samples.  
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B: Line plot of epitope detected for the mouse (AC5) sample.  

C: Line plot of the epitope detected in the mouse (C4) sample. For both (B) and (C), the Y-axis is the 

normalized intensity values and the X-axis is the starting position of the probe within the protein 

and the dark green dotted lines indicate the samples that were called within the epitope boundary, 

which are indicated by vertical black or orange lines. The orange line indicates a probe tested and 

validated by ELISA. 

 

Figure A.7: Heatmaps of ELISA results. 

Sixteen-mer peptides tested are shown on the columns and the individual naïve and immune serum 

samples are indicated on the rows. The top bar plots indicate the percentage of calls made on the 

probe-level by HERON in the Inclusive, Moderate, and Restrictive significance levels based on the 

original high density peptide array data (note these data are shown for comparison, and the graph 

of these high-density data are replicated for comparison’s sake in the top panels for A and B) . The 

lower bar plot indicates the percentage of Naïve (grey) and Immune samples (green) that had an 
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average ELISA value ≥ 2 O.D. intensity. Below these are the heat maps, showing the average across 

replicates O.D. values for each serum sample (naïve or immune) tested against each of the 16 

peptides, with the 2 negative peptides shown at the far left and the 14 positive peptides at the right. 

(A) Internal Validation Cohort, (B) External Validation Cohort. Missing values (due to insufficient 

volume of serum available for that sample) are indicated as black values in the heatmaps 

Supplemental Figures & Tables 

 

Supplementary Figure A.1: Probe estimated p-values vs. normalized signal for one representative 

serum sample from an immune mouse (AC5) included in the melanoma dataset using moderate 

BA

C D
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statistics parameters. In each panel, each dot represents the value obtained for this single serum 

sample on the ~8x106 peptide probes (16-amino acids each) tested in the Nimble peptide array 

system. A) result of the differential p-value estimation using t-test. B) result of global p-value using 

z-test. C) result of the combined p-value using Wilkinson’s max. D) result of adjusted p-values 

(Benjamini-Hochberg). 

 

Supplementary Figure A.2: Technical replicate scatterplots of -log10 of adjusted p-values on probes, 

epitopes, and proteins using the moderate level statistics. A, B, and C are from the technical 

replicates collected on the same array (two separate replicate data sets obtained in the same assay 

using split serum aliquots from immune mouse B2). D, E, and F are from the technical replicates 

collected on arrays collected at different times (two separate replicate data sets obtained on 

replicate high density array chips in assays performed one-year apart, using split serum aliquots 

from immune mouse PD1). A and D are from the probe-level p-values, B and E are from the epitope-

level p-values, and C and F are from the protein-level p-values. Light-blue are the probes, epitopes, 

or proteins that are called in just the 1st replicate shown on the X-axis (B2-1 or PD-1). Dark blue are 
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the probes, epitopes, or proteins that are called in the 2nd replicate (B2-2 or PD-2) shown on the Y-

axis. Medium blue are the probes, epitope, or probes that are called in both replicates (and thus 

running more on the diagonal). For A and D, the black points indicate probes that were not called in 

either replicate.  

 

Supplementary Figure A.3: Heatmap and Lineplots of Hmcn1. (A) Line charts and Heatmap of 

Lemd3 using normalized and smoothed intensity values. The X-axis of indicates the starting position 

of the probe within the protein and the Y-axis is the individual pre- and post- samples. The first line 

chart above the heatmap indicates the percent of positive samples that were called on the epitope -

level (Moderate Significance), the second line chart indicates the percent of positive samples called 

at the probe-level (Moderate Significance), and the third line chart shows the average signal 

between negative (Naïve) and positive (Immune) samples. (B) Line plots of 11 epitopes detected for 

the various mouse samples, Y-axis is the normalized intensity values and the X-axis is the starting 

position of the probe within the protein. The dark green dotted lines indicate the samples that were 
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called within the epitope boundary, which are indicated by vertical black or orange lines. The orange 

line indicates a probe tested and validated by ELISA. 

 

Supplemental Table 1: comparison of probe calls between HERON and previous method 
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PROBE_ID K F Heffron HERON Heffron2021_Epitope_ID Probe_Protein Probe_Position

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;1 23 0.575 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 membrane 1

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;2 26 0.65 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 membrane 2

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;3 34 0.85 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 membrane 3

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;4 37 0.925 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 membrane 4

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;5 38 0.95 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 membrane 5

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;6 35 0.875 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 membrane 6

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;7 40 1 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 membrane 7

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;8 40 1 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 membrane 8

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;9 33 0.825 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 membrane 9

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;10 12 0.3 FALSE TRUE membrane 10

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;152 18 0.45 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 membrane 152

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;153 19 0.475 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 membrane 153

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;154 21 0.525 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 membrane 154

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;155 22 0.55 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 membrane 155

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;156 20 0.5 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 membrane 156

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;157 24 0.6 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 membrane 157

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;158 26 0.65 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 membrane 158

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;159 31 0.775 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 membrane 159

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;160 32 0.8 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 membrane 160

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;161 31 0.775 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 membrane 161

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;162 29 0.725 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 membrane 162

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;173 11 0.275 FALSE TRUE membrane 173

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;174 11 0.275 FALSE TRUE membrane 174

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;175 14 0.35 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_175_179 membrane 175

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;176 15 0.375 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_175_179 membrane 176

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;177 18 0.45 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_175_179 membrane 177

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;178 19 0.475 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_175_179 membrane 178

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;179 16 0.4 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_175_179 membrane 179

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;181 28 0.7 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 membrane 181

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;182 28 0.7 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 membrane 182

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;183 27 0.675 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 membrane 183

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;184 29 0.725 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 membrane 184

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;185 26 0.65 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 membrane 185

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;186 21 0.525 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 membrane 186

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;187 25 0.625 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 membrane 187

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;188 26 0.65 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 membrane 188

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;189 26 0.65 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 membrane 189

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;190 18 0.45 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 membrane 190

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;191 15 0.375 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 membrane 191

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;192 15 0.375 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 membrane 192

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;193 17 0.425 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 membrane 193

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;194 22 0.55 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 membrane 194

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;195 18 0.45 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 membrane 195

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;196 17 0.425 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 membrane 196

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;197 15 0.375 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 membrane 197

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;198 11 0.275 FALSE TRUE membrane 198

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;199 10 0.25 FALSE TRUE membrane 199

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;204 12 0.3 FALSE TRUE membrane 204

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;205 21 0.525 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 membrane 205

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;206 26 0.65 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 membrane 206

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;207 25 0.625 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 membrane 207

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;208 21 0.525 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 membrane 208

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;209 23 0.575 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 membrane 209

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;210 25 0.625 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 membrane 210

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;211 29 0.725 TRUE TRUE NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 membrane 211

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;7 21 0.525 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_12 nucleocapsid 7

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;8 18 0.45 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_12 nucleocapsid 8

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;9 22 0.55 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_12 nucleocapsid 9

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;10 19 0.475 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_12 nucleocapsid 10

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;11 23 0.575 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_12 nucleocapsid 11

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;12 17 0.425 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_12 nucleocapsid 12

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;13 11 0.275 FALSE TRUE nucleocapsid 13

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;14 20 0.5 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_14_15 nucleocapsid 14

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;15 15 0.375 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_14_15 nucleocapsid 15

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;16 10 0.25 FALSE TRUE nucleocapsid 16

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;17 10 0.25 FALSE TRUE nucleocapsid 17

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;22 10 0.25 FALSE TRUE nucleocapsid 22

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;25 10 0.25 FALSE TRUE nucleocapsid 25

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;27 13 0.325 FALSE TRUE nucleocapsid 27

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;28 20 0.5 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 nucleocapsid 28

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;29 20 0.5 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 nucleocapsid 29

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;30 21 0.525 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 nucleocapsid 30

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;31 22 0.55 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 nucleocapsid 31

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;32 19 0.475 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 nucleocapsid 32

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;33 25 0.625 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 nucleocapsid 33

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;34 25 0.625 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 nucleocapsid 34

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;35 21 0.525 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 nucleocapsid 35

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;36 13 0.325 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 nucleocapsid 36

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;37 31 0.775 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 nucleocapsid 37

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;38 26 0.65 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 nucleocapsid 38

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;39 12 0.3 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 nucleocapsid 39

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;40 11 0.275 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 nucleocapsid 40

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;94 22 0.55 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_94_94 nucleocapsid 94

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;96 14 0.35 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_96_97 nucleocapsid 96

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;97 8 0.2 TRUE FALSE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_96_97 nucleocapsid 97

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;113 10 0.25 FALSE TRUE nucleocapsid 113

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;114 10 0.25 FALSE TRUE nucleocapsid 114

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;115 12 0.3 FALSE TRUE nucleocapsid 115

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;116 12 0.3 FALSE TRUE nucleocapsid 116

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;117 15 0.375 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_117_120 nucleocapsid 117

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;118 15 0.375 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_117_120 nucleocapsid 118

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;119 15 0.375 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_117_120 nucleocapsid 119

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;120 12 0.3 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_117_120 nucleocapsid 120

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;121 12 0.3 FALSE TRUE nucleocapsid 121

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;122 11 0.275 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_122_122 nucleocapsid 122

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;123 11 0.275 FALSE TRUE nucleocapsid 123

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;124 9 0.225 TRUE FALSE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_124_124 nucleocapsid 124

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;126 9 0.225 TRUE FALSE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_126_127 nucleocapsid 126

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;127 11 0.275 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_126_127 nucleocapsid 127

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;144 10 0.25 FALSE TRUE nucleocapsid 144

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;153 17 0.425 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 nucleocapsid 153

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;154 22 0.55 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 nucleocapsid 154

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;155 22 0.55 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 nucleocapsid 155

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;156 21 0.525 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 nucleocapsid 156

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;157 22 0.55 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 nucleocapsid 157

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;158 24 0.6 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 nucleocapsid 158

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;159 23 0.575 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 nucleocapsid 159

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;160 24 0.6 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 nucleocapsid 160

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;161 24 0.6 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 nucleocapsid 161

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;162 19 0.475 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 nucleocapsid 162

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;163 18 0.45 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 nucleocapsid 163

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;166 10 0.25 FALSE TRUE nucleocapsid 166

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;167 11 0.275 FALSE TRUE nucleocapsid 167

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;180 12 0.3 FALSE TRUE nucleocapsid 180

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;208 22 0.55 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 nucleocapsid 208

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;209 18 0.45 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 nucleocapsid 209

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;210 29 0.725 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 nucleocapsid 210

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;211 31 0.775 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 nucleocapsid 211

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;212 30 0.75 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 nucleocapsid 212

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;213 33 0.825 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 nucleocapsid 213

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;214 34 0.85 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 nucleocapsid 214

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;215 29 0.725 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 nucleocapsid 215

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;216 31 0.775 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 nucleocapsid 216

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;217 18 0.45 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 nucleocapsid 217

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;218 14 0.35 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 nucleocapsid 218

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;219 19 0.475 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 nucleocapsid 219

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;220 25 0.625 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 nucleocapsid 220

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;221 25 0.625 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 nucleocapsid 221

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;222 19 0.475 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 nucleocapsid 222

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;223 17 0.425 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 nucleocapsid 223

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;225 10 0.25 FALSE TRUE nucleocapsid 225

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;226 16 0.4 FALSE TRUE nucleocapsid 226

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;227 17 0.425 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_227_228 nucleocapsid 227

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;228 15 0.375 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_227_228 nucleocapsid 228

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;229 15 0.375 FALSE TRUE nucleocapsid 229

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;230 17 0.425 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_230_235 nucleocapsid 230

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;231 21 0.525 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_230_235 nucleocapsid 231

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;232 16 0.4 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_230_235 nucleocapsid 232

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;233 18 0.45 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_230_235 nucleocapsid 233

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;234 17 0.425 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_230_235 nucleocapsid 234

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;235 15 0.375 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_230_235 nucleocapsid 235

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;236 12 0.3 FALSE TRUE nucleocapsid 236

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;237 10 0.25 FALSE TRUE nucleocapsid 237

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;238 15 0.375 FALSE TRUE nucleocapsid 238

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;239 15 0.375 FALSE TRUE nucleocapsid 239

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;241 10 0.25 FALSE TRUE nucleocapsid 241

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;242 16 0.4 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_242_245 nucleocapsid 242

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;243 17 0.425 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_242_245 nucleocapsid 243

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;244 12 0.3 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_242_245 nucleocapsid 244

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;245 16 0.4 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_242_245 nucleocapsid 245

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;249 15 0.375 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_249_251 nucleocapsid 249

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;250 24 0.6 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_249_251 nucleocapsid 250

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;251 13 0.325 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_249_251 nucleocapsid 251

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;280 14 0.35 FALSE TRUE nucleocapsid 280

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;284 10 0.25 FALSE TRUE nucleocapsid 284

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;330 12 0.3 FALSE TRUE nucleocapsid 330

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;333 10 0.25 FALSE TRUE nucleocapsid 333

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;334 14 0.35 FALSE TRUE nucleocapsid 334

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;335 14 0.35 FALSE TRUE nucleocapsid 335

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;336 15 0.375 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_336_336 nucleocapsid 336

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;337 12 0.3 FALSE TRUE nucleocapsid 337

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;338 17 0.425 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_338_341 nucleocapsid 338

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;339 19 0.475 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_338_341 nucleocapsid 339

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;340 19 0.475 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_338_341 nucleocapsid 340

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;341 16 0.4 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_338_341 nucleocapsid 341

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;342 10 0.25 FALSE TRUE nucleocapsid 342

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;352 12 0.3 FALSE TRUE nucleocapsid 352

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;353 11 0.275 FALSE TRUE nucleocapsid 353

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;356 18 0.45 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_356_356 nucleocapsid 356

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;362 10 0.25 FALSE TRUE nucleocapsid 362

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;363 10 0.25 FALSE TRUE nucleocapsid 363

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;372 10 0.25 FALSE TRUE nucleocapsid 372

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;373 11 0.275 FALSE TRUE nucleocapsid 373

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;374 12 0.3 FALSE TRUE nucleocapsid 374

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;375 12 0.3 FALSE TRUE nucleocapsid 375

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;376 11 0.275 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_376_382 nucleocapsid 376

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;377 19 0.475 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_376_382 nucleocapsid 377

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;378 15 0.375 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_376_382 nucleocapsid 378

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;379 11 0.275 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_376_382 nucleocapsid 379

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;380 13 0.325 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_376_382 nucleocapsid 380

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;381 13 0.325 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_376_382 nucleocapsid 381

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;382 14 0.35 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_376_382 nucleocapsid 382

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;384 17 0.425 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 nucleocapsid 384

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;385 12 0.3 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 nucleocapsid 385

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;386 31 0.775 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 nucleocapsid 386

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;387 31 0.775 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 nucleocapsid 387

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;388 39 0.975 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 nucleocapsid 388

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;389 36 0.9 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 nucleocapsid 389

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;390 38 0.95 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 nucleocapsid 390

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;391 36 0.9 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 nucleocapsid 391

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;392 35 0.875 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 nucleocapsid 392

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;393 36 0.9 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 nucleocapsid 393

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;394 36 0.9 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 nucleocapsid 394

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;395 35 0.875 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 nucleocapsid 395

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;396 34 0.85 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 nucleocapsid 396

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;397 30 0.75 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 nucleocapsid 397

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;398 20 0.5 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 nucleocapsid 398

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;399 32 0.8 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 nucleocapsid 399

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;400 23 0.575 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 nucleocapsid 400

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;401 17 0.425 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 nucleocapsid 401

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;402 10 0.25 FALSE TRUE nucleocapsid 402

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;404 14 0.35 TRUE TRUE NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_404_404 nucleocapsid 404

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;405 15 0.375 FALSE TRUE nucleocapsid 405

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;856 10 0.25 FALSE TRUE orf1ab 856

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1076 10 0.25 FALSE TRUE orf1ab 1076

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1238 10 0.25 FALSE TRUE orf1ab 1238

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1239 10 0.25 TRUE TRUE NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1239_1241 orf1ab 1239

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1240 13 0.325 TRUE TRUE NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1239_1241 orf1ab 1240

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1241 22 0.55 TRUE TRUE NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1239_1241 orf1ab 1241

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1337 10 0.25 FALSE TRUE orf1ab 1337

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1546 10 0.25 TRUE TRUE NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1546_1546 orf1ab 1546

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1551 20 0.5 TRUE TRUE NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1551_1551 orf1ab 1551

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1572 14 0.35 TRUE TRUE NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1572_1572 orf1ab 1572

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1681 13 0.325 TRUE TRUE NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1681_1681 orf1ab 1681

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1720 17 0.425 TRUE TRUE NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1720_1720 orf1ab 1720

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1748 14 0.35 FALSE TRUE orf1ab 1748

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1749 13 0.325 FALSE TRUE orf1ab 1749

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1750 13 0.325 FALSE TRUE orf1ab 1750

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1751 11 0.275 FALSE TRUE orf1ab 1751

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1752 13 0.325 FALSE TRUE orf1ab 1752

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1753 14 0.35 FALSE TRUE orf1ab 1753

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1754 13 0.325 FALSE TRUE orf1ab 1754

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1755 12 0.3 FALSE TRUE orf1ab 1755

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1756 11 0.275 FALSE TRUE orf1ab 1756

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1757 11 0.275 FALSE TRUE orf1ab 1757

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1758 10 0.25 FALSE TRUE orf1ab 1758

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1826 11 0.275 FALSE TRUE orf1ab 1826

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1886 14 0.35 FALSE TRUE orf1ab 1886

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1887 10 0.25 FALSE TRUE orf1ab 1887

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1888 10 0.25 FALSE TRUE orf1ab 1888

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;2251 12 0.3 FALSE TRUE orf1ab 2251

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;2309 22 0.55 TRUE TRUE NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_2309_2309 orf1ab 2309

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;2584 9 0.225 TRUE FALSE NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_2584_2584 orf1ab 2584

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;2974 10 0.25 FALSE TRUE orf1ab 2974

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;3174 10 0.25 FALSE TRUE orf1ab 3174

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;4253 11 0.275 FALSE TRUE orf1ab 4253

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;4451 12 0.3 TRUE TRUE NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_4451_4451 orf1ab 4451

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;4514 28 0.7 TRUE TRUE NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_4514_4514 orf1ab 4514

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;4555 10 0.25 FALSE TRUE orf1ab 4555

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;4886 10 0.25 FALSE TRUE orf1ab 4886

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;5366 11 0.275 FALSE TRUE orf1ab 5366

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;5482 10 0.25 FALSE TRUE orf1ab 5482

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;5999 23 0.575 TRUE TRUE NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_5999_5999 orf1ab 5999

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;6057 13 0.325 TRUE TRUE NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_6057_6058 orf1ab 6057

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;6058 19 0.475 TRUE TRUE NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_6057_6058 orf1ab 6058

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;6143 10 0.25 TRUE TRUE NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_6143_6143 orf1ab 6143

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;6533 10 0.25 FALSE TRUE orf1ab 6533

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;7 12 0.3 FALSE TRUE orf3a 7

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;12 11 0.275 FALSE TRUE orf3a 12

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;13 14 0.35 FALSE TRUE orf3a 13

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;14 12 0.3 FALSE TRUE orf3a 14

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;15 14 0.35 FALSE TRUE orf3a 15

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;16 15 0.375 TRUE TRUE NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_16_16 orf3a 16

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;17 12 0.3 FALSE TRUE orf3a 17

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;18 13 0.325 TRUE TRUE NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_18_18 orf3a 18

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;19 12 0.3 FALSE TRUE orf3a 19

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;20 10 0.25 FALSE TRUE orf3a 20

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;21 12 0.3 TRUE TRUE NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_21_21 orf3a 21

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;22 11 0.275 FALSE TRUE orf3a 22

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;235 12 0.3 TRUE TRUE NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_235_236 orf3a 235

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;236 11 0.275 TRUE TRUE NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_235_236 orf3a 236

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;237 11 0.275 FALSE TRUE orf3a 237

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;238 10 0.25 FALSE TRUE orf3a 238

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;250 13 0.325 FALSE TRUE orf3a 250

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;251 14 0.35 FALSE TRUE orf3a 251

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;252 16 0.4 TRUE TRUE NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_252_261 orf3a 252

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;253 22 0.55 TRUE TRUE NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_252_261 orf3a 253

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;254 20 0.5 TRUE TRUE NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_252_261 orf3a 254

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;255 21 0.525 TRUE TRUE NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_252_261 orf3a 255

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;256 22 0.55 TRUE TRUE NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_252_261 orf3a 256

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;257 18 0.45 TRUE TRUE NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_252_261 orf3a 257

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;258 21 0.525 TRUE TRUE NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_252_261 orf3a 258

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;259 20 0.5 TRUE TRUE NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_252_261 orf3a 259

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;260 18 0.45 TRUE TRUE NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_252_261 orf3a 260

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;261 18 0.45 TRUE TRUE NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_252_261 orf3a 261

NC_045512.2;YP_009724394.1;Wu1-SARS2_orf6;9 13 0.325 TRUE TRUE NC_045512.2;YP_009724394.1;Wu1-SARS2_orf6_9_9 orf6 9

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;11 11 0.275 FALSE TRUE orf8 11

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;12 10 0.25 TRUE TRUE NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_12_12 orf8 12

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;53 13 0.325 TRUE TRUE NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_53_53 orf8 53

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;54 13 0.325 FALSE TRUE orf8 54

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;55 10 0.25 FALSE TRUE orf8 55

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;56 10 0.25 FALSE TRUE orf8 56

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;57 12 0.3 FALSE TRUE orf8 57

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;58 12 0.3 FALSE TRUE orf8 58

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;59 14 0.35 FALSE TRUE orf8 59

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;60 20 0.5 TRUE TRUE NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_60_64 orf8 60

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;61 19 0.475 TRUE TRUE NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_60_64 orf8 61

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;62 14 0.35 TRUE TRUE NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_60_64 orf8 62

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;63 16 0.4 TRUE TRUE NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_60_64 orf8 63

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;64 15 0.375 TRUE TRUE NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_60_64 orf8 64

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;65 12 0.3 FALSE TRUE orf8 65

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;66 15 0.375 TRUE TRUE NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_66_68 orf8 66

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;67 13 0.325 TRUE TRUE NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_66_68 orf8 67

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;68 13 0.325 TRUE TRUE NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_66_68 orf8 68

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;107 11 0.275 FALSE TRUE surface 107

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;108 10 0.25 FALSE TRUE surface 108

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;172 13 0.325 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_172_172 surface 172

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;173 10 0.25 FALSE TRUE surface 173

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;241 9 0.225 TRUE FALSE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_241_241 surface 241

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;247 10 0.25 FALSE TRUE surface 247

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;289 13 0.325 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_289_290 surface 289

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;290 7 0.175 TRUE FALSE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_289_290 surface 290

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;306 13 0.325 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_306_306 surface 306

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;307 11 0.275 FALSE TRUE surface 307

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;308 11 0.275 FALSE TRUE surface 308

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;309 10 0.25 FALSE TRUE surface 309

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;310 13 0.325 FALSE TRUE surface 310

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;403 10 0.25 FALSE TRUE surface 403

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;404 15 0.375 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_404_406 surface 404

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;405 16 0.4 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_404_406 surface 405

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;406 12 0.3 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_404_406 surface 406

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;410 10 0.25 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_410_410 surface 410

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;536 8 0.2 TRUE FALSE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_536_537 surface 536

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;537 14 0.35 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_536_537 surface 537

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;539 12 0.3 FALSE TRUE surface 539

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;540 12 0.3 FALSE TRUE surface 540

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;541 17 0.425 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_541_541 surface 541

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;542 11 0.275 FALSE TRUE surface 542

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;549 30 0.75 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_549_551 surface 549

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;550 19 0.475 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_549_551 surface 550

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;551 20 0.5 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_549_551 surface 551

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;553 29 0.725 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 surface 553

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;554 30 0.75 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 surface 554

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;555 29 0.725 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 surface 555

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;556 33 0.825 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 surface 556

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;557 33 0.825 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 surface 557

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;558 33 0.825 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 surface 558

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;559 31 0.775 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 surface 559

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;560 31 0.775 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 surface 560

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;561 27 0.675 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 surface 561

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;562 24 0.6 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 surface 562

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;563 18 0.45 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 surface 563

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;568 30 0.75 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 surface 568

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;569 32 0.8 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 surface 569

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;570 36 0.9 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 surface 570

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;571 37 0.925 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 surface 571

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;572 36 0.9 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 surface 572

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;573 37 0.925 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 surface 573

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;574 37 0.925 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 surface 574

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;575 35 0.875 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 surface 575

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;576 36 0.9 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 surface 576

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;577 34 0.85 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 surface 577

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;578 15 0.375 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 surface 578

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;613 15 0.375 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 surface 613

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;614 19 0.475 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 surface 614

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;615 23 0.575 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 surface 615

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;616 23 0.575 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 surface 616

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;617 23 0.575 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 surface 617

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;618 19 0.475 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 surface 618

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;619 22 0.55 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 surface 619

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;620 20 0.5 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 surface 620

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;621 23 0.575 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 surface 621

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;622 25 0.625 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 surface 622

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;623 10 0.25 FALSE TRUE surface 623

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;624 22 0.55 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_624_631 surface 624

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;625 25 0.625 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_624_631 surface 625

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;626 26 0.65 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_624_631 surface 626

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;627 21 0.525 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_624_631 surface 627

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;628 12 0.3 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_624_631 surface 628

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;629 15 0.375 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_624_631 surface 629

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;630 19 0.475 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_624_631 surface 630

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;631 10 0.25 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_624_631 surface 631

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;633 10 0.25 FALSE TRUE surface 633

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;635 13 0.325 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_635_639 surface 635

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;636 12 0.3 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_635_639 surface 636

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;637 19 0.475 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_635_639 surface 637

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;638 15 0.375 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_635_639 surface 638

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;639 16 0.4 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_635_639 surface 639

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;642 11 0.275 FALSE TRUE surface 642

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;644 13 0.325 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_644_644 surface 644

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;656 18 0.45 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_656_657 surface 656

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;657 20 0.5 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_656_657 surface 657

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;659 15 0.375 FALSE TRUE surface 659

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;660 13 0.325 FALSE TRUE surface 660

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;661 16 0.4 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_661_661 surface 661

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;662 12 0.3 FALSE TRUE surface 662

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;685 11 0.275 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_685_694 surface 685

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;686 25 0.625 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_685_694 surface 686

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;687 19 0.475 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_685_694 surface 687

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;688 26 0.65 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_685_694 surface 688

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;689 26 0.65 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_685_694 surface 689

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;690 26 0.65 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_685_694 surface 690

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;691 14 0.35 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_685_694 surface 691

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;692 22 0.55 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_685_694 surface 692

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;693 19 0.475 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_685_694 surface 693

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;694 16 0.4 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_685_694 surface 694

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;695 10 0.25 FALSE TRUE surface 695

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;761 15 0.375 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_761_761 surface 761

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;762 16 0.4 FALSE TRUE surface 762

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;763 15 0.375 FALSE TRUE surface 763

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;764 16 0.4 FALSE TRUE surface 764

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;765 17 0.425 FALSE TRUE surface 765

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;766 16 0.4 FALSE TRUE surface 766

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;767 17 0.425 FALSE TRUE surface 767

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;768 17 0.425 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_768_770 surface 768

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;769 17 0.425 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_768_770 surface 769

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;770 18 0.45 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_768_770 surface 770

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;771 11 0.275 FALSE TRUE surface 771

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;773 12 0.3 FALSE TRUE surface 773

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;783 10 0.25 FALSE TRUE surface 783

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;785 15 0.375 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 surface 785

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;786 16 0.4 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 surface 786

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;787 34 0.85 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 surface 787

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;788 30 0.75 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 surface 788

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;789 30 0.75 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 surface 789

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;790 30 0.75 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 surface 790

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;791 32 0.8 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 surface 791

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;792 31 0.775 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 surface 792

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;793 30 0.75 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 surface 793

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;794 30 0.75 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 surface 794

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;795 30 0.75 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 surface 795

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;796 14 0.35 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 surface 796

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;797 11 0.275 FALSE TRUE surface 797

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;798 15 0.375 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_798_799 surface 798

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;799 14 0.35 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_798_799 surface 799

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;800 12 0.3 FALSE TRUE surface 800

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;801 10 0.25 FALSE TRUE surface 801

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;802 10 0.25 FALSE TRUE surface 802

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;803 11 0.275 FALSE TRUE surface 803

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;804 15 0.375 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_804_805 surface 804

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;805 13 0.325 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_804_805 surface 805

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;806 10 0.25 FALSE TRUE surface 806

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;807 12 0.3 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 surface 807

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;808 27 0.675 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 surface 808

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;809 27 0.675 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 surface 809

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;810 34 0.85 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 surface 810

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;811 34 0.85 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 surface 811

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;812 35 0.875 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 surface 812

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;813 34 0.85 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 surface 813

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;814 35 0.875 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 surface 814

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;815 30 0.75 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 surface 815

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;816 18 0.45 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 surface 816

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;817 14 0.35 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 surface 817

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;818 10 0.25 FALSE TRUE surface 818

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;844 13 0.325 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_844_844 surface 844

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;940 20 0.5 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_940_940 surface 940

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;947 10 0.25 FALSE TRUE surface 947

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;973 10 0.25 FALSE TRUE surface 973

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1140 18 0.45 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1149 surface 1140

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1141 33 0.825 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1149 surface 1141

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1142 31 0.775 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1149 surface 1142

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1143 32 0.8 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1149 surface 1143

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1144 30 0.75 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1149 surface 1144

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1145 21 0.525 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1149 surface 1145

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1146 21 0.525 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1149 surface 1146

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1147 20 0.5 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1149 surface 1147

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1148 27 0.675 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1149 surface 1148

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1149 14 0.35 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1149 surface 1149

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1155 22 0.55 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1155_1159 surface 1155

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1156 15 0.375 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1155_1159 surface 1156

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1157 22 0.55 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1155_1159 surface 1157

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1158 17 0.425 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1155_1159 surface 1158

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1159 15 0.375 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1155_1159 surface 1159

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1160 12 0.3 FALSE TRUE surface 1160

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1161 13 0.325 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1161_1162 surface 1161

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1162 14 0.35 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1161_1162 surface 1162

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1163 13 0.325 FALSE TRUE surface 1163

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1164 13 0.325 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1164_1164 surface 1164

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1165 12 0.3 FALSE TRUE surface 1165

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1166 10 0.25 FALSE TRUE surface 1166

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1173 12 0.3 FALSE TRUE surface 1173

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1177 12 0.3 FALSE TRUE surface 1177

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1178 16 0.4 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1178_1178 surface 1178

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1179 13 0.325 FALSE TRUE surface 1179

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1180 10 0.25 FALSE TRUE surface 1180

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1182 10 0.25 FALSE TRUE surface 1182

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1184 10 0.25 FALSE TRUE surface 1184

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1246 10 0.25 FALSE TRUE surface 1246

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1247 17 0.425 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 surface 1247

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1248 27 0.675 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 surface 1248

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1249 29 0.725 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 surface 1249

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1250 32 0.8 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 surface 1250

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1251 33 0.825 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 surface 1251

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1252 33 0.825 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 surface 1252

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1253 34 0.85 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 surface 1253

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1254 29 0.725 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 surface 1254

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1255 31 0.775 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 surface 1255

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1256 28 0.7 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 surface 1256

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1257 29 0.725 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 surface 1257

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1258 20 0.5 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 surface 1258

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1259 20 0.5 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 surface 1259

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1260 18 0.45 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 surface 1260

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1261 13 0.325 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 surface 1261

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1262 17 0.425 TRUE TRUE NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 surface 1262
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Supplemental Table 2: Overlaps and epitope probes unique to the Heffron or HERON methods 

 

PROBE_ID HERON_EpitopeID K F Heffron2021_Epitope_ID HERON Heffron Probe_ProteinProbe_Position Why Missing From HERON Why Missing in Heffron2021

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;1 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 26 0.65 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 TRUE TRUE membrane 1

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;2 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 26 0.65 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 TRUE TRUE membrane 2

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;3 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 26 0.65 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 TRUE TRUE membrane 3

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;4 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 26 0.65 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 TRUE TRUE membrane 4

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;5 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 26 0.65 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 TRUE TRUE membrane 5

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;6 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 26 0.65 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 TRUE TRUE membrane 6

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;7 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 26 0.65 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 TRUE TRUE membrane 7

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;8 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 26 0.65 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 TRUE TRUE membrane 8

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;9 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 26 0.65 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_1_9 TRUE TRUE membrane 9

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;152 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_158 21 0.525 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 TRUE TRUE membrane 152

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;153 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_158 21 0.525 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 TRUE TRUE membrane 153

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;154 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_158 21 0.525 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 TRUE TRUE membrane 154

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;155 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_158 21 0.525 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 TRUE TRUE membrane 155

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;156 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_158 21 0.525 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 TRUE TRUE membrane 156

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;157 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_158 21 0.525 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 TRUE TRUE membrane 157

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;158 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_158 21 0.525 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 TRUE TRUE membrane 158

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;159 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_159_162 32 0.8 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 TRUE TRUE membrane 159

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;160 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_159_162 32 0.8 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 TRUE TRUE membrane 160

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;161 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_159_162 32 0.8 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 TRUE TRUE membrane 161

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;162 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_159_162 32 0.8 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_152_162 TRUE TRUE membrane 162

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;175 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_169_180 4 0.1 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_175_179 FALSE TRUE membrane 175 Extended

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;176 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_169_180 4 0.1 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_175_179 FALSE TRUE membrane 176 Extended

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;177 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_169_180 4 0.1 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_175_179 FALSE TRUE membrane 177 Extended

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;178 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_169_180 4 0.1 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_175_179 FALSE TRUE membrane 178 Extended

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;179 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_169_180 4 0.1 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_175_179 FALSE TRUE membrane 179 Extended

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;181 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_189 24 0.6 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 TRUE TRUE membrane 181

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;182 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_189 24 0.6 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 TRUE TRUE membrane 182

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;183 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_189 24 0.6 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 TRUE TRUE membrane 183

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;184 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_189 24 0.6 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 TRUE TRUE membrane 184

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;185 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_189 24 0.6 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 TRUE TRUE membrane 185

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;186 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_189 24 0.6 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 TRUE TRUE membrane 186

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;187 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_189 24 0.6 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 TRUE TRUE membrane 187

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;188 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_189 24 0.6 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 TRUE TRUE membrane 188

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;189 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_189 24 0.6 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 TRUE TRUE membrane 189

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;190 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_190_197 11 0.275 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 TRUE TRUE membrane 190

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;191 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_190_197 11 0.275 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 TRUE TRUE membrane 191

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;192 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_190_197 11 0.275 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 TRUE TRUE membrane 192

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;193 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_190_197 11 0.275 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 TRUE TRUE membrane 193

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;194 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_190_197 11 0.275 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 TRUE TRUE membrane 194

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;195 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_190_197 11 0.275 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 TRUE TRUE membrane 195

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;196 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_190_197 11 0.275 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 TRUE TRUE membrane 196

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;197 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_190_197 11 0.275 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_181_197 TRUE TRUE membrane 197

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;205 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 22 0.55 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 TRUE TRUE membrane 205

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;206 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 22 0.55 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 TRUE TRUE membrane 206

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;207 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 22 0.55 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 TRUE TRUE membrane 207

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;208 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 22 0.55 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 TRUE TRUE membrane 208

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;209 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 22 0.55 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 TRUE TRUE membrane 209

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;210 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 22 0.55 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 TRUE TRUE membrane 210

NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane;211 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 22 0.55 NC_045512.2;YP_009724393.1;Wu1-SARS2_membrane_205_211 TRUE TRUE membrane 211

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;7 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_15 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_12 TRUE TRUE nucleocapsid 7

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;8 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_15 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_12 TRUE TRUE nucleocapsid 8

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;9 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_15 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_12 TRUE TRUE nucleocapsid 9

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;10 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_15 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_12 TRUE TRUE nucleocapsid 10

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;11 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_15 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_12 TRUE TRUE nucleocapsid 11

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;12 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_15 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_12 TRUE TRUE nucleocapsid 12

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;13 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_15 20 0.5 TRUE FALSE nucleocapsid 13 Extended

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;14 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_15 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_14_15 TRUE TRUE nucleocapsid 14

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;15 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_7_15 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_14_15 TRUE TRUE nucleocapsid 15

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;28 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_36 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 TRUE TRUE nucleocapsid 28

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;29 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_36 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 TRUE TRUE nucleocapsid 29

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;30 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_36 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 TRUE TRUE nucleocapsid 30

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;31 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_36 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 TRUE TRUE nucleocapsid 31

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;32 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_36 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 TRUE TRUE nucleocapsid 32

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;33 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_36 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 TRUE TRUE nucleocapsid 33

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;34 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_36 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 TRUE TRUE nucleocapsid 34

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;35 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_36 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 TRUE TRUE nucleocapsid 35

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;36 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_36 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 TRUE TRUE nucleocapsid 36

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;37 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_37_38 27 0.675 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 TRUE TRUE nucleocapsid 37

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;38 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_37_38 27 0.675 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 TRUE TRUE nucleocapsid 38

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;39 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_39_49 0 0 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 FALSE TRUE nucleocapsid 39 Extended

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;40 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_39_49 0 0 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_28_40 FALSE TRUE nucleocapsid 40 Extended

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;94 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_94_94 22 0.55 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_94_94 TRUE TRUE nucleocapsid 94

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;96 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_95_105 1 0.025 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_96_97 FALSE TRUE nucleocapsid 96 Extended

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;97 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_95_105 1 0.025 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_96_97 FALSE TRUE nucleocapsid 97 Extended

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;117 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_111_152 0 0 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_117_120 FALSE TRUE nucleocapsid 117 Extended

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;118 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_111_152 0 0 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_117_120 FALSE TRUE nucleocapsid 118 Extended

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;119 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_111_152 0 0 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_117_120 FALSE TRUE nucleocapsid 119 Extended

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;120 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_111_152 0 0 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_117_120 FALSE TRUE nucleocapsid 120 Extended

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;122 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_111_152 0 0 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_122_122 FALSE TRUE nucleocapsid 122 Extended

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;124 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_111_152 0 0 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_124_124 FALSE TRUE nucleocapsid 124 Extended

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;126 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_111_152 0 0 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_126_127 FALSE TRUE nucleocapsid 126 Extended

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;127 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_111_152 0 0 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_126_127 FALSE TRUE nucleocapsid 127 Extended

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;153 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 17 0.425 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 TRUE TRUE nucleocapsid 153

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;154 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 17 0.425 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 TRUE TRUE nucleocapsid 154

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;155 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 17 0.425 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 TRUE TRUE nucleocapsid 155

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;156 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 17 0.425 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 TRUE TRUE nucleocapsid 156

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;157 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 17 0.425 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 TRUE TRUE nucleocapsid 157

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;158 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 17 0.425 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 TRUE TRUE nucleocapsid 158

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;159 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 17 0.425 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 TRUE TRUE nucleocapsid 159

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;160 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 17 0.425 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 TRUE TRUE nucleocapsid 160

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;161 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 17 0.425 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 TRUE TRUE nucleocapsid 161

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;162 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 17 0.425 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 TRUE TRUE nucleocapsid 162

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;163 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 17 0.425 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_153_163 TRUE TRUE nucleocapsid 163

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;180 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_180_180 12 0.3 TRUE FALSE nucleocapsid 180 New

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;208 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_209 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 TRUE TRUE nucleocapsid 208

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;209 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_209 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 TRUE TRUE nucleocapsid 209

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;210 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_210_216 29 0.725 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 TRUE TRUE nucleocapsid 210

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;211 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_210_216 29 0.725 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 TRUE TRUE nucleocapsid 211

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;212 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_210_216 29 0.725 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 TRUE TRUE nucleocapsid 212

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;213 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_210_216 29 0.725 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 TRUE TRUE nucleocapsid 213

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;214 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_210_216 29 0.725 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 TRUE TRUE nucleocapsid 214

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;215 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_210_216 29 0.725 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 TRUE TRUE nucleocapsid 215

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;216 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_210_216 29 0.725 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 TRUE TRUE nucleocapsid 216

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;217 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_217_223 15 0.375 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 TRUE TRUE nucleocapsid 217

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;218 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_217_223 15 0.375 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 TRUE TRUE nucleocapsid 218

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;219 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_217_223 15 0.375 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 TRUE TRUE nucleocapsid 219

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;220 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_217_223 15 0.375 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 TRUE TRUE nucleocapsid 220

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;221 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_217_223 15 0.375 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 TRUE TRUE nucleocapsid 221

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;222 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_217_223 15 0.375 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 TRUE TRUE nucleocapsid 222

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;223 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_217_223 15 0.375 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_208_223 TRUE TRUE nucleocapsid 223

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;226 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_226_233 14 0.35 TRUE FALSE nucleocapsid 226 Extended

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;227 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_226_233 14 0.35 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_227_228 TRUE TRUE nucleocapsid 227

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;228 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_226_233 14 0.35 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_227_228 TRUE TRUE nucleocapsid 228

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;229 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_226_233 14 0.35 TRUE FALSE nucleocapsid 229 Extended

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;230 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_226_233 14 0.35 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_230_235 TRUE TRUE nucleocapsid 230

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;231 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_226_233 14 0.35 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_230_235 TRUE TRUE nucleocapsid 231

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;232 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_226_233 14 0.35 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_230_235 TRUE TRUE nucleocapsid 232

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;233 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_226_233 14 0.35 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_230_235 TRUE TRUE nucleocapsid 233

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;234 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_234_241 13 0.325 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_230_235 TRUE TRUE nucleocapsid 234

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;235 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_234_241 13 0.325 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_230_235 TRUE TRUE nucleocapsid 235

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;236 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_234_241 13 0.325 TRUE FALSE nucleocapsid 236 Shifted

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;237 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_234_241 13 0.325 TRUE FALSE nucleocapsid 237 Shifted

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;238 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_234_241 13 0.325 TRUE FALSE nucleocapsid 238 Shifted

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;239 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_234_241 13 0.325 TRUE FALSE nucleocapsid 239 Shifted

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;240 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_234_241 13 0.325 TRUE FALSE nucleocapsid 240 Shifted

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;241 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_234_241 13 0.325 TRUE FALSE nucleocapsid 241 Shifted

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;242 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_242_245 18 0.45 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_242_245 TRUE TRUE nucleocapsid 242

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;243 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_242_245 18 0.45 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_242_245 TRUE TRUE nucleocapsid 243

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;244 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_242_245 18 0.45 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_242_245 TRUE TRUE nucleocapsid 244

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;245 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_242_245 18 0.45 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_242_245 TRUE TRUE nucleocapsid 245

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;249 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_249_250 17 0.425 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_249_251 TRUE TRUE nucleocapsid 249

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;250 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_249_250 17 0.425 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_249_251 TRUE TRUE nucleocapsid 250

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;251 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_251_251 13 0.325 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_249_251 TRUE TRUE nucleocapsid 251

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;333 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_333_337 11 0.275 TRUE FALSE nucleocapsid 333 Extended

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;334 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_333_337 11 0.275 TRUE FALSE nucleocapsid 334 Extended

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;335 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_333_337 11 0.275 TRUE FALSE nucleocapsid 335 Extended

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;336 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_333_337 11 0.275 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_336_336 TRUE TRUE nucleocapsid 336

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;337 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_333_337 11 0.275 TRUE FALSE nucleocapsid 337 Extended

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;338 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_338_341 14 0.35 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_338_341 TRUE TRUE nucleocapsid 338

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;339 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_338_341 14 0.35 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_338_341 TRUE TRUE nucleocapsid 339

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;340 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_338_341 14 0.35 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_338_341 TRUE TRUE nucleocapsid 340

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;341 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_338_341 14 0.35 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_338_341 TRUE TRUE nucleocapsid 341

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;356 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_356_356 18 0.45 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_356_356 TRUE TRUE nucleocapsid 356

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;357 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_357_363 11 0.275 TRUE FALSE nucleocapsid 357 New

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;358 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_357_363 11 0.275 TRUE FALSE nucleocapsid 358 New

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;359 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_357_363 11 0.275 TRUE FALSE nucleocapsid 359 New

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;360 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_357_363 11 0.275 TRUE FALSE nucleocapsid 360 New

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;361 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_357_363 11 0.275 TRUE FALSE nucleocapsid 361 New

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;362 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_357_363 11 0.275 TRUE FALSE nucleocapsid 362 New

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;363 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_357_363 11 0.275 TRUE FALSE nucleocapsid 363 New

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;375 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_375_377 14 0.35 TRUE FALSE nucleocapsid 375 Shifted

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;376 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_375_377 14 0.35 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_376_382 TRUE TRUE nucleocapsid 376

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;377 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_375_377 14 0.35 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_376_382 TRUE TRUE nucleocapsid 377

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;378 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_378_383 11 0.275 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_376_382 TRUE TRUE nucleocapsid 378

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;379 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_378_383 11 0.275 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_376_382 TRUE TRUE nucleocapsid 379

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;380 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_378_383 11 0.275 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_376_382 TRUE TRUE nucleocapsid 380

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;381 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_378_383 11 0.275 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_376_382 TRUE TRUE nucleocapsid 381

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;382 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_378_383 11 0.275 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_376_382 TRUE TRUE nucleocapsid 382

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;383 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_378_383 11 0.275 TRUE FALSE nucleocapsid 383 Shifted

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;384 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_385 14 0.35 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 TRUE TRUE nucleocapsid 384

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;385 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_385 14 0.35 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 TRUE TRUE nucleocapsid 385

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;386 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_386_397 31 0.775 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 TRUE TRUE nucleocapsid 386

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;387 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_386_397 31 0.775 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 TRUE TRUE nucleocapsid 387

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;388 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_386_397 31 0.775 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 TRUE TRUE nucleocapsid 388

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;389 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_386_397 31 0.775 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 TRUE TRUE nucleocapsid 389

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;390 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_386_397 31 0.775 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 TRUE TRUE nucleocapsid 390

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;391 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_386_397 31 0.775 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 TRUE TRUE nucleocapsid 391

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;392 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_386_397 31 0.775 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 TRUE TRUE nucleocapsid 392

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;393 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_386_397 31 0.775 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 TRUE TRUE nucleocapsid 393

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;394 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_386_397 31 0.775 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 TRUE TRUE nucleocapsid 394

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;395 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_386_397 31 0.775 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 TRUE TRUE nucleocapsid 395

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;396 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_386_397 31 0.775 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 TRUE TRUE nucleocapsid 396

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;397 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_386_397 31 0.775 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 TRUE TRUE nucleocapsid 397

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;398 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_398_398 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 TRUE TRUE nucleocapsid 398

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;399 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_399_399 32 0.8 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 TRUE TRUE nucleocapsid 399

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;400 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_400_401 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 TRUE TRUE nucleocapsid 400

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;401 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_400_401 20 0.5 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_384_401 TRUE TRUE nucleocapsid 401

NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca;404 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_402_408 5 0.125 NC_045512.2;YP_009724397.2;Wu1-SARS2_nucleoca_404_404 FALSE TRUE nucleocapsid 404 Extended

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1239 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1224_1240 0 0 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1239_1241 FALSE TRUE orf1ab 1239 Shifted

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1240 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1224_1240 0 0 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1239_1241 FALSE TRUE orf1ab 1240 Shifted

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1241 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1241_1245 2 0.05 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1239_1241 FALSE TRUE orf1ab 1241 Extended

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1337 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1337_1337 11 0.275 TRUE FALSE orf1ab 1337 New

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1546 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1446_1550 0 0 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1546_1546 FALSE TRUE orf1ab 1546 Extended

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1551 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1551_1551 20 0.5 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1551_1551 TRUE TRUE orf1ab 1551

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1572 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1570_1574 6 0.15 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1572_1572 FALSE TRUE orf1ab 1572 Extended

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1681 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1681_1681 13 0.325 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1681_1681 TRUE TRUE orf1ab 1681

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1720 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1710_1720 1 0.025 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1720_1720 FALSE TRUE orf1ab 1720 Extended

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1886 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1886_1886 14 0.35 TRUE FALSE orf1ab 1886 New

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1887 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1887_1890 11 0.275 TRUE FALSE orf1ab 1887 New

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1888 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1887_1890 11 0.275 TRUE FALSE orf1ab 1888 New

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1889 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1887_1890 11 0.275 TRUE FALSE orf1ab 1889 New

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;1890 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_1887_1890 11 0.275 TRUE FALSE orf1ab 1890 New

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;2309 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_2309_2309 22 0.55 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_2309_2309 TRUE TRUE orf1ab 2309

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;2584 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_2582_2584 1 0.025 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_2584_2584 FALSE TRUE orf1ab 2584 Extended

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;2971 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_2971_2971 10 0.25 TRUE FALSE orf1ab 2971

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;4451 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_4451_4451 12 0.3 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_4451_4451 TRUE TRUE orf1ab 4451

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;4514 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_4514_4514 28 0.7 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_4514_4514 TRUE TRUE orf1ab 4514

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;5366 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_5366_5366 11 0.275 TRUE FALSE orf1ab 5366 New

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;5482 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_5482_5482 10 0.25 TRUE FALSE orf1ab 5482 New, Edge

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;5999 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_5999_5999 23 0.575 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_5999_5999 TRUE TRUE orf1ab 5999

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;6057 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_6047_6058 0 0 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_6057_6058 FALSE TRUE orf1ab 6057 Extended

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;6058 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_6047_6058 0 0 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_6057_6058 FALSE TRUE orf1ab 6058 Extended

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;6143 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_6143_6143 10 0.25 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_6143_6143 TRUE TRUE orf1ab 6143

NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab;6533 NC_045512.2;YP_009724389.1;Wu1-SARS2_orf1ab_6533_6533 10 0.25 TRUE FALSE orf1ab 6533 New, Edge

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;12 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_12_16 14 0.35 TRUE FALSE orf3a 12 Extended

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;13 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_12_16 14 0.35 TRUE FALSE orf3a 13 Extended

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;14 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_12_16 14 0.35 TRUE FALSE orf3a 14 Extended

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;15 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_12_16 14 0.35 TRUE FALSE orf3a 15 Extended

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;16 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_12_16 14 0.35 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_16_16 TRUE TRUE orf3a 16 Extended

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;18 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_17_22 9 0.225 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_18_18 FALSE TRUE orf3a 18 Extended, Edge

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;21 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_17_22 9 0.225 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_21_21 FALSE TRUE orf3a 21 Extended, Edge

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;235 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_227_239 0 0 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_235_236 FALSE TRUE orf3a 235 Extended

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;236 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_227_239 0 0 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_235_236 FALSE TRUE orf3a 236 Extended

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;251 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_251_261 16 0.4 TRUE FALSE orf3a 251 Extended

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;252 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_251_261 16 0.4 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_252_261 TRUE TRUE orf3a 252

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;253 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_251_261 16 0.4 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_252_261 TRUE TRUE orf3a 253

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;254 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_251_261 16 0.4 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_252_261 TRUE TRUE orf3a 254

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;255 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_251_261 16 0.4 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_252_261 TRUE TRUE orf3a 255

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;256 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_251_261 16 0.4 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_252_261 TRUE TRUE orf3a 256

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;257 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_251_261 16 0.4 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_252_261 TRUE TRUE orf3a 257

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;258 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_251_261 16 0.4 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_252_261 TRUE TRUE orf3a 258

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;259 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_251_261 16 0.4 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_252_261 TRUE TRUE orf3a 259

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;260 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_251_261 16 0.4 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_252_261 TRUE TRUE orf3a 260

NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a;261 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_251_261 16 0.4 NC_045512.2;YP_009724391.1;Wu1-SARS2_orf3a_252_261 TRUE TRUE orf3a 261

NC_045512.2;YP_009724394.1;Wu1-SARS2_orf6;9 NC_045512.2;YP_009724394.1;Wu1-SARS2_orf6_9_9 13 0.325 NC_045512.2;YP_009724394.1;Wu1-SARS2_orf6_9_9 TRUE TRUE orf6 9

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;12 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_11_12 9 0.225 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_12_12 FALSE TRUE orf8 12 Extended, Edge

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;53 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_53_59 10 0.25 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_53_53 TRUE TRUE orf8 53

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;54 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_53_59 10 0.25 TRUE FALSE orf8 54 Extended, Edge

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;55 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_53_59 10 0.25 TRUE FALSE orf8 55 Extended, Edge

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;56 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_53_59 10 0.25 TRUE FALSE orf8 56 Extended, Edge

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;57 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_53_59 10 0.25 TRUE FALSE orf8 57 Extended, Edge

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;58 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_53_59 10 0.25 TRUE FALSE orf8 58 Extended, Edge

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;59 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_53_59 10 0.25 TRUE FALSE orf8 59 Extended, Edge

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;60 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_60_61 19 0.475 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_60_64 TRUE TRUE orf8 60

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;61 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_60_61 19 0.475 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_60_64 TRUE TRUE orf8 61

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;62 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_62_68 12 0.3 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_60_64 TRUE TRUE orf8 62

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;63 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_62_68 12 0.3 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_60_64 TRUE TRUE orf8 63

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;64 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_62_68 12 0.3 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_60_64 TRUE TRUE orf8 64

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;65 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_62_68 12 0.3 TRUE FALSE orf8 65 Extended

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;66 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_62_68 12 0.3 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_66_68 TRUE TRUE orf8 66

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;67 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_62_68 12 0.3 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_66_68 TRUE TRUE orf8 67

NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8;68 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_62_68 12 0.3 NC_045512.2;YP_009724396.1;Wu1-SARS2_orf8_66_68 TRUE TRUE orf8 68

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;107 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_107_109 10 0.25 TRUE FALSE surface 107 New, Edge

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;108 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_107_109 10 0.25 TRUE FALSE surface 108 New, Edge

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;109 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_107_109 10 0.25 TRUE FALSE surface 109 New, Edge

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;172 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_172_184 1 0.025 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_172_172 FALSE TRUE surface 172 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;241 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_240_247 6 0.15 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_241_241 FALSE TRUE surface 241 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;289 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_289_291 4 0.1 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_289_290 FALSE TRUE surface 289 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;290 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_289_291 4 0.1 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_289_290 FALSE TRUE surface 290 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;306 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_306_310 14 0.35 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_306_306 TRUE TRUE surface 306

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;307 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_306_310 14 0.35 TRUE FALSE surface 307 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;308 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_306_310 14 0.35 TRUE FALSE surface 308 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;309 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_306_310 14 0.35 TRUE FALSE surface 309 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;310 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_306_310 14 0.35 TRUE FALSE surface 310 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;402 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_402_407 10 0.25 TRUE FALSE surface 402 Extended, Edge

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;403 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_402_407 10 0.25 TRUE FALSE surface 403 Extended, Edge

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;404 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_402_407 10 0.25 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_404_406 TRUE TRUE surface 404

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;405 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_402_407 10 0.25 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_404_406 TRUE TRUE surface 405

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;406 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_402_407 10 0.25 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_404_406 TRUE TRUE surface 406

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;407 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_402_407 10 0.25 TRUE FALSE surface 407 Extended, Edge

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;410 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_408_413 3 0.075 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_410_410 FALSE TRUE surface 410 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;536 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_519_548 0 0 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_536_537 FALSE TRUE surface 536 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;537 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_519_548 0 0 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_536_537 FALSE TRUE surface 537 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;541 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_519_548 0 0 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_541_541 FALSE TRUE surface 541 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;549 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_549_552 11 0.275 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_549_551 TRUE TRUE surface 549

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;550 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_549_552 11 0.275 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_549_551 TRUE TRUE surface 550

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;551 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_549_552 11 0.275 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_549_551 TRUE TRUE surface 551

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;552 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_549_552 11 0.275 TRUE FALSE surface 552 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;553 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 22 0.55 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 TRUE TRUE surface 553

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;554 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 22 0.55 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 TRUE TRUE surface 554

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;555 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 22 0.55 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 TRUE TRUE surface 555

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;556 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 22 0.55 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 TRUE TRUE surface 556

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;557 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 22 0.55 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 TRUE TRUE surface 557

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;558 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 22 0.55 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 TRUE TRUE surface 558

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;559 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 22 0.55 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 TRUE TRUE surface 559

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;560 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 22 0.55 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 TRUE TRUE surface 560

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;561 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 22 0.55 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 TRUE TRUE surface 561

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;562 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 22 0.55 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 TRUE TRUE surface 562

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;563 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 22 0.55 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_553_563 TRUE TRUE surface 563

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;568 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_577 34 0.85 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 TRUE TRUE surface 568

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;569 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_577 34 0.85 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 TRUE TRUE surface 569

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;570 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_577 34 0.85 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 TRUE TRUE surface 570

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;571 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_577 34 0.85 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 TRUE TRUE surface 571

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;572 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_577 34 0.85 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 TRUE TRUE surface 572

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;573 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_577 34 0.85 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 TRUE TRUE surface 573

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;574 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_577 34 0.85 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 TRUE TRUE surface 574

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;575 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_577 34 0.85 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 TRUE TRUE surface 575

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;576 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_577 34 0.85 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 TRUE TRUE surface 576

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;577 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_577 34 0.85 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 TRUE TRUE surface 577

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;578 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_578_582 3 0.075 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_568_578 FALSE TRUE surface 578 Shifted

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;613 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 16 0.4 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 TRUE TRUE surface 613

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;614 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 16 0.4 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 TRUE TRUE surface 614

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;615 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 16 0.4 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 TRUE TRUE surface 615

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;616 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 16 0.4 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 TRUE TRUE surface 616

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;617 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 16 0.4 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 TRUE TRUE surface 617

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;618 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 16 0.4 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 TRUE TRUE surface 618

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;619 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 16 0.4 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 TRUE TRUE surface 619

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;620 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 16 0.4 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 TRUE TRUE surface 620

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;621 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 16 0.4 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 TRUE TRUE surface 621

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;622 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 16 0.4 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_613_622 TRUE TRUE surface 622

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;623 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_623_623 10 0.25 TRUE FALSE surface 623 New, Edge

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;624 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_624_627 22 0.55 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_624_631 TRUE TRUE surface 624

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;625 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_624_627 22 0.55 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_624_631 TRUE TRUE surface 625

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;626 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_624_627 22 0.55 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_624_631 TRUE TRUE surface 626

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;627 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_624_627 22 0.55 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_624_631 TRUE TRUE surface 627

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;628 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_628_630 18 0.45 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_624_631 TRUE TRUE surface 628

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;629 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_628_630 18 0.45 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_624_631 TRUE TRUE surface 629

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;630 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_628_630 18 0.45 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_624_631 TRUE TRUE surface 630

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;631 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_631_634 8 0.2 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_624_631 FALSE TRUE surface 631 Shifted

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;635 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_635_639 13 0.325 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_635_639 TRUE TRUE surface 635

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;636 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_635_639 13 0.325 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_635_639 TRUE TRUE surface 636

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;637 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_635_639 13 0.325 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_635_639 TRUE TRUE surface 637

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;638 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_635_639 13 0.325 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_635_639 TRUE TRUE surface 638

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;639 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_635_639 13 0.325 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_635_639 TRUE TRUE surface 639

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;644 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_644_655 2 0.05 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_644_644 FALSE TRUE surface 644 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;656 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_656_662 19 0.475 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_656_657 TRUE TRUE surface 656

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;657 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_656_662 19 0.475 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_656_657 TRUE TRUE surface 657

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;658 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_656_662 19 0.475 TRUE FALSE surface 658 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;659 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_656_662 19 0.475 TRUE FALSE surface 659 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;660 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_656_662 19 0.475 TRUE FALSE surface 660 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;661 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_656_662 19 0.475 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_661_661 TRUE TRUE surface 661

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;662 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_656_662 19 0.475 TRUE FALSE surface 662 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;685 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_682_685 6 0.15 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_685_694 FALSE TRUE surface 685 Shifted

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;686 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_686_690 23 0.575 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_685_694 TRUE TRUE surface 686

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;687 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_686_690 23 0.575 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_685_694 TRUE TRUE surface 687

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;688 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_686_690 23 0.575 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_685_694 TRUE TRUE surface 688

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;689 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_686_690 23 0.575 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_685_694 TRUE TRUE surface 689

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;690 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_686_690 23 0.575 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_685_694 TRUE TRUE surface 690

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;691 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_691_695 8 0.2 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_685_694 FALSE TRUE surface 691 Shifted

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;692 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_691_695 8 0.2 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_685_694 FALSE TRUE surface 692 Shifted

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;693 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_691_695 8 0.2 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_685_694 FALSE TRUE surface 693 Shifted

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;694 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_691_695 8 0.2 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_685_694 FALSE TRUE surface 694 Shifted

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;761 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_761_770 21 0.525 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_761_761 TRUE TRUE surface 761

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;762 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_761_770 21 0.525 TRUE FALSE surface 762 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;763 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_761_770 21 0.525 TRUE FALSE surface 763 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;764 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_761_770 21 0.525 TRUE FALSE surface 764 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;765 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_761_770 21 0.525 TRUE FALSE surface 765 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;766 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_761_770 21 0.525 TRUE FALSE surface 766 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;767 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_761_770 21 0.525 TRUE FALSE surface 767 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;768 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_761_770 21 0.525 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_768_770 TRUE TRUE surface 768

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;769 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_761_770 21 0.525 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_768_770 TRUE TRUE surface 769

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;770 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_761_770 21 0.525 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_768_770 TRUE TRUE surface 770

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;785 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_780_786 8 0.2 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 FALSE TRUE surface 785 Shifted

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;786 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_780_786 8 0.2 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 FALSE TRUE surface 786 Shifted

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;787 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_787_795 32 0.8 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 TRUE TRUE surface 787

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;788 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_787_795 32 0.8 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 TRUE TRUE surface 788

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;789 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_787_795 32 0.8 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 TRUE TRUE surface 789

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;790 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_787_795 32 0.8 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 TRUE TRUE surface 790

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;791 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_787_795 32 0.8 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 TRUE TRUE surface 791

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;792 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_787_795 32 0.8 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 TRUE TRUE surface 792

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;793 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_787_795 32 0.8 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 TRUE TRUE surface 793

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;794 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_787_795 32 0.8 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 TRUE TRUE surface 794

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;795 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_787_795 32 0.8 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 TRUE TRUE surface 795

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;796 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_796_807 3 0.075 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_785_796 FALSE TRUE surface 796 Shifted

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;798 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_796_807 3 0.075 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_798_799 FALSE TRUE surface 798 Shifted

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;799 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_796_807 3 0.075 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_798_799 FALSE TRUE surface 799 Shifted

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;804 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_796_807 3 0.075 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_804_805 FALSE TRUE surface 804 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;805 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_796_807 3 0.075 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_804_805 FALSE TRUE surface 805 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;807 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_796_807 3 0.075 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 FALSE TRUE surface 807 Shifted

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;808 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_808_815 29 0.725 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 TRUE TRUE surface 808

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;809 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_808_815 29 0.725 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 TRUE TRUE surface 809

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;810 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_808_815 29 0.725 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 TRUE TRUE surface 810

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;811 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_808_815 29 0.725 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 TRUE TRUE surface 811

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;812 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_808_815 29 0.725 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 TRUE TRUE surface 812

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;813 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_808_815 29 0.725 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 TRUE TRUE surface 813

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;814 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_808_815 29 0.725 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 TRUE TRUE surface 814

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;815 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_808_815 29 0.725 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 TRUE TRUE surface 815

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;816 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_816_844 0 0 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 FALSE TRUE surface 816 Shifted

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;817 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_816_844 0 0 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_807_817 FALSE TRUE surface 817 Shifted

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;844 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_816_844 0 0 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_844_844 FALSE TRUE surface 844 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;940 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_892_940 0 0 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_940_940 FALSE TRUE surface 940 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1140 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1140 18 0.45 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1149 TRUE TRUE surface 1140

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1141 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1141_1144 34 0.85 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1149 TRUE TRUE surface 1141

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1142 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1141_1144 34 0.85 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1149 TRUE TRUE surface 1142

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1143 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1141_1144 34 0.85 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1149 TRUE TRUE surface 1143

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1144 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1141_1144 34 0.85 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1149 TRUE TRUE surface 1144

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1145 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1145_1148 23 0.575 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1149 TRUE TRUE surface 1145

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1146 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1145_1148 23 0.575 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1149 TRUE TRUE surface 1146

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1147 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1145_1148 23 0.575 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1149 TRUE TRUE surface 1147

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1148 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1145_1148 23 0.575 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1149 TRUE TRUE surface 1148

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1149 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1149_1149 15 0.375 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1140_1149 TRUE TRUE surface 1149

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1155 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1155_1157 17 0.425 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1155_1159 TRUE TRUE surface 1155

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1156 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1155_1157 17 0.425 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1155_1159 TRUE TRUE surface 1156

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1157 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1155_1157 17 0.425 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1155_1159 TRUE TRUE surface 1157

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1158 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1158_1162 21 0.525 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1155_1159 TRUE TRUE surface 1158

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1159 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1158_1162 21 0.525 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1155_1159 TRUE TRUE surface 1159

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1160 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1158_1162 21 0.525 TRUE FALSE surface 1160 Shifted

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1161 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1158_1162 21 0.525 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1161_1162 TRUE TRUE surface 1161

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1162 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1158_1162 21 0.525 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1161_1162 TRUE TRUE surface 1162

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1163 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1163_1166 12 0.3 TRUE FALSE surface 1163 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1164 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1163_1166 12 0.3 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1164_1164 TRUE TRUE surface 1164

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1165 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1163_1166 12 0.3 TRUE FALSE surface 1165 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1166 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1163_1166 12 0.3 TRUE FALSE surface 1166 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1173 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1173_1181 14 0.35 TRUE FALSE surface 1173 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1174 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1173_1181 14 0.35 TRUE FALSE surface 1174 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1175 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1173_1181 14 0.35 TRUE FALSE surface 1175 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1176 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1173_1181 14 0.35 TRUE FALSE surface 1176 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1177 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1173_1181 14 0.35 TRUE FALSE surface 1177 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1178 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1173_1181 14 0.35 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1178_1178 TRUE TRUE surface 1178

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1179 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1173_1181 14 0.35 TRUE FALSE surface 1179 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1180 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1173_1181 14 0.35 TRUE FALSE surface 1180 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1181 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1173_1181 14 0.35 TRUE FALSE surface 1181 Extended

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1247 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1244_1247 4 0.1 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 FALSE TRUE surface 1247 Shifted

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1248 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1248_1257 23 0.575 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 TRUE TRUE surface 1248

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1249 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1248_1257 23 0.575 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 TRUE TRUE surface 1249

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1250 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1248_1257 23 0.575 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 TRUE TRUE surface 1250

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1251 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1248_1257 23 0.575 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 TRUE TRUE surface 1251

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1252 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1248_1257 23 0.575 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 TRUE TRUE surface 1252

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1253 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1248_1257 23 0.575 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 TRUE TRUE surface 1253

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1254 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1248_1257 23 0.575 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 TRUE TRUE surface 1254

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1255 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1248_1257 23 0.575 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 TRUE TRUE surface 1255

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1256 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1248_1257 23 0.575 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 TRUE TRUE surface 1256

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1257 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1248_1257 23 0.575 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 TRUE TRUE surface 1257

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1258 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1258_1262 19 0.475 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 TRUE TRUE surface 1258

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1259 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1258_1262 19 0.475 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 TRUE TRUE surface 1259

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1260 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1258_1262 19 0.475 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 TRUE TRUE surface 1260

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1261 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1258_1262 19 0.475 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 TRUE TRUE surface 1261

NC_045512.2;YP_009724390.1;Wu1-SARS2_surface;1262 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1258_1262 19 0.475 NC_045512.2;YP_009724390.1;Wu1-SARS2_surface_1247_1262 TRUE TRUE surface 1262
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Supplemental Table 3: Correlation for B2 and PD1 replicates for probe, epitope, and protein 

 

ZSD Cutoff OneHitFilter SegmentMethod EpitopePvalueMethod Probe_Corr_B2 Probe_Corr_PD1 Probe_Corr_Avg NSegments Epitope_Corr_B2 Epitope_Corr_PD1 Epitope_Corr_Avg ProteinPvalueMethod Protein_Corr_B2 Protein_Corr_PD1 Protein_Corr_Avg Overall_Corr_Avg

10 0.01 TRUE skater_binary_hamming wmax2 0.966009537 0.749014392 0.857511965 4673 0.989911278 0.890798387 0.940354832 tippets 0.989810968 0.891301607 0.940556288 0.91280769

10 0.01 TRUE skater_binary_hamming wmax2 0.966009537 0.749014392 0.857511965 4673 0.989911278 0.890798387 0.940354832 min_bonf 0.989810707 0.891287933 0.94054932 0.91280537

10 0.01 TRUE hclust_binary_hamming wmax2 0.966009537 0.749014392 0.857511965 4678 0.99008078 0.890799234 0.940440007 tippets 0.98997978 0.890366769 0.940173275 0.91270842

10 0.01 TRUE hclust_binary_hamming wmax2 0.966009537 0.749014392 0.857511965 4678 0.99008078 0.890799234 0.940440007 min_bonf 0.989979961 0.890343437 0.940161699 0.91270456

10 0.01 TRUE hclust_binary_hamming wmax2 0.966009537 0.749014392 0.857511965 4678 0.99008078 0.890799234 0.940440007 fischer 0.987906484 0.887113805 0.937510145 0.91182071

10 0.01 TRUE skater_binary_hamming wmax2 0.966009537 0.749014392 0.857511965 4673 0.989911278 0.890798387 0.940354832 fischer 0.987745222 0.884527063 0.936136143 0.91133431

10 0.01 TRUE hclust_zscore_euclidean wmax2 0.966009537 0.749014392 0.857511965 4168 0.990543628 0.879559134 0.935051381 fischer 0.989269326 0.880005795 0.934637561 0.90906697

10 0.01 TRUE hclust_zscore_euclidean wmax2 0.966009537 0.749014392 0.857511965 4168 0.990543628 0.879559134 0.935051381 tippets 0.9910729 0.877588312 0.934330606 0.90896465

10 0.01 TRUE hclust_zscore_euclidean wmax2 0.966009537 0.749014392 0.857511965 4168 0.990543628 0.879559134 0.935051381 min_bonf 0.991072852 0.877571522 0.934322187 0.90896184

10 0.01 TRUE skater_zscore_euclidean wmax2 0.966009537 0.749014392 0.857511965 4232 0.989789592 0.877483925 0.933636759 fischer 0.988509238 0.875493329 0.932001284 0.90771667

10 0.01 TRUE skater_zscore_euclidean wmax2 0.966009537 0.749014392 0.857511965 4232 0.989789592 0.877483925 0.933636759 tippets 0.98996171 0.873467985 0.931714847 0.90762119

10 0.01 TRUE skater_zscore_euclidean wmax2 0.966009537 0.749014392 0.857511965 4232 0.989789592 0.877483925 0.933636759 min_bonf 0.989961885 0.873453876 0.931707881 0.90761887

6 0.05 TRUE skater_binary_hamming wmax2 0.952329284 0.738278754 0.845304019 25754 0.97703378 0.895875373 0.936454577 tippets 0.97721962 0.902940562 0.940080091 0.90727956

6 0.05 TRUE skater_binary_hamming wmax2 0.952329284 0.738278754 0.845304019 25754 0.97703378 0.895875373 0.936454577 min_bonf 0.977218496 0.902916488 0.940067492 0.90727536

10 0.01 TRUE unique hmp 0.966009537 0.749014392 0.857511965 3226 0.985101481 0.84410053 0.914601005 fischer 0.98694614 0.909521011 0.948233575 0.90678218

10 0.01 TRUE unique cct 0.966009537 0.749014392 0.857511965 3226 0.985154293 0.843556177 0.914355235 fischer 0.986945415 0.909234137 0.948089776 0.90665233

10 0.01 TRUE unique fischer 0.966009537 0.749014392 0.857511965 3226 0.985521232 0.842115117 0.913818174 wmin2 0.988602291 0.908401022 0.948501657 0.9066106

10 0.01 FALSE skater_binary_hamming wmax2 0.958341481 0.70960195 0.833971716 6374 0.990010127 0.893030702 0.941520415 tippets 0.990220165 0.89712572 0.943672942 0.90638836

10 0.01 FALSE skater_binary_hamming wmax2 0.958341481 0.70960195 0.833971716 6374 0.990010127 0.893030702 0.941520415 min_bonf 0.990220257 0.897114476 0.943667366 0.9063865

10 0.01 TRUE unique fischer 0.966009537 0.749014392 0.857511965 3226 0.985521232 0.842115117 0.913818174 fischer 0.987773553 0.907298783 0.947536168 0.90628877

10 0.01 FALSE hclust_binary_hamming wmax2 0.958341481 0.70960195 0.833971716 6379 0.990176463 0.892915036 0.94154575 tippets 0.990380459 0.896078977 0.943229718 0.90624906

10 0.01 FALSE hclust_binary_hamming wmax2 0.958341481 0.70960195 0.833971716 6379 0.990176463 0.892915036 0.94154575 min_bonf 0.990380536 0.896057961 0.943219248 0.90624557

6 0.05 TRUE skater_binary_hamming wmax2 0.952329284 0.738278754 0.845304019 25754 0.97703378 0.895875373 0.936454577 fischer 0.972901202 0.895597076 0.934249139 0.90533591

10 0.01 FALSE hclust_binary_hamming wmax2 0.958341481 0.70960195 0.833971716 6379 0.990176463 0.892915036 0.94154575 fischer 0.988284977 0.891736248 0.940010612 0.90517603

6 0.05 TRUE hclust_binary_hamming wmax2 0.952329284 0.738278754 0.845304019 25777 0.976256193 0.888913811 0.932585002 tippets 0.976301846 0.897974786 0.937138316 0.90500911

6 0.05 TRUE hclust_binary_hamming wmax2 0.952329284 0.738278754 0.845304019 25777 0.976256193 0.888913811 0.932585002 min_bonf 0.976299545 0.89795185 0.937125697 0.90500491

10 0.01 TRUE unique hmp 0.966009537 0.749014392 0.857511965 3226 0.985101481 0.84410053 0.914601005 wmin2 0.985853023 0.899147399 0.942500211 0.90487106

6 0.05 FALSE skater_binary_hamming wmax2 0.947274124 0.724462663 0.835868394 30583 0.977104891 0.89667022 0.936887556 tippets 0.977808085 0.905686734 0.94174741 0.90483445

6 0.05 FALSE skater_binary_hamming wmax2 0.947274124 0.724462663 0.835868394 30583 0.977104891 0.89667022 0.936887556 min_bonf 0.977806959 0.905666552 0.941736756 0.9048309

10 0.01 FALSE skater_binary_hamming wmax2 0.958341481 0.70960195 0.833971716 6374 0.990010127 0.893030702 0.941520415 fischer 0.98813329 0.889325132 0.938729211 0.90474045

10 0.01 TRUE unique cct 0.966009537 0.749014392 0.857511965 3226 0.985154293 0.843556177 0.914355235 wmin2 0.985887467 0.89881463 0.942351049 0.90473942

6 0.05 TRUE unique fischer 0.952329284 0.738278754 0.845304019 14710 0.976788569 0.845293105 0.911040837 wmin2 0.982349869 0.924677311 0.95351359 0.90328615

6 0.05 TRUE hclust_binary_hamming wmax2 0.952329284 0.738278754 0.845304019 25777 0.976256193 0.888913811 0.932585002 fischer 0.971830739 0.889977551 0.930904145 0.90293106

10 0.01 FALSE hclust_zscore_euclidean wmax2 0.958341481 0.70960195 0.833971716 5869 0.990682001 0.882548604 0.936615302 tippets 0.991437554 0.883931118 0.937684336 0.90275712

10 0.01 FALSE hclust_zscore_euclidean wmax2 0.958341481 0.70960195 0.833971716 5869 0.990682001 0.882548604 0.936615302 min_bonf 0.991437457 0.883919352 0.937678404 0.90275514

10 0.01 TRUE unique wmax2 0.966009537 0.749014392 0.857511965 3226 0.98056083 0.834854163 0.907707496 fischer 0.984993252 0.901075866 0.943034559 0.90275134

6 0.05 FALSE skater_binary_hamming wmax2 0.947274124 0.724462663 0.835868394 30583 0.977104891 0.89667022 0.936887556 fischer 0.973173161 0.897445329 0.935309245 0.9026884

6 0.05 FALSE hclust_binary_hamming wmax2 0.947274124 0.724462663 0.835868394 30606 0.97632429 0.889779632 0.933051961 tippets 0.976905617 0.900890528 0.938898073 0.90260614

6 0.05 FALSE hclust_binary_hamming wmax2 0.947274124 0.724462663 0.835868394 30606 0.97632429 0.889779632 0.933051961 min_bonf 0.97690404 0.900871306 0.938887673 0.90260268

10 0.01 FALSE hclust_zscore_euclidean wmax2 0.958341481 0.70960195 0.833971716 5869 0.990682001 0.882548604 0.936615302 fischer 0.989627484 0.884716103 0.937171794 0.90258627

10 0.01 TRUE unique wmax2 0.966009537 0.749014392 0.857511965 3226 0.98056083 0.834854163 0.907707496 wmin2 0.982415235 0.898551261 0.940483248 0.9019009

10 0.01 FALSE skater_zscore_euclidean wmax2 0.958341481 0.70960195 0.833971716 5933 0.989931867 0.880463654 0.935197761 tippets 0.990374288 0.880156455 0.935265371 0.90147828

10 0.01 FALSE skater_zscore_euclidean wmax2 0.958341481 0.70960195 0.833971716 5933 0.989931867 0.880463654 0.935197761 min_bonf 0.99037439 0.880144653 0.935259521 0.90147633

10 0.01 FALSE skater_zscore_euclidean wmax2 0.958341481 0.70960195 0.833971716 5933 0.989931867 0.880463654 0.935197761 fischer 0.988815574 0.880427072 0.934621323 0.9012636

6 0.05 FALSE unique fischer 0.947274124 0.724462663 0.835868394 19569 0.976394937 0.846485677 0.911440307 wmin2 0.982187922 0.927451926 0.954819924 0.90070954

6 0.05 FALSE hclust_binary_hamming wmax2 0.947274124 0.724462663 0.835868394 30606 0.97632429 0.889779632 0.933051961 fischer 0.972163752 0.892034399 0.932099076 0.90033981

6 0.05 TRUE unique fischer 0.952329284 0.738278754 0.845304019 14710 0.976788569 0.845293105 0.911040837 fischer 0.980304921 0.907209695 0.943757308 0.90003405

6 0.05 TRUE skater_zscore_euclidean wmax2 0.952329284 0.738278754 0.845304019 21553 0.982608952 0.867152662 0.924880807 fischer 0.980142117 0.872326049 0.926234083 0.8988063

6 0.05 TRUE skater_zscore_euclidean wmax2 0.952329284 0.738278754 0.845304019 21553 0.982608952 0.867152662 0.924880807 tippets 0.982668679 0.867970349 0.925319514 0.89850145

6 0.05 TRUE skater_zscore_euclidean wmax2 0.952329284 0.738278754 0.845304019 21553 0.982608952 0.867152662 0.924880807 min_bonf 0.982667414 0.867947898 0.925307656 0.89849749

10 0.01 FALSE unique fischer 0.958341481 0.70960195 0.833971716 4928 0.984889896 0.83862937 0.911759633 wmin2 0.987885692 0.905172588 0.94652914 0.89742016

10 0.01 FALSE unique wmax2 0.958341481 0.70960195 0.833971716 4928 0.981535426 0.844466496 0.913000961 fischer 0.985499147 0.904719136 0.945109142 0.89736061

6 0.05 TRUE hclust_zscore_euclidean wmax2 0.952329284 0.738278754 0.845304019 21022 0.983339351 0.860670257 0.922004804 tippets 0.983982656 0.865260669 0.924621662 0.89731016

6 0.05 TRUE hclust_zscore_euclidean wmax2 0.952329284 0.738278754 0.845304019 21022 0.983339351 0.860670257 0.922004804 min_bonf 0.983981053 0.865242623 0.924611838 0.89730689

10 0.01 FALSE unique fischer 0.958341481 0.70960195 0.833971716 4928 0.984889896 0.83862937 0.911759633 fischer 0.987346896 0.904945554 0.946146225 0.89729252

6 0.05 FALSE unique fischer 0.947274124 0.724462663 0.835868394 19569 0.976394937 0.846485677 0.911440307 fischer 0.980114472 0.906949764 0.943532118 0.89694694

10 0.01 FALSE unique wmax2 0.958341481 0.70960195 0.833971716 4928 0.981535426 0.844466496 0.913000961 wmin2 0.982987412 0.903514252 0.943250832 0.89674117

6 0.05 FALSE skater_zscore_euclidean wmax2 0.947274124 0.724462663 0.835868394 26383 0.98274674 0.868449557 0.925598149 fischer 0.980573869 0.874494606 0.927534238 0.89633359

6 0.05 FALSE skater_zscore_euclidean wmax2 0.947274124 0.724462663 0.835868394 26383 0.98274674 0.868449557 0.925598149 tippets 0.983152265 0.871524521 0.927338393 0.89626831

6 0.05 FALSE skater_zscore_euclidean wmax2 0.947274124 0.724462663 0.835868394 26383 0.98274674 0.868449557 0.925598149 min_bonf 0.983151219 0.87150683 0.927329025 0.89626519

6 0.05 TRUE hclust_zscore_euclidean wmax2 0.952329284 0.738278754 0.845304019 21022 0.983339351 0.860670257 0.922004804 fischer 0.981142841 0.861675592 0.921409217 0.89623935

6 0.05 FALSE hclust_zscore_euclidean wmax2 0.947274124 0.724462663 0.835868394 25853 0.983472791 0.862149465 0.922811128 tippets 0.984416478 0.86887023 0.926643354 0.89510763

6 0.05 FALSE hclust_zscore_euclidean wmax2 0.947274124 0.724462663 0.835868394 25853 0.983472791 0.862149465 0.922811128 min_bonf 0.984415136 0.868855965 0.92663555 0.89510502

6 0.05 FALSE hclust_zscore_euclidean wmax2 0.947274124 0.724462663 0.835868394 25853 0.983472791 0.862149465 0.922811128 fischer 0.981540592 0.8638533 0.922696946 0.89379216

6 0.05 TRUE skater_binary_hamming fischer 0.952329284 0.738278754 0.845304019 25754 0.973460244 0.856282657 0.91487145 tippets 0.973857246 0.86813611 0.920996678 0.89372405

6 0.05 TRUE skater_binary_hamming fischer 0.952329284 0.738278754 0.845304019 25754 0.973460244 0.856282657 0.91487145 min_bonf 0.973855074 0.868113549 0.920984312 0.89371993

10 0.01 TRUE skater_binary_hamming fischer 0.966009537 0.749014392 0.857511965 4673 0.983479871 0.836270088 0.90987498 tippets 0.984276659 0.837985677 0.911131168 0.89283937

10 0.01 TRUE skater_binary_hamming fischer 0.966009537 0.749014392 0.857511965 4673 0.983479871 0.836270088 0.90987498 min_bonf 0.984276131 0.837967996 0.911122064 0.89283634

10 0.01 TRUE skater_zscore_euclidean wmax2 0.966009537 0.749014392 0.857511965 4232 0.989789592 0.877483925 0.933636759 wmin2 0.976709487 0.792889726 0.884799606 0.89198278

10 0.01 TRUE hclust_binary_hamming fischer 0.966009537 0.749014392 0.857511965 4678 0.983396816 0.834886729 0.909141772 tippets 0.984253432 0.833886166 0.909069799 0.89190785

10 0.01 TRUE hclust_binary_hamming fischer 0.966009537 0.749014392 0.857511965 4678 0.983396816 0.834886729 0.909141772 min_bonf 0.984252993 0.833866748 0.90905987 0.89190454

6 0.05 TRUE hclust_binary_hamming fischer 0.952329284 0.738278754 0.845304019 25777 0.972894357 0.848831313 0.910862835 tippets 0.972921918 0.864813709 0.918867814 0.89167822

6 0.05 TRUE hclust_binary_hamming fischer 0.952329284 0.738278754 0.845304019 25777 0.972894357 0.848831313 0.910862835 min_bonf 0.972920611 0.864791712 0.918856162 0.89167434

10 0.01 TRUE hclust_zscore_euclidean wmax2 0.966009537 0.749014392 0.857511965 4168 0.990543628 0.879559134 0.935051381 wmin2 0.970273873 0.792844414 0.881559144 0.89137416

10 0.01 TRUE hclust_zscore_euclidean fischer 0.966009537 0.749014392 0.857511965 4168 0.984158891 0.831532304 0.907845598 tippets 0.985677378 0.829388316 0.907532847 0.89096347

10 0.01 TRUE hclust_zscore_euclidean fischer 0.966009537 0.749014392 0.857511965 4168 0.984158891 0.831532304 0.907845598 min_bonf 0.985676909 0.829376618 0.907526764 0.89096144

10 0.01 TRUE skater_binary_hamming fischer 0.966009537 0.749014392 0.857511965 4673 0.983479871 0.836270088 0.90987498 fischer 0.984976058 0.824509361 0.904742709 0.89070988

10 0.01 TRUE skater_zscore_euclidean fischer 0.966009537 0.749014392 0.857511965 4232 0.984249043 0.830913736 0.90758139 tippets 0.985508613 0.827335412 0.906422012 0.89050512

10 0.01 TRUE skater_zscore_euclidean fischer 0.966009537 0.749014392 0.857511965 4232 0.984249043 0.830913736 0.90758139 min_bonf 0.985508055 0.82731903 0.906413543 0.8905023

10 0.01 TRUE hclust_binary_hamming fischer 0.966009537 0.749014392 0.857511965 4678 0.983396816 0.834886729 0.909141772 fischer 0.984979391 0.824500203 0.904739797 0.89046451

10 0.01 TRUE hclust_zscore_euclidean fischer 0.966009537 0.749014392 0.857511965 4168 0.984158891 0.831532304 0.907845598 fischer 0.984954453 0.82377028 0.904362367 0.88990664

10 0.01 TRUE skater_zscore_euclidean fischer 0.966009537 0.749014392 0.857511965 4232 0.984249043 0.830913736 0.90758139 fischer 0.984955133 0.823854036 0.904404584 0.88983265

6 0.05 TRUE skater_zscore_euclidean fischer 0.952329284 0.738278754 0.845304019 21553 0.977489549 0.839722142 0.908605845 tippets 0.97959012 0.845335825 0.912462972 0.88879095

6 0.05 TRUE skater_zscore_euclidean fischer 0.952329284 0.738278754 0.845304019 21553 0.977489549 0.839722142 0.908605845 min_bonf 0.97958862 0.845320549 0.912454585 0.88878815

10 0.01 TRUE unique wmax2 0.966009537 0.749014392 0.857511965 3226 0.98056083 0.834854163 0.907707496 tippets 0.982824933 0.819183142 0.901004037 0.88874117

10 0.01 TRUE unique wmax2 0.966009537 0.749014392 0.857511965 3226 0.98056083 0.834854163 0.907707496 min_bonf 0.982824906 0.819173795 0.90099935 0.8887396

10 0.01 TRUE unique fischer 0.966009537 0.749014392 0.857511965 3226 0.985521232 0.842115117 0.913818174 tippets 0.984859921 0.804119268 0.894489595 0.88860658

10 0.01 TRUE unique fischer 0.966009537 0.749014392 0.857511965 3226 0.985521232 0.842115117 0.913818174 min_bonf 0.984859957 0.804118388 0.894489172 0.88860644

6 0.05 TRUE hclust_zscore_euclidean fischer 0.952329284 0.738278754 0.845304019 21022 0.977819594 0.835953249 0.906886422 tippets 0.980117459 0.846746615 0.913432037 0.88854083

6 0.05 TRUE hclust_zscore_euclidean fischer 0.952329284 0.738278754 0.845304019 21022 0.977819594 0.835953249 0.906886422 min_bonf 0.980116301 0.846732866 0.913424583 0.88853834

6 0.05 TRUE unique wmax2 0.952329284 0.738278754 0.845304019 14710 0.968365105 0.810787959 0.889576532 fischer 0.973511872 0.885426322 0.929469097 0.88811655

10 0.01 TRUE unique hmp 0.966009537 0.749014392 0.857511965 3226 0.985101481 0.84410053 0.914601005 tippets 0.985169092 0.797270613 0.891219853 0.88777761

10 0.01 TRUE unique hmp 0.966009537 0.749014392 0.857511965 3226 0.985101481 0.84410053 0.914601005 min_bonf 0.985169136 0.797258967 0.891214051 0.88777567

10 0.01 TRUE skater_binary_hamming wmax2 0.966009537 0.749014392 0.857511965 4673 0.989911278 0.890798387 0.940354832 wmin2 0.973550957 0.756169471 0.864860214 0.88757567

10 0.01 TRUE unique cct 0.966009537 0.749014392 0.857511965 3226 0.985154293 0.843556177 0.914355235 tippets 0.985195825 0.796463258 0.890829541 0.88756558

10 0.01 TRUE unique cct 0.966009537 0.749014392 0.857511965 3226 0.985154293 0.843556177 0.914355235 min_bonf 0.985195911 0.796454824 0.890825368 0.88756419

6 0.05 TRUE skater_binary_hamming fischer 0.952329284 0.738278754 0.845304019 25754 0.973460244 0.856282657 0.91487145 fischer 0.97587817 0.82727032 0.901574245 0.8872499

6 0.05 FALSE unique wmax2 0.947274124 0.724462663 0.835868394 19569 0.969418986 0.816993785 0.893206385 fischer 0.976706316 0.887581934 0.932144125 0.88707297

6 0.05 TRUE unique wmax2 0.952329284 0.738278754 0.845304019 14710 0.968365105 0.810787959 0.889576532 wmin2 0.972286223 0.878349691 0.925317957 0.88673284

10 0.01 TRUE hclust_binary_hamming wmax2 0.966009537 0.749014392 0.857511965 4678 0.99008078 0.890799234 0.940440007 wmin2 0.974435253 0.750052391 0.862243822 0.88673193

6 0.05 TRUE unique hmp 0.952329284 0.738278754 0.845304019 14710 0.962926378 0.805331282 0.88412883 fischer 0.967568828 0.89282011 0.930194469 0.88654244

6 0.05 TRUE unique cct 0.952329284 0.738278754 0.845304019 14710 0.963043033 0.805466152 0.884254593 fischer 0.967561487 0.892513414 0.93003745 0.88653202

6 0.05 TRUE hclust_binary_hamming fischer 0.952329284 0.738278754 0.845304019 25777 0.972894357 0.848831313 0.910862835 fischer 0.975912606 0.828129743 0.902021175 0.88606268

10 0.01 FALSE skater_zscore_euclidean wmax2 0.958341481 0.70960195 0.833971716 5933 0.989931867 0.880463654 0.935197761 wmin2 0.976746389 0.800603995 0.888675192 0.88594822

6 0.05 FALSE unique wmax2 0.947274124 0.724462663 0.835868394 19569 0.969418986 0.816993785 0.893206385 wmin2 0.972834361 0.882845047 0.927839704 0.88563816

10 0.01 FALSE hclust_zscore_euclidean wmax2 0.958341481 0.70960195 0.833971716 5869 0.990682001 0.882548604 0.936615302 wmin2 0.969750441 0.80017611 0.884963276 0.88518343

6 0.05 TRUE skater_zscore_euclidean fischer 0.952329284 0.738278754 0.845304019 21553 0.977489549 0.839722142 0.908605845 fischer 0.975832067 0.82714957 0.901490819 0.88513356

6 0.05 TRUE hclust_zscore_euclidean fischer 0.952329284 0.738278754 0.845304019 21022 0.977819594 0.835953249 0.906886422 fischer 0.97587465 0.82781774 0.901846195 0.88467888

10 0.01 FALSE unique wmax2 0.958341481 0.70960195 0.833971716 4928 0.981535426 0.844466496 0.913000961 tippets 0.983594758 0.828327727 0.905961242 0.88431131

10 0.01 FALSE unique wmax2 0.958341481 0.70960195 0.833971716 4928 0.981535426 0.844466496 0.913000961 min_bonf 0.983594724 0.828325127 0.905959926 0.88431087

6 0.05 TRUE unique cct 0.952329284 0.738278754 0.845304019 14710 0.963043033 0.805466152 0.884254593 wmin2 0.966857419 0.878888487 0.922872953 0.88414385

6 0.05 TRUE unique hmp 0.952329284 0.738278754 0.845304019 14710 0.962926378 0.805331282 0.88412883 wmin2 0.966949555 0.878679035 0.922814295 0.88408238

6 0.05 FALSE skater_binary_hamming fischer 0.947274124 0.724462663 0.835868394 30583 0.969833067 0.827504542 0.898668804 tippets 0.971479295 0.862304086 0.916891691 0.88380963

6 0.05 FALSE skater_binary_hamming fischer 0.947274124 0.724462663 0.835868394 30583 0.969833067 0.827504542 0.898668804 min_bonf 0.971475028 0.862278801 0.916876915 0.8838047

10 0.01 TRUE hclust_binary_hamming hmp 0.966009537 0.749014392 0.857511965 4678 0.981807944 0.81120191 0.896504927 fischer 0.986126271 0.79859324 0.892359755 0.88212555

10 0.01 TRUE hclust_binary_hamming cct 0.966009537 0.749014392 0.857511965 4678 0.981814331 0.810969001 0.896391666 fischer 0.986116553 0.798182723 0.892149638 0.88201776

6 0.05 FALSE hclust_binary_hamming fischer 0.947274124 0.724462663 0.835868394 30606 0.968958142 0.822057452 0.895507797 tippets 0.970394341 0.858759968 0.914577155 0.88198445

6 0.05 FALSE hclust_binary_hamming fischer 0.947274124 0.724462663 0.835868394 30606 0.968958142 0.822057452 0.895507797 min_bonf 0.970390814 0.858736118 0.914563466 0.88197989

6 0.05 TRUE unique fischer 0.952329284 0.738278754 0.845304019 14710 0.976788569 0.845293105 0.911040837 tippets 0.975981813 0.802013415 0.888997614 0.88178082

6 0.05 TRUE unique fischer 0.952329284 0.738278754 0.845304019 14710 0.976788569 0.845293105 0.911040837 min_bonf 0.975981154 0.802007 0.888994077 0.88177964

10 0.01 TRUE hclust_binary_hamming hmp 0.966009537 0.749014392 0.857511965 4678 0.981807944 0.81120191 0.896504927 tippets 0.985017449 0.796605975 0.890811712 0.88160953

10 0.01 TRUE hclust_binary_hamming hmp 0.966009537 0.749014392 0.857511965 4678 0.981807944 0.81120191 0.896504927 min_bonf 0.985016442 0.796558783 0.890787613 0.8816015

10 0.01 TRUE hclust_binary_hamming cct 0.966009537 0.749014392 0.857511965 4678 0.981814331 0.810969001 0.896391666 tippets 0.985021677 0.796440785 0.890731231 0.88154495

10 0.01 TRUE hclust_binary_hamming cct 0.966009537 0.749014392 0.857511965 4678 0.981814331 0.810969001 0.896391666 min_bonf 0.985020273 0.796396959 0.890708616 0.88153742

6 0.05 FALSE hclust_zscore_euclidean fischer 0.947274124 0.724462663 0.835868394 25853 0.975234714 0.820111382 0.897673048 tippets 0.978402265 0.843320667 0.910861466 0.88146764

6 0.05 FALSE hclust_zscore_euclidean fischer 0.947274124 0.724462663 0.835868394 25853 0.975234714 0.820111382 0.897673048 min_bonf 0.978399578 0.843303644 0.910851611 0.88146435

10 0.01 FALSE skater_binary_hamming wmax2 0.958341481 0.70960195 0.833971716 6374 0.990010127 0.893030702 0.941520415 wmin2 0.973462827 0.764033765 0.868748296 0.88141348

10 0.01 TRUE skater_binary_hamming cct 0.966009537 0.749014392 0.857511965 4673 0.98159821 0.80938832 0.895493265 tippets 0.985046383 0.796606221 0.890826302 0.88127718

6 0.05 FALSE skater_zscore_euclidean fischer 0.947274124 0.724462663 0.835868394 26383 0.974829673 0.821341991 0.898085832 tippets 0.977873102 0.841863037 0.909868069 0.8812741

6 0.05 FALSE skater_zscore_euclidean fischer 0.947274124 0.724462663 0.835868394 26383 0.974829673 0.821341991 0.898085832 min_bonf 0.977870089 0.841844345 0.909857217 0.88127048

10 0.01 TRUE skater_binary_hamming cct 0.966009537 0.749014392 0.857511965 4673 0.98159821 0.80938832 0.895493265 min_bonf 0.985044916 0.796564447 0.890804682 0.88126997

10 0.01 TRUE skater_binary_hamming hmp 0.966009537 0.749014392 0.857511965 4673 0.981595825 0.809294586 0.895445206 tippets 0.985041504 0.796628566 0.890835035 0.88126407

10 0.01 TRUE skater_binary_hamming hmp 0.966009537 0.749014392 0.857511965 4673 0.981595825 0.809294586 0.895445206 min_bonf 0.98503991 0.796590563 0.890815236 0.88125747

10 0.01 TRUE skater_binary_hamming hmp 0.966009537 0.749014392 0.857511965 4673 0.981595825 0.809294586 0.895445206 fischer 0.986142829 0.795453013 0.890797921 0.8812517

10 0.01 TRUE skater_binary_hamming cct 0.966009537 0.749014392 0.857511965 4673 0.98159821 0.80938832 0.895493265 fischer 0.986136069 0.795116477 0.890626273 0.8812105

10 0.01 FALSE unique hmp 0.958341481 0.70960195 0.833971716 4928 0.977827537 0.778647737 0.878237637 fischer 0.982297667 0.877190843 0.929744255 0.8806512

10 0.01 FALSE unique cct 0.958341481 0.70960195 0.833971716 4928 0.977840967 0.778134532 0.87798775 fischer 0.982283861 0.876948795 0.929616328 0.88052526

10 0.01 FALSE hclust_binary_hamming wmax2 0.958341481 0.70960195 0.833971716 6379 0.990176463 0.892915036 0.94154575 wmin2 0.974358949 0.757171094 0.865765022 0.8804275

10 0.01 TRUE skater_zscore_euclidean cct 0.966009537 0.749014392 0.857511965 4232 0.979553645 0.805674266 0.892613955 tippets 0.985109723 0.796234466 0.890672095 0.88026601

10 0.01 TRUE skater_zscore_euclidean cct 0.966009537 0.749014392 0.857511965 4232 0.979553645 0.805674266 0.892613955 min_bonf 0.985107885 0.796198564 0.890653225 0.88025972

10 0.01 TRUE skater_zscore_euclidean hmp 0.966009537 0.749014392 0.857511965 4232 0.979544592 0.805605411 0.892575001 tippets 0.985102102 0.796246422 0.890674262 0.88025374

10 0.01 TRUE skater_zscore_euclidean hmp 0.966009537 0.749014392 0.857511965 4232 0.979544592 0.805605411 0.892575001 min_bonf 0.9851003 0.796207834 0.890654067 0.88024701

10 0.01 TRUE hclust_zscore_euclidean hmp 0.966009537 0.749014392 0.857511965 4168 0.979752305 0.803268157 0.891510231 tippets 0.985103987 0.796348282 0.890726135 0.87991611

10 0.01 TRUE hclust_zscore_euclidean hmp 0.966009537 0.749014392 0.857511965 4168 0.979752305 0.803268157 0.891510231 min_bonf 0.985102385 0.796312426 0.890707406 0.87990987

10 0.01 TRUE hclust_zscore_euclidean cct 0.966009537 0.749014392 0.857511965 4168 0.979760963 0.803210896 0.89148593 tippets 0.985111575 0.796275771 0.890693673 0.87989719

10 0.01 TRUE hclust_zscore_euclidean cct 0.966009537 0.749014392 0.857511965 4168 0.979760963 0.803210896 0.89148593 min_bonf 0.985109865 0.796247524 0.890678695 0.8798922

6 0.05 TRUE skater_zscore_euclidean wmax2 0.952329284 0.738278754 0.845304019 21553 0.982608952 0.867152662 0.924880807 wmin2 0.959867019 0.773050794 0.866458907 0.87888124

6 0.05 FALSE unique fischer 0.947274124 0.724462663 0.835868394 19569 0.976394937 0.846485677 0.911440307 tippets 0.975097017 0.801961293 0.888529155 0.87861262

6 0.05 FALSE unique fischer 0.947274124 0.724462663 0.835868394 19569 0.976394937 0.846485677 0.911440307 min_bonf 0.975095445 0.80195389 0.888524667 0.87861112

10 0.01 FALSE unique fischer 0.958341481 0.70960195 0.833971716 4928 0.984889896 0.83862937 0.911759633 tippets 0.983741218 0.796339831 0.890040525 0.87859062

10 0.01 FALSE unique fischer 0.958341481 0.70960195 0.833971716 4928 0.984889896 0.83862937 0.911759633 min_bonf 0.983741127 0.796337994 0.890039561 0.8785903

3 0.2 TRUE unique fischer 0.918884554 0.696930351 0.807907453 59455 0.957397712 0.814699835 0.886048773 wmin2 0.972613947 0.909275526 0.940944736 0.87830032

6 0.05 FALSE skater_binary_hamming fischer 0.947274124 0.724462663 0.835868394 30583 0.969833067 0.827504542 0.898668804 fischer 0.975003408 0.825559639 0.900281523 0.87827291

6 0.05 FALSE skater_zscore_euclidean fischer 0.947274124 0.724462663 0.835868394 26383 0.974829673 0.821341991 0.898085832 fischer 0.974952618 0.825444434 0.900198526 0.87805092

10 0.01 TRUE skater_zscore_euclidean hmp 0.966009537 0.749014392 0.857511965 4232 0.979544592 0.805605411 0.892575001 fischer 0.982798911 0.785276593 0.884037752 0.87804157

6 0.05 FALSE hclust_zscore_euclidean fischer 0.947274124 0.724462663 0.835868394 25853 0.975234714 0.820111382 0.897673048 fischer 0.974981145 0.826085273 0.900533209 0.87802488

10 0.01 TRUE skater_zscore_euclidean cct 0.966009537 0.749014392 0.857511965 4232 0.979553645 0.805674266 0.892613955 fischer 0.982783667 0.785011558 0.883897613 0.87800784

3 0.2 FALSE unique fischer 0.915105314 0.691380478 0.803242896 77884 0.957500937 0.817175314 0.887338125 wmin2 0.9731173 0.912821088 0.942969194 0.87785007

10 0.01 FALSE unique hmp 0.958341481 0.70960195 0.833971716 4928 0.977827537 0.778647737 0.878237637 wmin2 0.980033949 0.861749605 0.920891777 0.87770038

10 0.01 FALSE unique cct 0.958341481 0.70960195 0.833971716 4928 0.977840967 0.778134532 0.87798775 wmin2 0.980052089 0.861469461 0.920760775 0.87757341

6 0.05 FALSE hclust_binary_hamming fischer 0.947274124 0.724462663 0.835868394 30606 0.968958142 0.822057452 0.895507797 fischer 0.975039542 0.826407617 0.90072358 0.87736659

10 0.01 TRUE hclust_zscore_euclidean hmp 0.966009537 0.749014392 0.857511965 4168 0.979752305 0.803268157 0.891510231 fischer 0.982836638 0.781155807 0.881996223 0.87700614

6 0.05 FALSE skater_zscore_euclidean wmax2 0.947274124 0.724462663 0.835868394 26383 0.98274674 0.868449557 0.925598149 wmin2 0.961276119 0.777555074 0.869415596 0.87696071

10 0.01 TRUE hclust_zscore_euclidean cct 0.966009537 0.749014392 0.857511965 4168 0.979760963 0.803210896 0.89148593 fischer 0.982826536 0.780796917 0.881811727 0.87693654

10 0.01 TRUE skater_zscore_euclidean wmax1 0.966009537 0.749014392 0.857511965 4232 0.975086336 0.795906921 0.885496628 fischer 0.977545572 0.79335013 0.885447851 0.87615215

10 0.01 TRUE skater_binary_hamming wmax1 0.966009537 0.749014392 0.857511965 4673 0.970163861 0.798589184 0.884376522 tippets 0.969141397 0.801019489 0.885080443 0.87565631

10 0.01 TRUE skater_binary_hamming wmax1 0.966009537 0.749014392 0.857511965 4673 0.970163861 0.798589184 0.884376522 min_bonf 0.969141227 0.801004035 0.885072631 0.87565371

10 0.01 TRUE skater_zscore_euclidean wmax1 0.966009537 0.749014392 0.857511965 4232 0.975086336 0.795906921 0.885496628 tippets 0.975528669 0.791636311 0.88358249 0.87553036

10 0.01 TRUE skater_zscore_euclidean wmax1 0.966009537 0.749014392 0.857511965 4232 0.975086336 0.795906921 0.885496628 min_bonf 0.975528058 0.791625561 0.883576809 0.87552847

6 0.05 TRUE unique wmax2 0.952329284 0.738278754 0.845304019 14710 0.968365105 0.810787959 0.889576532 tippets 0.971230553 0.811939947 0.89158525 0.8754886

6 0.05 TRUE unique wmax2 0.952329284 0.738278754 0.845304019 14710 0.968365105 0.810787959 0.889576532 min_bonf 0.971229964 0.811929302 0.891579633 0.87548673

10 0.01 TRUE skater_binary_hamming wmax1 0.966009537 0.749014392 0.857511965 4673 0.970163861 0.798589184 0.884376522 fischer 0.975537415 0.792032155 0.883784785 0.87522442

6 0.05 FALSE unique wmax2 0.947274124 0.724462663 0.835868394 19569 0.969418986 0.816993785 0.893206385 tippets 0.972111405 0.817363732 0.894737568 0.87460412

6 0.05 FALSE unique wmax2 0.947274124 0.724462663 0.835868394 19569 0.969418986 0.816993785 0.893206385 min_bonf 0.972110933 0.81735569 0.894733312 0.8746027

10 0.01 FALSE hclust_zscore_euclidean fischer 0.958341481 0.70960195 0.833971716 5869 0.981756724 0.795746494 0.888751609 fischer 0.983479071 0.817471509 0.90047529 0.87439954

10 0.01 FALSE skater_zscore_euclidean fischer 0.958341481 0.70960195 0.833971716 5933 0.981807311 0.793357045 0.887582178 fischer 0.983480484 0.817560845 0.900520664 0.87402485

10 0.01 FALSE skater_binary_hamming fischer 0.958341481 0.70960195 0.833971716 6374 0.980836276 0.793636342 0.887236309 fischer 0.9835107 0.818220894 0.900865797 0.87402461

10 0.01 TRUE hclust_binary_hamming wmax1 0.966009537 0.749014392 0.857511965 4678 0.969672641 0.794208926 0.881940783 fischer 0.975518903 0.788915358 0.882217131 0.87388996

10 0.01 TRUE hclust_binary_hamming wmax1 0.966009537 0.749014392 0.857511965 4678 0.969672641 0.794208926 0.881940783 tippets 0.968944468 0.79537294 0.882158704 0.87387048

10 0.01 TRUE hclust_binary_hamming wmax1 0.966009537 0.749014392 0.857511965 4678 0.969672641 0.794208926 0.881940783 min_bonf 0.968943364 0.79535228 0.882147822 0.87386686

10 0.01 FALSE hclust_binary_hamming fischer 0.958341481 0.70960195 0.833971716 6379 0.980635394 0.792424538 0.886529966 fischer 0.983513604 0.818229455 0.90087153 0.87379107

10 0.01 FALSE hclust_zscore_euclidean fischer 0.958341481 0.70960195 0.833971716 5869 0.981756724 0.795746494 0.888751609 tippets 0.983655965 0.811950108 0.897803037 0.87350879

10 0.01 FALSE hclust_zscore_euclidean fischer 0.958341481 0.70960195 0.833971716 5869 0.981756724 0.795746494 0.888751609 min_bonf 0.983655526 0.811940084 0.897797805 0.87350704

10 0.01 FALSE skater_binary_hamming fischer 0.958341481 0.70960195 0.833971716 6374 0.980836276 0.793636342 0.887236309 tippets 0.982019604 0.816604488 0.899312046 0.87350669

10 0.01 FALSE skater_binary_hamming fischer 0.958341481 0.70960195 0.833971716 6374 0.980836276 0.793636342 0.887236309 min_bonf 0.982019315 0.816590524 0.899304919 0.87350431

3 0.2 TRUE unique fischer 0.918884554 0.696930351 0.807907453 59455 0.957397712 0.814699835 0.886048773 fischer 0.970693495 0.881972703 0.926333099 0.87342978

10 0.01 TRUE hclust_zscore_euclidean wmax1 0.966009537 0.749014392 0.857511965 4168 0.973615194 0.789879074 0.881747134 fischer 0.976373438 0.784786726 0.880580082 0.87327973

6 0.05 FALSE unique hmp 0.947274124 0.724462663 0.835868394 19569 0.953271314 0.774123237 0.863697276 fischer 0.962799752 0.877701299 0.920250525 0.87327206

6 0.05 FALSE unique cct 0.947274124 0.724462663 0.835868394 19569 0.95328904 0.774152374 0.863720707 fischer 0.962811616 0.877441364 0.92012649 0.87323853

10 0.01 TRUE hclust_zscore_euclidean wmax1 0.966009537 0.749014392 0.857511965 4168 0.973615194 0.789879074 0.881747134 tippets 0.974279868 0.786540691 0.88041028 0.87322313

10 0.01 TRUE hclust_zscore_euclidean wmax1 0.966009537 0.749014392 0.857511965 4168 0.973615194 0.789879074 0.881747134 min_bonf 0.974279212 0.786525054 0.880402133 0.87322041

10 0.01 FALSE skater_zscore_euclidean fischer 0.958341481 0.70960195 0.833971716 5933 0.981807311 0.793357045 0.887582178 tippets 0.983477571 0.809440335 0.896458953 0.87267095

10 0.01 FALSE skater_zscore_euclidean fischer 0.958341481 0.70960195 0.833971716 5933 0.981807311 0.793357045 0.887582178 min_bonf 0.983477246 0.809432091 0.896454669 0.87266952

10 0.01 FALSE hclust_binary_hamming fischer 0.958341481 0.70960195 0.833971716 6379 0.980635394 0.792424538 0.886529966 tippets 0.981883118 0.812939977 0.897411548 0.87263774

10 0.01 FALSE hclust_binary_hamming fischer 0.958341481 0.70960195 0.833971716 6379 0.980635394 0.792424538 0.886529966 min_bonf 0.981882433 0.812926122 0.897404278 0.87263532

3 0.2 FALSE unique fischer 0.915105314 0.691380478 0.803242896 77884 0.957500937 0.817175314 0.887338125 fischer 0.970918255 0.882449286 0.92668377 0.8724216

6 0.05 FALSE unique cct 0.947274124 0.724462663 0.835868394 19569 0.95328904 0.774152374 0.863720707 wmin2 0.962307933 0.869906406 0.91610717 0.87189876

6 0.05 FALSE unique hmp 0.947274124 0.724462663 0.835868394 19569 0.953271314 0.774123237 0.863697276 wmin2 0.962396259 0.869708526 0.916052392 0.87187269

3 0.2 TRUE hclust_binary_hamming wmax2 0.918884554 0.696930351 0.807907453 116455 0.951038922 0.848252308 0.899645615 tippets 0.952009994 0.864007705 0.90800885 0.87185397

3 0.2 TRUE hclust_binary_hamming wmax2 0.918884554 0.696930351 0.807907453 116455 0.951038922 0.848252308 0.899645615 min_bonf 0.951989537 0.863965692 0.907977615 0.87184356

3 0.2 FALSE hclust_binary_hamming wmax2 0.915105314 0.691380478 0.803242896 134335 0.950688119 0.848421884 0.899555002 tippets 0.952603774 0.866137172 0.909370473 0.87072279

3 0.2 FALSE hclust_binary_hamming wmax2 0.915105314 0.691380478 0.803242896 134335 0.950688119 0.848421884 0.899555002 min_bonf 0.952585091 0.866100674 0.909342883 0.87071359

6 0.05 TRUE skater_binary_hamming wmax2 0.952329284 0.738278754 0.845304019 25754 0.97703378 0.895875373 0.936454577 wmin2 0.939995671 0.71827807 0.829136871 0.87029849

6 0.05 TRUE hclust_binary_hamming wmax2 0.952329284 0.738278754 0.845304019 25777 0.976256193 0.888913811 0.932585002 wmin2 0.939905397 0.723405217 0.831655307 0.86984811

3 0.2 TRUE skater_binary_hamming fischer 0.918884554 0.696930351 0.807907453 116192 0.952238549 0.835503219 0.893870884 tippets 0.956198361 0.858246283 0.907222322 0.86966689

3 0.2 TRUE skater_binary_hamming fischer 0.918884554 0.696930351 0.807907453 116192 0.952238549 0.835503219 0.893870884 min_bonf 0.956185054 0.858210363 0.907197709 0.86965868

3 0.2 TRUE skater_binary_hamming wmax2 0.918884554 0.696930351 0.807907453 116192 0.950879039 0.843497666 0.897188353 tippets 0.951883497 0.855431708 0.903657603 0.86958447

3 0.2 TRUE skater_binary_hamming wmax2 0.918884554 0.696930351 0.807907453 116192 0.950879039 0.843497666 0.897188353 min_bonf 0.95186609 0.855394602 0.903630346 0.86957538

6 0.05 TRUE hclust_zscore_euclidean wmax2 0.952329284 0.738278754 0.845304019 21022 0.983339351 0.860670257 0.922004804 wmin2 0.95477037 0.727814953 0.841292662 0.86953383

3 0.2 TRUE hclust_binary_hamming fischer 0.918884554 0.696930351 0.807907453 116455 0.951681691 0.832207541 0.891944616 tippets 0.955719658 0.858545628 0.907132643 0.8689949

3 0.2 TRUE hclust_binary_hamming fischer 0.918884554 0.696930351 0.807907453 116455 0.951681691 0.832207541 0.891944616 min_bonf 0.955706314 0.858506593 0.907106453 0.86898617

6 0.05 TRUE skater_zscore_euclidean wmax1 0.952329284 0.738278754 0.845304019 21553 0.968426641 0.790933925 0.879680283 tippets 0.969680105 0.791780675 0.88073039 0.86857156

6 0.05 TRUE skater_zscore_euclidean wmax1 0.952329284 0.738278754 0.845304019 21553 0.968426641 0.790933925 0.879680283 min_bonf 0.969676719 0.791762326 0.880719523 0.86856794

3 0.2 FALSE skater_binary_hamming wmax2 0.915105314 0.691380478 0.803242896 134072 0.950497468 0.843291239 0.896894354 tippets 0.952444822 0.857249373 0.904847097 0.86832812

3 0.2 FALSE skater_binary_hamming wmax2 0.915105314 0.691380478 0.803242896 134072 0.950497468 0.843291239 0.896894354 min_bonf 0.952428806 0.857216472 0.904822639 0.86831996

6 0.05 TRUE skater_binary_hamming wmax1 0.952329284 0.738278754 0.845304019 25754 0.956857493 0.802168923 0.879513208 tippets 0.953523128 0.804981899 0.879252513 0.86802325

6 0.05 TRUE skater_binary_hamming wmax1 0.952329284 0.738278754 0.845304019 25754 0.956857493 0.802168923 0.879513208 min_bonf 0.953518277 0.804959341 0.879238809 0.86801868

6 0.05 FALSE skater_binary_hamming wmax2 0.947274124 0.724462663 0.835868394 30583 0.977104891 0.89667022 0.936887556 wmin2 0.94053186 0.721799609 0.831165735 0.86797389

6 0.05 FALSE hclust_binary_hamming wmax2 0.947274124 0.724462663 0.835868394 30606 0.97632429 0.889779632 0.933051961 wmin2 0.940502011 0.726891797 0.833696904 0.86753909

6 0.05 FALSE hclust_zscore_euclidean wmax2 0.947274124 0.724462663 0.835868394 25853 0.983472791 0.862149465 0.922811128 wmin2 0.955897197 0.731489499 0.843693348 0.86745762

6 0.05 TRUE skater_zscore_euclidean wmax1 0.952329284 0.738278754 0.845304019 21553 0.968426641 0.790933925 0.879680283 fischer 0.968687108 0.782398495 0.875542801 0.86684237

3 0.2 TRUE hclust_binary_hamming wmax2 0.918884554 0.696930351 0.807907453 116455 0.951038922 0.848252308 0.899645615 fischer 0.946116828 0.839546962 0.892831895 0.86679499

6 0.05 TRUE skater_binary_hamming wmax1 0.952329284 0.738278754 0.845304019 25754 0.956857493 0.802168923 0.879513208 fischer 0.966102715 0.784880096 0.875491406 0.86676954

6 0.05 TRUE hclust_binary_hamming wmax1 0.952329284 0.738278754 0.845304019 25777 0.955904651 0.797133995 0.876519323 tippets 0.951195424 0.805230164 0.878212794 0.86667871

6 0.05 TRUE hclust_binary_hamming wmax1 0.952329284 0.738278754 0.845304019 25777 0.955904651 0.797133995 0.876519323 min_bonf 0.951193451 0.805207114 0.878200282 0.86667454

6 0.05 TRUE hclust_zscore_euclidean wmax1 0.952329284 0.738278754 0.845304019 21022 0.965602096 0.785074497 0.875338297 tippets 0.966656265 0.79122525 0.878940757 0.86652769

6 0.05 TRUE hclust_zscore_euclidean wmax1 0.952329284 0.738278754 0.845304019 21022 0.965602096 0.785074497 0.875338297 min_bonf 0.966652765 0.791208637 0.878930701 0.86652434

6 0.05 TRUE hclust_binary_hamming wmax1 0.952329284 0.738278754 0.845304019 25777 0.955904651 0.797133995 0.876519323 fischer 0.965701888 0.787872974 0.876787431 0.86620359

3 0.2 TRUE skater_binary_hamming wmax2 0.918884554 0.696930351 0.807907453 116192 0.950879039 0.843497666 0.897188353 fischer 0.946601156 0.835367225 0.890984191 0.86536

3 0.2 FALSE hclust_binary_hamming wmax2 0.915105314 0.691380478 0.803242896 134335 0.950688119 0.848421884 0.899555002 fischer 0.946446344 0.838288228 0.892367286 0.86505506

6 0.05 TRUE hclust_zscore_euclidean wmax1 0.952329284 0.738278754 0.845304019 21022 0.965602096 0.785074497 0.875338297 fischer 0.966680371 0.781988811 0.874334591 0.8649923

3 0.2 FALSE skater_binary_hamming wmax2 0.915105314 0.691380478 0.803242896 134072 0.950497468 0.843291239 0.896894354 fischer 0.946888988 0.835348492 0.89111874 0.863752

3 0.2 TRUE hclust_zscore_euclidean wmax2 0.918884554 0.696930351 0.807907453 90011 0.964356962 0.810014113 0.887185538 tippets 0.966599932 0.823595843 0.895097887 0.86339696

3 0.2 TRUE hclust_zscore_euclidean wmax2 0.918884554 0.696930351 0.807907453 90011 0.964356962 0.810014113 0.887185538 min_bonf 0.966588192 0.823565221 0.895076707 0.8633899

10 0.01 TRUE skater_zscore_euclidean fischer 0.966009537 0.749014392 0.857511965 4232 0.984249043 0.830913736 0.90758139 wmin2 0.964911452 0.682038818 0.823475135 0.86285616

6 0.05 TRUE unique cct 0.952329284 0.738278754 0.845304019 14710 0.963043033 0.805466152 0.884254593 tippets 0.963384642 0.754267161 0.858825902 0.86279484

6 0.05 TRUE unique cct 0.952329284 0.738278754 0.845304019 14710 0.963043033 0.805466152 0.884254593 min_bonf 0.963379929 0.754231592 0.858805761 0.86278812

6 0.05 TRUE unique hmp 0.952329284 0.738278754 0.845304019 14710 0.962926378 0.805331282 0.88412883 tippets 0.963318045 0.754127486 0.858722766 0.86271854

6 0.05 TRUE unique hmp 0.952329284 0.738278754 0.845304019 14710 0.962926378 0.805331282 0.88412883 min_bonf 0.963313025 0.754091928 0.858702477 0.86271178

3 0.2 FALSE hclust_zscore_euclidean wmax2 0.915105314 0.691380478 0.803242896 107942 0.964294652 0.81118736 0.887741006 tippets 0.967091441 0.826701309 0.896896375 0.86262676

3 0.2 FALSE hclust_zscore_euclidean wmax2 0.915105314 0.691380478 0.803242896 107942 0.964294652 0.81118736 0.887741006 min_bonf 0.967080362 0.826673842 0.896877102 0.86262033

3 0.2 FALSE skater_binary_hamming fischer 0.915105314 0.691380478 0.803242896 134072 0.945684031 0.808673017 0.877178524 tippets 0.95518871 0.858618226 0.906903468 0.86244163

3 0.2 FALSE skater_binary_hamming fischer 0.915105314 0.691380478 0.803242896 134072 0.945684031 0.808673017 0.877178524 min_bonf 0.955169289 0.858573339 0.906871314 0.86243091

10 0.01 TRUE hclust_zscore_euclidean fischer 0.966009537 0.749014392 0.857511965 4168 0.984158891 0.831532304 0.907845598 wmin2 0.964136319 0.679325112 0.821730716 0.86236276

3 0.2 FALSE hclust_binary_hamming fischer 0.915105314 0.691380478 0.803242896 134335 0.944903612 0.805635821 0.875269716 tippets 0.954621982 0.858805685 0.906713833 0.86174215

3 0.2 FALSE hclust_binary_hamming fischer 0.915105314 0.691380478 0.803242896 134335 0.944903612 0.805635821 0.875269716 min_bonf 0.954602608 0.858758787 0.906680697 0.8617311

3 0.2 TRUE skater_zscore_euclidean wmax2 0.918884554 0.696930351 0.807907453 92917 0.965672776 0.806047766 0.885860271 fischer 0.964640806 0.816543496 0.890592151 0.86145329

3 0.2 TRUE skater_zscore_euclidean wmax2 0.918884554 0.696930351 0.807907453 92917 0.965672776 0.806047766 0.885860271 tippets 0.967636529 0.81339618 0.890516354 0.86142803

3 0.2 TRUE skater_zscore_euclidean wmax2 0.918884554 0.696930351 0.807907453 92917 0.965672776 0.806047766 0.885860271 min_bonf 0.967624438 0.813365273 0.890494855 0.86142086

6 0.05 TRUE hclust_binary_hamming hmp 0.952329284 0.738278754 0.845304019 25777 0.967229177 0.767030056 0.867129617 fischer 0.978892494 0.764752489 0.871822491 0.86141871

3 0.2 TRUE hclust_zscore_euclidean wmax2 0.918884554 0.696930351 0.807907453 90011 0.964356962 0.810014113 0.887185538 fischer 0.963473814 0.814598124 0.889035969 0.86137632

6 0.05 TRUE hclust_binary_hamming cct 0.952329284 0.738278754 0.845304019 25777 0.967198494 0.767017853 0.867108174 fischer 0.978806248 0.763567755 0.871187001 0.86119973

6 0.05 FALSE skater_zscore_euclidean wmax1 0.947274124 0.724462663 0.835868394 26383 0.965607442 0.770987663 0.868297552 tippets 0.967991701 0.788601751 0.878296726 0.86082089

6 0.05 FALSE skater_zscore_euclidean wmax1 0.947274124 0.724462663 0.835868394 26383 0.965607442 0.770987663 0.868297552 min_bonf 0.967987478 0.788579856 0.878283667 0.86081654

10 0.01 FALSE skater_zscore_euclidean wmax1 0.958341481 0.70960195 0.833971716 5933 0.972935232 0.758687996 0.865811614 fischer 0.976532271 0.788066824 0.882299548 0.86069429

3 0.2 FALSE skater_zscore_euclidean wmax2 0.915105314 0.691380478 0.803242896 110844 0.9655677 0.807013262 0.886290481 tippets 0.96810616 0.816542382 0.892324271 0.86061922

3 0.2 FALSE skater_zscore_euclidean wmax2 0.915105314 0.691380478 0.803242896 110844 0.9655677 0.807013262 0.886290481 min_bonf 0.968094592 0.816515154 0.892304873 0.86061275

10 0.01 TRUE hclust_binary_hamming fischer 0.966009537 0.749014392 0.857511965 4678 0.983396816 0.834886729 0.909141772 wmin2 0.966889072 0.663125869 0.81500747 0.86055374

3 0.2 TRUE hclust_zscore_euclidean fischer 0.918884554 0.696930351 0.807907453 90011 0.958768485 0.799648898 0.879208691 tippets 0.965016443 0.822627994 0.893822218 0.86031279

3 0.2 TRUE hclust_zscore_euclidean fischer 0.918884554 0.696930351 0.807907453 90011 0.958768485 0.799648898 0.879208691 min_bonf 0.965006478 0.822597288 0.893801883 0.86030601

3 0.2 FALSE hclust_zscore_euclidean wmax2 0.915105314 0.691380478 0.803242896 107942 0.964294652 0.81118736 0.887741006 fischer 0.963842933 0.815845623 0.889844278 0.86027606

3 0.2 FALSE skater_zscore_euclidean wmax2 0.915105314 0.691380478 0.803242896 110844 0.9655677 0.807013262 0.886290481 fischer 0.965070137 0.817442336 0.891256237 0.8602632

6 0.05 FALSE skater_zscore_euclidean wmax1 0.947274124 0.724462663 0.835868394 26383 0.965607442 0.770987663 0.868297552 fischer 0.967856123 0.781318529 0.874587326 0.85958442

10 0.01 TRUE unique wmax1 0.966009537 0.749014392 0.857511965 3226 0.957741159 0.707202667 0.832471913 fischer 0.967425345 0.807392737 0.887409041 0.85913097

6 0.05 FALSE hclust_zscore_euclidean wmax1 0.947274124 0.724462663 0.835868394 25853 0.962812573 0.767113136 0.864962854 tippets 0.96499182 0.787818948 0.876405384 0.85907888

6 0.05 FALSE hclust_zscore_euclidean wmax1 0.947274124 0.724462663 0.835868394 25853 0.962812573 0.767113136 0.864962854 min_bonf 0.964987532 0.787800427 0.87639398 0.85907508

3 0.2 TRUE skater_zscore_euclidean fischer 0.918884554 0.696930351 0.807907453 92917 0.958948675 0.798541847 0.878745261 tippets 0.964743702 0.814559988 0.889651845 0.85876819

3 0.2 TRUE skater_zscore_euclidean fischer 0.918884554 0.696930351 0.807907453 92917 0.958948675 0.798541847 0.878745261 min_bonf 0.96473384 0.814530068 0.889631954 0.85876156

6 0.05 TRUE skater_binary_hamming hmp 0.952329284 0.738278754 0.845304019 25754 0.96616744 0.771021415 0.868594428 fischer 0.977375239 0.746213269 0.861794254 0.85856423

6 0.05 TRUE skater_binary_hamming cct 0.952329284 0.738278754 0.845304019 25754 0.966223562 0.771382428 0.868802995 fischer 0.977334511 0.745577381 0.861455946 0.85852099

10 0.01 FALSE skater_binary_hamming wmax1 0.958341481 0.70960195 0.833971716 6374 0.967683957 0.753454569 0.860569263 fischer 0.974516458 0.786127244 0.880321851 0.85828761

10 0.01 FALSE skater_zscore_euclidean wmax1 0.958341481 0.70960195 0.833971716 5933 0.972935232 0.758687996 0.865811614 tippets 0.974089856 0.774678472 0.874384164 0.85805583

10 0.01 FALSE skater_zscore_euclidean wmax1 0.958341481 0.70960195 0.833971716 5933 0.972935232 0.758687996 0.865811614 min_bonf 0.974089683 0.774668473 0.874379078 0.85805414

10 0.01 FALSE hclust_zscore_euclidean wmax1 0.958341481 0.70960195 0.833971716 5869 0.971505424 0.753711265 0.862608344 fischer 0.975404214 0.779739809 0.877572011 0.85805069

6 0.05 FALSE hclust_zscore_euclidean wmax1 0.947274124 0.724462663 0.835868394 25853 0.962812573 0.767113136 0.864962854 fischer 0.965820687 0.780758265 0.873289476 0.85804024

10 0.01 TRUE hclust_binary_hamming hmp 0.966009537 0.749014392 0.857511965 4678 0.981807944 0.81120191 0.896504927 wmin2 0.969520421 0.669466902 0.819493662 0.85783685

3 0.2 TRUE skater_binary_hamming fischer 0.918884554 0.696930351 0.807907453 116192 0.952238549 0.835503219 0.893870884 fischer 0.952740697 0.789943764 0.87134223 0.85770686

10 0.01 TRUE hclust_binary_hamming cct 0.966009537 0.749014392 0.857511965 4678 0.981814331 0.810969001 0.896391666 wmin2 0.969525292 0.668778129 0.81915171 0.85768511

10 0.01 TRUE skater_binary_hamming fischer 0.966009537 0.749014392 0.857511965 4673 0.983479871 0.836270088 0.90987498 wmin2 0.966598133 0.644040526 0.80531933 0.85756876

6 0.05 TRUE skater_binary_hamming cct 0.952329284 0.738278754 0.845304019 25754 0.966223562 0.771382428 0.868802995 tippets 0.962980485 0.752180919 0.857580702 0.85722924

6 0.05 TRUE skater_binary_hamming cct 0.952329284 0.738278754 0.845304019 25754 0.966223562 0.771382428 0.868802995 min_bonf 0.962971628 0.752089281 0.857530454 0.85721249

3 0.2 TRUE hclust_binary_hamming fischer 0.918884554 0.696930351 0.807907453 116455 0.951681691 0.832207541 0.891944616 fischer 0.952777549 0.790651652 0.8717146 0.85718889

10 0.01 FALSE hclust_binary_hamming wmax1 0.958341481 0.70960195 0.833971716 6379 0.967030129 0.749926333 0.858478231 fischer 0.974445764 0.783262831 0.878854298 0.85710141

6 0.05 TRUE skater_binary_hamming hmp 0.952329284 0.738278754 0.845304019 25754 0.96616744 0.771021415 0.868594428 tippets 0.962884824 0.751780996 0.85733291 0.85707712

6 0.05 TRUE skater_binary_hamming hmp 0.952329284 0.738278754 0.845304019 25754 0.96616744 0.771021415 0.868594428 min_bonf 0.962877357 0.751701577 0.857289467 0.85706264

6 0.05 FALSE skater_binary_hamming wmax1 0.947274124 0.724462663 0.835868394 30583 0.952579227 0.768279684 0.860429456 tippets 0.950909967 0.798325985 0.874617976 0.85697194

6 0.05 FALSE skater_binary_hamming wmax1 0.947274124 0.724462663 0.835868394 30583 0.952579227 0.768279684 0.860429456 min_bonf 0.950904139 0.798300726 0.874602433 0.85696676

6 0.05 FALSE skater_binary_hamming wmax1 0.947274124 0.724462663 0.835868394 30583 0.952579227 0.768279684 0.860429456 fischer 0.965217764 0.783330069 0.874273917 0.85685726

6 0.05 TRUE hclust_binary_hamming cct 0.952329284 0.738278754 0.845304019 25777 0.967198494 0.767017853 0.867108174 tippets 0.962857616 0.752905082 0.857881349 0.85676451

6 0.05 TRUE hclust_binary_hamming cct 0.952329284 0.738278754 0.845304019 25777 0.967198494 0.767017853 0.867108174 min_bonf 0.962850285 0.752812816 0.85783155 0.85674791

6 0.05 TRUE hclust_binary_hamming hmp 0.952329284 0.738278754 0.845304019 25777 0.967229177 0.767030056 0.867129617 tippets 0.962892172 0.752614532 0.857753352 0.856729

6 0.05 TRUE hclust_binary_hamming hmp 0.952329284 0.738278754 0.845304019 25777 0.967229177 0.767030056 0.867129617 min_bonf 0.962886492 0.752519607 0.85770305 0.85671223

3 0.2 FALSE hclust_zscore_euclidean fischer 0.915105314 0.691380478 0.803242896 107942 0.954305501 0.789970777 0.872138139 tippets 0.964391306 0.82431784 0.894354573 0.85657854

3 0.2 FALSE hclust_zscore_euclidean fischer 0.915105314 0.691380478 0.803242896 107942 0.954305501 0.789970777 0.872138139 min_bonf 0.9643766 0.824280519 0.89432856 0.85656986

6 0.05 FALSE hclust_binary_hamming wmax1 0.947274124 0.724462663 0.835868394 30606 0.951178712 0.765470436 0.858324574 fischer 0.964765783 0.786255225 0.875510504 0.85656782

10 0.01 FALSE hclust_zscore_euclidean wmax1 0.958341481 0.70960195 0.833971716 5869 0.971505424 0.753711265 0.862608344 tippets 0.972881505 0.769855306 0.871368405 0.85598282

10 0.01 FALSE hclust_zscore_euclidean wmax1 0.958341481 0.70960195 0.833971716 5869 0.971505424 0.753711265 0.862608344 min_bonf 0.972881306 0.769840757 0.871361032 0.85598036

10 0.01 FALSE skater_binary_hamming wmax1 0.958341481 0.70960195 0.833971716 6374 0.967683957 0.753454569 0.860569263 tippets 0.967565726 0.778629809 0.873097767 0.85587958

10 0.01 FALSE skater_binary_hamming wmax1 0.958341481 0.70960195 0.833971716 6374 0.967683957 0.753454569 0.860569263 min_bonf 0.967565309 0.77861578 0.873090545 0.85587717

6 0.05 FALSE hclust_binary_hamming wmax1 0.947274124 0.724462663 0.835868394 30606 0.951178712 0.765470436 0.858324574 tippets 0.948376085 0.798133865 0.873254975 0.85581598

6 0.05 FALSE hclust_binary_hamming wmax1 0.947274124 0.724462663 0.835868394 30606 0.951178712 0.765470436 0.858324574 min_bonf 0.948371322 0.798107758 0.87323954 0.85581084

3 0.2 FALSE skater_zscore_euclidean fischer 0.915105314 0.691380478 0.803242896 110844 0.954386155 0.787545859 0.870966007 tippets 0.964124427 0.816335711 0.890230069 0.85481299

3 0.2 FALSE skater_zscore_euclidean fischer 0.915105314 0.691380478 0.803242896 110844 0.954386155 0.787545859 0.870966007 min_bonf 0.964110217 0.816300581 0.890205399 0.85480477

10 0.01 TRUE skater_binary_hamming hmp 0.966009537 0.749014392 0.857511965 4673 0.981595825 0.809294586 0.895445206 wmin2 0.969833952 0.652394125 0.811114038 0.8546904

10 0.01 TRUE skater_binary_hamming cct 0.966009537 0.749014392 0.857511965 4673 0.98159821 0.80938832 0.895493265 wmin2 0.969826799 0.652288448 0.811057624 0.85468762

6 0.05 TRUE skater_zscore_euclidean fischer 0.952329284 0.738278754 0.845304019 21553 0.977489549 0.839722142 0.908605845 wmin2 0.943650302 0.676335171 0.809992737 0.8546342

10 0.01 FALSE hclust_binary_hamming wmax1 0.958341481 0.70960195 0.833971716 6379 0.967030129 0.749926333 0.858478231 tippets 0.967196125 0.773851344 0.870523734 0.85432456

10 0.01 FALSE hclust_binary_hamming wmax1 0.958341481 0.70960195 0.833971716 6379 0.967030129 0.749926333 0.858478231 min_bonf 0.96719552 0.773830967 0.870513244 0.85432106

10 0.01 TRUE unique wmax1 0.966009537 0.749014392 0.857511965 3226 0.957741159 0.707202667 0.832471913 tippets 0.969589173 0.774967731 0.872278452 0.85408744

10 0.01 TRUE unique wmax1 0.966009537 0.749014392 0.857511965 3226 0.957741159 0.707202667 0.832471913 min_bonf 0.969589241 0.774965747 0.872277494 0.85408712

3 0.2 FALSE unique wmax2 0.915105314 0.691380478 0.803242896 77884 0.93928856 0.768739927 0.854014243 fischer 0.958902262 0.85029149 0.904596876 0.85395134

10 0.01 TRUE skater_zscore_euclidean cct 0.966009537 0.749014392 0.857511965 4232 0.979553645 0.805674266 0.892613955 wmin2 0.961992208 0.660210277 0.811101242 0.85374239

10 0.01 TRUE skater_zscore_euclidean hmp 0.966009537 0.749014392 0.857511965 4232 0.979544592 0.805605411 0.892575001 wmin2 0.9619854 0.660194946 0.811090173 0.85372571

3 0.2 TRUE unique wmax2 0.918884554 0.696930351 0.807907453 59455 0.937433475 0.763092197 0.850262836 fischer 0.958253719 0.847708931 0.902981325 0.8537172

3 0.2 TRUE hclust_zscore_euclidean fischer 0.918884554 0.696930351 0.807907453 90011 0.958768485 0.799648898 0.879208691 fischer 0.952780431 0.793740519 0.873260475 0.85345887

3 0.2 TRUE skater_zscore_euclidean fischer 0.918884554 0.696930351 0.807907453 92917 0.958948675 0.798541847 0.878745261 fischer 0.952686943 0.792646746 0.872666844 0.85310652

6 0.05 TRUE skater_zscore_euclidean cct 0.952329284 0.738278754 0.845304019 21553 0.957182648 0.751794155 0.854488401 tippets 0.962921266 0.751806675 0.85736397 0.85238546

6 0.05 TRUE skater_zscore_euclidean cct 0.952329284 0.738278754 0.845304019 21553 0.957182648 0.751794155 0.854488401 min_bonf 0.962913101 0.751718434 0.857315767 0.8523694

6 0.05 TRUE skater_zscore_euclidean hmp 0.952329284 0.738278754 0.845304019 21553 0.957091407 0.75130763 0.854199518 tippets 0.962816834 0.751308338 0.857062586 0.85218871

6 0.05 TRUE skater_zscore_euclidean hmp 0.952329284 0.738278754 0.845304019 21553 0.957091407 0.75130763 0.854199518 min_bonf 0.962810268 0.751226296 0.857018282 0.85217394

3 0.2 TRUE unique fischer 0.918884554 0.696930351 0.807907453 59455 0.957397712 0.814699835 0.886048773 tippets 0.953763344 0.770070413 0.861916878 0.8519577

3 0.2 TRUE unique fischer 0.918884554 0.696930351 0.807907453 59455 0.957397712 0.814699835 0.886048773 min_bonf 0.953756901 0.770053758 0.86190533 0.85195385

10 0.01 TRUE hclust_zscore_euclidean hmp 0.966009537 0.749014392 0.857511965 4168 0.979752305 0.803268157 0.891510231 wmin2 0.961878372 0.649755275 0.805816823 0.85161301

10 0.01 FALSE unique wmax1 0.958341481 0.70960195 0.833971716 4928 0.958471232 0.708454454 0.833462843 fischer 0.967596202 0.807150438 0.88737332 0.85160263

10 0.01 TRUE hclust_zscore_euclidean cct 0.966009537 0.749014392 0.857511965 4168 0.979760963 0.803210896 0.89148593 wmin2 0.961888924 0.649629442 0.805759183 0.85158569

3 0.2 FALSE unique fischer 0.915105314 0.691380478 0.803242896 77884 0.957500937 0.817175314 0.887338125 tippets 0.954105842 0.773404902 0.863755372 0.85144546

3 0.2 FALSE unique fischer 0.915105314 0.691380478 0.803242896 77884 0.957500937 0.817175314 0.887338125 min_bonf 0.954094579 0.773384849 0.863739714 0.85144024

10 0.01 FALSE unique hmp 0.958341481 0.70960195 0.833971716 4928 0.977827537 0.778647737 0.878237637 tippets 0.975337289 0.707234533 0.841285911 0.85116509

10 0.01 FALSE unique hmp 0.958341481 0.70960195 0.833971716 4928 0.977827537 0.778647737 0.878237637 min_bonf 0.975336716 0.707217815 0.841277265 0.85116221

10 0.01 FALSE unique cct 0.958341481 0.70960195 0.833971716 4928 0.977840967 0.778134532 0.87798775 tippets 0.975351021 0.706636355 0.840993688 0.85098438

10 0.01 FALSE unique cct 0.958341481 0.70960195 0.833971716 4928 0.977840967 0.778134532 0.87798775 min_bonf 0.975350416 0.706622766 0.840986591 0.85098202

6 0.05 TRUE hclust_zscore_euclidean cct 0.952329284 0.738278754 0.845304019 21022 0.957284561 0.742333703 0.849809132 tippets 0.962932187 0.752267586 0.857599886 0.85090435

6 0.05 TRUE hclust_zscore_euclidean cct 0.952329284 0.738278754 0.845304019 21022 0.957284561 0.742333703 0.849809132 min_bonf 0.962924227 0.75218477 0.857554498 0.85088922

6 0.05 TRUE hclust_zscore_euclidean hmp 0.952329284 0.738278754 0.845304019 21022 0.957188258 0.741871868 0.849530063 tippets 0.962829246 0.751772112 0.857300679 0.85071159

6 0.05 TRUE hclust_zscore_euclidean hmp 0.952329284 0.738278754 0.845304019 21022 0.957188258 0.741871868 0.849530063 min_bonf 0.962823136 0.751695294 0.857259215 0.85069777

3 0.2 FALSE skater_binary_hamming fischer 0.915105314 0.691380478 0.803242896 134072 0.945684031 0.808673017 0.877178524 fischer 0.95279655 0.789699483 0.871248016 0.85055648

6 0.05 TRUE hclust_zscore_euclidean fischer 0.952329284 0.738278754 0.845304019 21022 0.977819594 0.835953249 0.906886422 wmin2 0.943238986 0.653747787 0.798493387 0.85022794

3 0.2 FALSE hclust_binary_hamming fischer 0.915105314 0.691380478 0.803242896 134335 0.944903612 0.805635821 0.875269716 fischer 0.952837742 0.790422997 0.871630369 0.85004766

6 0.05 TRUE skater_binary_hamming fischer 0.952329284 0.738278754 0.845304019 25754 0.973460244 0.856282657 0.91487145 wmin2 0.94793559 0.629938839 0.788937215 0.84970423

6 0.05 TRUE hclust_binary_hamming fischer 0.952329284 0.738278754 0.845304019 25777 0.972894357 0.848831313 0.910862835 wmin2 0.947673756 0.637422165 0.79254796 0.8495716

3 0.2 FALSE hclust_zscore_euclidean fischer 0.915105314 0.691380478 0.803242896 107942 0.954305501 0.789970777 0.872138139 fischer 0.952966946 0.793610493 0.873288719 0.84955658

6 0.05 TRUE skater_zscore_euclidean hmp 0.952329284 0.738278754 0.845304019 21553 0.957091407 0.75130763 0.854199518 fischer 0.961836693 0.733488212 0.847662453 0.84905533

6 0.05 TRUE skater_zscore_euclidean cct 0.952329284 0.738278754 0.845304019 21553 0.957182648 0.751794155 0.854488401 fischer 0.961741455 0.732585863 0.847163659 0.84898536

3 0.2 FALSE skater_zscore_euclidean fischer 0.915105314 0.691380478 0.803242896 110844 0.954386155 0.787545859 0.870966007 fischer 0.952876216 0.792488741 0.872682479 0.84896379

6 0.05 TRUE hclust_zscore_euclidean hmp 0.952329284 0.738278754 0.845304019 21022 0.957188258 0.741871868 0.849530063 fischer 0.961117668 0.741776402 0.851447035 0.84876037

6 0.05 TRUE hclust_zscore_euclidean cct 0.952329284 0.738278754 0.845304019 21022 0.957284561 0.742333703 0.849809132 fischer 0.961014067 0.740614737 0.850814402 0.84864252

10 0.01 TRUE skater_zscore_euclidean wmax1 0.966009537 0.749014392 0.857511965 4232 0.975086336 0.795906921 0.885496628 wmin2 0.955898986 0.642923914 0.79941145 0.84747335

3 0.2 FALSE unique wmax2 0.915105314 0.691380478 0.803242896 77884 0.93928856 0.768739927 0.854014243 wmin2 0.946282864 0.823325854 0.884804359 0.84735383

6 0.05 FALSE skater_zscore_euclidean fischer 0.947274124 0.724462663 0.835868394 26383 0.974829673 0.821341991 0.898085832 wmin2 0.940575163 0.675389211 0.807982187 0.84731214

10 0.01 FALSE hclust_binary_hamming hmp 0.958341481 0.70960195 0.833971716 6379 0.973753029 0.686143101 0.829948065 fischer 0.981754302 0.772046941 0.876900622 0.84694013

10 0.01 FALSE hclust_binary_hamming cct 0.958341481 0.70960195 0.833971716 6379 0.97375523 0.685947769 0.829851499 fischer 0.981737063 0.771682078 0.876709571 0.84684426

3 0.2 TRUE unique wmax2 0.918884554 0.696930351 0.807907453 59455 0.937433475 0.763092197 0.850262836 wmin2 0.945005687 0.818864839 0.881935263 0.84670185

3 0.2 TRUE unique cct 0.918884554 0.696930351 0.807907453 59455 0.915528249 0.73586178 0.825695014 fischer 0.947849275 0.863064639 0.905456957 0.84635314

3 0.2 TRUE unique hmp 0.918884554 0.696930351 0.807907453 59455 0.91530219 0.735411089 0.825356639 fischer 0.948187091 0.863363593 0.905775342 0.84634648

10 0.01 FALSE skater_binary_hamming hmp 0.958341481 0.70960195 0.833971716 6374 0.973536365 0.684709826 0.829123096 fischer 0.981578975 0.76904235 0.875310663 0.84613516

10 0.01 FALSE skater_binary_hamming cct 0.958341481 0.70960195 0.833971716 6374 0.973534146 0.684751282 0.829142714 fischer 0.981564203 0.768730092 0.875147148 0.84608719

10 0.01 TRUE hclust_zscore_euclidean wmax1 0.966009537 0.749014392 0.857511965 4168 0.973615194 0.789879074 0.881747134 wmin2 0.95496241 0.637741992 0.796352201 0.84520377

10 0.01 FALSE unique wmax1 0.958341481 0.70960195 0.833971716 4928 0.958471232 0.708454454 0.833462843 tippets 0.968897941 0.764772292 0.866835116 0.84475656

10 0.01 FALSE unique wmax1 0.958341481 0.70960195 0.833971716 4928 0.958471232 0.708454454 0.833462843 min_bonf 0.968897846 0.764767758 0.866832802 0.84475579

10 0.01 FALSE hclust_zscore_euclidean fischer 0.958341481 0.70960195 0.833971716 5869 0.981756724 0.795746494 0.888751609 wmin2 0.96023291 0.658787767 0.809510339 0.84407789

10 0.01 FALSE skater_zscore_euclidean fischer 0.958341481 0.70960195 0.833971716 5933 0.981807311 0.793357045 0.887582178 wmin2 0.960904519 0.660045558 0.810475039 0.84400964

6 0.05 FALSE hclust_zscore_euclidean fischer 0.947274124 0.724462663 0.835868394 25853 0.975234714 0.820111382 0.897673048 wmin2 0.940333185 0.653326754 0.796829969 0.84345714

6 0.05 FALSE unique cct 0.947274124 0.724462663 0.835868394 19569 0.95328904 0.774152374 0.863720707 tippets 0.948586114 0.708198167 0.828392141 0.84266041

6 0.05 FALSE unique cct 0.947274124 0.724462663 0.835868394 19569 0.95328904 0.774152374 0.863720707 min_bonf 0.948571315 0.708146905 0.82835911 0.8426494

6 0.05 FALSE unique hmp 0.947274124 0.724462663 0.835868394 19569 0.953271314 0.774123237 0.863697276 tippets 0.948536406 0.708062179 0.828299292 0.84262165

6 0.05 FALSE unique hmp 0.947274124 0.724462663 0.835868394 19569 0.953271314 0.774123237 0.863697276 min_bonf 0.948521207 0.708007404 0.828264305 0.84260999

10 0.01 FALSE hclust_binary_hamming fischer 0.958341481 0.70960195 0.833971716 6379 0.980635394 0.792424538 0.886529966 wmin2 0.963272979 0.644210935 0.803741957 0.84141455

6 0.05 TRUE unique wmax1 0.952329284 0.738278754 0.845304019 14710 0.932602214 0.687501053 0.810051634 fischer 0.945987725 0.790643661 0.868315693 0.84122378

3 0.2 TRUE unique cct 0.918884554 0.696930351 0.807907453 59455 0.915528249 0.73586178 0.825695014 wmin2 0.939093041 0.839957737 0.889525389 0.84104262

6 0.05 FALSE hclust_binary_hamming fischer 0.947274124 0.724462663 0.835868394 30606 0.968958142 0.822057452 0.895507797 wmin2 0.945165168 0.638298476 0.791731822 0.841036

3 0.2 TRUE unique hmp 0.918884554 0.696930351 0.807907453 59455 0.91530219 0.735411089 0.825356639 wmin2 0.939088489 0.839979573 0.889534031 0.84093271

10 0.01 FALSE skater_zscore_euclidean hmp 0.958341481 0.70960195 0.833971716 5933 0.970746257 0.676439551 0.823592904 fischer 0.977208717 0.753138731 0.865173724 0.84091278

10 0.01 FALSE skater_zscore_euclidean cct 0.958341481 0.70960195 0.833971716 5933 0.97074871 0.676475284 0.823611997 fischer 0.97718363 0.75288359 0.86503361 0.84087244

6 0.05 FALSE skater_binary_hamming fischer 0.947274124 0.724462663 0.835868394 30583 0.969833067 0.827504542 0.898668804 wmin2 0.945288654 0.630546281 0.787917467 0.84081822

6 0.05 TRUE skater_zscore_euclidean wmax1 0.952329284 0.738278754 0.845304019 21553 0.968426641 0.790933925 0.879680283 wmin2 0.934264576 0.659656654 0.796960615 0.84064831

3 0.2 FALSE unique wmax2 0.915105314 0.691380478 0.803242896 77884 0.93928856 0.768739927 0.854014243 tippets 0.9463538 0.779259455 0.862806627 0.84002126

3 0.2 FALSE unique wmax2 0.915105314 0.691380478 0.803242896 77884 0.93928856 0.768739927 0.854014243 min_bonf 0.946346336 0.779241254 0.862793795 0.84001698

10 0.01 FALSE hclust_zscore_euclidean hmp 0.958341481 0.70960195 0.833971716 5869 0.970898022 0.675374872 0.823136447 fischer 0.977116868 0.747052721 0.862084795 0.83973099

10 0.01 FALSE hclust_zscore_euclidean cct 0.958341481 0.70960195 0.833971716 5869 0.970899929 0.675320063 0.823109996 fischer 0.977098357 0.746714524 0.86190644 0.83966272

6 0.05 TRUE unique wmax1 0.952329284 0.738278754 0.845304019 14710 0.932602214 0.687501053 0.810051634 tippets 0.952885491 0.774251787 0.863568639 0.83964143

6 0.05 TRUE unique wmax1 0.952329284 0.738278754 0.845304019 14710 0.932602214 0.687501053 0.810051634 min_bonf 0.952883941 0.774243529 0.863563735 0.8396398

10 0.01 TRUE hclust_binary_hamming wmax1 0.966009537 0.749014392 0.857511965 4678 0.969672641 0.794208926 0.881940783 wmin2 0.958158358 0.598925282 0.77854182 0.83933152

3 0.2 TRUE unique wmax2 0.918884554 0.696930351 0.807907453 59455 0.937433475 0.763092197 0.850262836 tippets 0.944831072 0.774478788 0.85965493 0.83927507

3 0.2 TRUE unique wmax2 0.918884554 0.696930351 0.807907453 59455 0.937433475 0.763092197 0.850262836 min_bonf 0.944823189 0.774455962 0.859639576 0.83926995

10 0.01 FALSE skater_binary_hamming fischer 0.958341481 0.70960195 0.833971716 6374 0.980836276 0.793636342 0.887236309 wmin2 0.962693241 0.627425165 0.795059203 0.83875574

6 0.05 FALSE unique wmax1 0.947274124 0.724462663 0.835868394 19569 0.932927156 0.69097537 0.811951263 fischer 0.945978338 0.790557414 0.868267876 0.83869584

10 0.01 TRUE unique wmax1 0.966009537 0.749014392 0.857511965 3226 0.957741159 0.707202667 0.832471913 wmin2 0.950370075 0.701281986 0.825826031 0.8386033

3 0.2 FALSE unique hmp 0.915105314 0.691380478 0.803242896 77884 0.902985087 0.716934034 0.80995956 fischer 0.943957964 0.85800221 0.900980087 0.83806085

3 0.2 FALSE unique cct 0.915105314 0.691380478 0.803242896 77884 0.903152055 0.717280246 0.81021615 fischer 0.943690551 0.857483249 0.9005869 0.83801532

10 0.01 TRUE skater_binary_hamming wmax1 0.966009537 0.749014392 0.857511965 4673 0.970163861 0.798589184 0.884376522 wmin2 0.95900295 0.584126107 0.771564529 0.83781767

6 0.05 FALSE hclust_binary_hamming hmp 0.947274124 0.724462663 0.835868394 30606 0.953997139 0.666870315 0.810433727 fischer 0.976032642 0.754934766 0.865483704 0.83726194

6 0.05 FALSE hclust_binary_hamming cct 0.947274124 0.724462663 0.835868394 30606 0.953964612 0.666848283 0.810406448 fischer 0.975976462 0.753844212 0.864910337 0.83706173

3 0.2 TRUE skater_zscore_euclidean wmax2 0.918884554 0.696930351 0.807907453 92917 0.965672776 0.806047766 0.885860271 wmin2 0.92330695 0.70896675 0.81613685 0.83663486

6 0.05 FALSE unique wmax1 0.947274124 0.724462663 0.835868394 19569 0.932927156 0.69097537 0.811951263 tippets 0.951794717 0.772329191 0.862061954 0.8366272

6 0.05 FALSE unique wmax1 0.947274124 0.724462663 0.835868394 19569 0.932927156 0.69097537 0.811951263 min_bonf 0.951791347 0.772319177 0.862055262 0.83662497

3 0.2 FALSE skater_zscore_euclidean wmax2 0.915105314 0.691380478 0.803242896 110844 0.9655677 0.807013262 0.886290481 wmin2 0.923887866 0.712545495 0.818216681 0.83591669

6 0.05 TRUE skater_binary_hamming wmax1 0.952329284 0.738278754 0.845304019 25754 0.956857493 0.802168923 0.879513208 wmin2 0.941309563 0.62012186 0.780715711 0.83517765

10 0.01 FALSE hclust_binary_hamming hmp 0.958341481 0.70960195 0.833971716 6379 0.973753029 0.686143101 0.829948065 tippets 0.97515796 0.706284875 0.840721417 0.8348804

6 0.05 TRUE hclust_zscore_euclidean wmax1 0.952329284 0.738278754 0.845304019 21022 0.965602096 0.785074497 0.875338297 wmin2 0.931411471 0.636543632 0.783977551 0.83487329

10 0.01 FALSE hclust_binary_hamming hmp 0.958341481 0.70960195 0.833971716 6379 0.973753029 0.686143101 0.829948065 min_bonf 0.975156283 0.706241149 0.840698716 0.83487283

10 0.01 FALSE hclust_binary_hamming cct 0.958341481 0.70960195 0.833971716 6379 0.97375523 0.685947769 0.829851499 tippets 0.975154643 0.706130657 0.84064265 0.83482195

10 0.01 FALSE hclust_binary_hamming cct 0.958341481 0.70960195 0.833971716 6379 0.97375523 0.685947769 0.829851499 min_bonf 0.975152953 0.706092566 0.840622759 0.83481532

10 0.01 FALSE skater_binary_hamming hmp 0.958341481 0.70960195 0.833971716 6374 0.973536365 0.684709826 0.829123096 tippets 0.975159426 0.70629907 0.840729248 0.83460802

10 0.01 FALSE skater_binary_hamming cct 0.958341481 0.70960195 0.833971716 6374 0.973534146 0.684751282 0.829142714 tippets 0.975157607 0.706242142 0.840699874 0.83460477

10 0.01 FALSE skater_binary_hamming hmp 0.958341481 0.70960195 0.833971716 6374 0.973536365 0.684709826 0.829123096 min_bonf 0.975157629 0.706259547 0.840708588 0.83460113

10 0.01 FALSE skater_binary_hamming cct 0.958341481 0.70960195 0.833971716 6374 0.973534146 0.684751282 0.829142714 min_bonf 0.975155872 0.706203663 0.840679768 0.83459807

3 0.2 TRUE hclust_binary_hamming wmax2 0.918884554 0.696930351 0.807907453 116455 0.951038922 0.848252308 0.899645615 wmin2 0.904269826 0.684839623 0.794554725 0.83403593

3 0.2 TRUE hclust_zscore_euclidean wmax2 0.918884554 0.696930351 0.807907453 90011 0.964356962 0.810014113 0.887185538 wmin2 0.927359446 0.685958743 0.806659095 0.83391736

6 0.05 TRUE hclust_binary_hamming wmax1 0.952329284 0.738278754 0.845304019 25777 0.955904651 0.797133995 0.876519323 wmin2 0.943348229 0.616456785 0.779902507 0.83390862

3 0.2 FALSE hclust_zscore_euclidean wmax2 0.915105314 0.691380478 0.803242896 107942 0.964294652 0.81118736 0.887741006 wmin2 0.92798546 0.689437834 0.808711647 0.83323185

3 0.2 FALSE hclust_binary_hamming wmax2 0.915105314 0.691380478 0.803242896 134335 0.950688119 0.848421884 0.899555002 wmin2 0.904646949 0.68880355 0.796725249 0.83317438

3 0.2 FALSE unique cct 0.915105314 0.691380478 0.803242896 77884 0.903152055 0.717280246 0.81021615 wmin2 0.934834793 0.837114996 0.885974895 0.83314465

3 0.2 FALSE unique hmp 0.915105314 0.691380478 0.803242896 77884 0.902985087 0.716934034 0.80995956 wmin2 0.934806823 0.837157892 0.885982357 0.8330616

6 0.05 FALSE skater_zscore_euclidean wmax1 0.947274124 0.724462663 0.835868394 26383 0.965607442 0.770987663 0.868297552 wmin2 0.930844276 0.658927344 0.79488581 0.83301725

10 0.01 FALSE skater_zscore_euclidean hmp 0.958341481 0.70960195 0.833971716 5933 0.970746257 0.676439551 0.823592904 tippets 0.975222823 0.705889644 0.840556233 0.83270695

10 0.01 FALSE skater_zscore_euclidean cct 0.958341481 0.70960195 0.833971716 5933 0.97074871 0.676475284 0.823611997 tippets 0.975220493 0.705841098 0.840530796 0.83270484

10 0.01 FALSE skater_zscore_euclidean hmp 0.958341481 0.70960195 0.833971716 5933 0.970746257 0.676439551 0.823592904 min_bonf 0.975220843 0.705853022 0.840536933 0.83270052

10 0.01 FALSE skater_zscore_euclidean cct 0.958341481 0.70960195 0.833971716 5933 0.97074871 0.676475284 0.823611997 min_bonf 0.975218817 0.705806701 0.840512759 0.83269882

10 0.01 FALSE hclust_zscore_euclidean hmp 0.958341481 0.70960195 0.833971716 5869 0.970898022 0.675374872 0.823136447 tippets 0.975223068 0.706029941 0.840626504 0.83257822

10 0.01 FALSE hclust_zscore_euclidean hmp 0.958341481 0.70960195 0.833971716 5869 0.970898022 0.675374872 0.823136447 min_bonf 0.97522127 0.705995607 0.840608439 0.8325722

10 0.01 FALSE hclust_zscore_euclidean cct 0.958341481 0.70960195 0.833971716 5869 0.970899929 0.675320063 0.823109996 tippets 0.975220607 0.705939314 0.840579961 0.83255389

10 0.01 FALSE hclust_zscore_euclidean cct 0.958341481 0.70960195 0.833971716 5869 0.970899929 0.675320063 0.823109996 min_bonf 0.975219049 0.705911319 0.840565184 0.83254897

3 0.2 TRUE skater_binary_hamming wmax2 0.918884554 0.696930351 0.807907453 116192 0.950879039 0.843497666 0.897188353 wmin2 0.909258354 0.675299087 0.792278721 0.83245818

6 0.05 FALSE skater_binary_hamming hmp 0.947274124 0.724462663 0.835868394 30583 0.953117617 0.659179265 0.806148441 fischer 0.974235718 0.73644796 0.855341839 0.83245289

6 0.05 FALSE skater_binary_hamming cct 0.947274124 0.724462663 0.835868394 30583 0.953168246 0.659467088 0.806317667 fischer 0.974210002 0.735868158 0.85503908 0.83240838

3 0.2 FALSE skater_binary_hamming wmax2 0.915105314 0.691380478 0.803242896 134072 0.950497468 0.843291239 0.896894354 wmin2 0.909915326 0.679361158 0.794638242 0.83159183

10 0.01 FALSE unique wmax1 0.958341481 0.70960195 0.833971716 4928 0.958471232 0.708454454 0.833462843 wmin2 0.950670596 0.702444115 0.826557355 0.83133064

10 0.01 FALSE skater_zscore_euclidean wmax1 0.958341481 0.70960195 0.833971716 5933 0.972935232 0.758687996 0.865811614 wmin2 0.952723499 0.624297397 0.788510448 0.82943126

6 0.05 TRUE hclust_binary_hamming hmp 0.952329284 0.738278754 0.845304019 25777 0.967229177 0.767030056 0.867129617 wmin2 0.951850199 0.591165674 0.771507936 0.82798052

6 0.05 TRUE hclust_binary_hamming cct 0.952329284 0.738278754 0.845304019 25777 0.967198494 0.767017853 0.867108174 wmin2 0.951841112 0.590683493 0.771262303 0.8278915

6 0.05 FALSE hclust_zscore_euclidean wmax1 0.947274124 0.724462663 0.835868394 25853 0.962812573 0.767113136 0.864962854 wmin2 0.928077954 0.636124613 0.782101284 0.82764418

10 0.01 FALSE hclust_zscore_euclidean wmax1 0.958341481 0.70960195 0.833971716 5869 0.971505424 0.753711265 0.862608344 wmin2 0.951886193 0.620099068 0.78599263 0.82752423

6 0.05 TRUE skater_binary_hamming cct 0.952329284 0.738278754 0.845304019 25754 0.966223562 0.771382428 0.868802995 wmin2 0.952598211 0.580935916 0.766767064 0.82695803

6 0.05 TRUE skater_binary_hamming hmp 0.952329284 0.738278754 0.845304019 25754 0.96616744 0.771021415 0.868594428 wmin2 0.952573412 0.580899588 0.7667365 0.82687832

3 0.2 TRUE skater_zscore_euclidean wmax1 0.918884554 0.696930351 0.807907453 92917 0.936459791 0.727016132 0.831737961 tippets 0.941072331 0.739097745 0.840085038 0.82657682

3 0.2 TRUE skater_zscore_euclidean wmax1 0.918884554 0.696930351 0.807907453 92917 0.936459791 0.727016132 0.831737961 min_bonf 0.941059636 0.739055978 0.840057807 0.82656774

3 0.2 TRUE hclust_binary_hamming wmax1 0.918884554 0.696930351 0.807907453 116455 0.915756957 0.750940917 0.833348937 tippets 0.913020607 0.763526337 0.838273472 0.82650995

3 0.2 TRUE hclust_binary_hamming wmax1 0.918884554 0.696930351 0.807907453 116455 0.915756957 0.750940917 0.833348937 min_bonf 0.913001765 0.763466112 0.838233939 0.82649678

3 0.2 TRUE hclust_binary_hamming wmax1 0.918884554 0.696930351 0.807907453 116455 0.915756957 0.750940917 0.833348937 fischer 0.934643106 0.737371382 0.836007244 0.82575454

6 0.05 FALSE skater_binary_hamming wmax1 0.947274124 0.724462663 0.835868394 30583 0.952579227 0.768279684 0.860429456 wmin2 0.938274217 0.619967997 0.779121107 0.82513965

3 0.2 TRUE skater_zscore_euclidean wmax1 0.918884554 0.696930351 0.807907453 92917 0.936459791 0.727016132 0.831737961 fischer 0.936153578 0.735274318 0.835713948 0.82511979

3 0.2 TRUE skater_binary_hamming wmax1 0.918884554 0.696930351 0.807907453 116192 0.918016792 0.746023014 0.832019903 tippets 0.915852305 0.753356201 0.834604253 0.82484387

3 0.2 TRUE skater_binary_hamming wmax1 0.918884554 0.696930351 0.807907453 116192 0.918016792 0.746023014 0.832019903 min_bonf 0.915833529 0.753299268 0.834566398 0.82483125

3 0.2 TRUE skater_binary_hamming wmax1 0.918884554 0.696930351 0.807907453 116192 0.918016792 0.746023014 0.832019903 fischer 0.935634747 0.732513501 0.834074124 0.82466716

6 0.05 FALSE hclust_binary_hamming cct 0.947274124 0.724462663 0.835868394 30606 0.953964612 0.666848283 0.810406448 tippets 0.948028607 0.706744916 0.827386762 0.82455387

6 0.05 FALSE hclust_binary_hamming cct 0.947274124 0.724462663 0.835868394 30606 0.953964612 0.666848283 0.810406448 min_bonf 0.948009825 0.706645565 0.827327695 0.82453418

6 0.05 FALSE hclust_binary_hamming hmp 0.947274124 0.724462663 0.835868394 30606 0.953997139 0.666870315 0.810433727 tippets 0.948068553 0.706508599 0.827288576 0.82453023

6 0.05 FALSE hclust_binary_hamming hmp 0.947274124 0.724462663 0.835868394 30606 0.953997139 0.666870315 0.810433727 min_bonf 0.948051422 0.70640567 0.827228546 0.82451022

3 0.2 TRUE hclust_zscore_euclidean wmax1 0.918884554 0.696930351 0.807907453 90011 0.932778455 0.720232854 0.826505654 tippets 0.937853823 0.739950073 0.838901948 0.82443835

3 0.2 TRUE hclust_zscore_euclidean wmax1 0.918884554 0.696930351 0.807907453 90011 0.932778455 0.720232854 0.826505654 min_bonf 0.937839932 0.739907022 0.838873477 0.82442886

6 0.05 FALSE hclust_zscore_euclidean hmp 0.947274124 0.724462663 0.835868394 25853 0.941926792 0.652662581 0.797294686 fischer 0.95489296 0.72432374 0.83960835 0.82425714

6 0.05 FALSE hclust_binary_hamming wmax1 0.947274124 0.724462663 0.835868394 30606 0.951178712 0.765470436 0.858324574 wmin2 0.940372106 0.616461839 0.778416973 0.82420331

6 0.05 FALSE hclust_zscore_euclidean cct 0.947274124 0.724462663 0.835868394 25853 0.942014128 0.653036527 0.797525327 fischer 0.954803057 0.723240769 0.839021913 0.82413854

6 0.05 FALSE skater_zscore_euclidean hmp 0.947274124 0.724462663 0.835868394 26383 0.941811127 0.651648059 0.796729593 fischer 0.95587749 0.717572705 0.836725097 0.82310769

6 0.05 FALSE skater_binary_hamming cct 0.947274124 0.724462663 0.835868394 30583 0.953168246 0.659467088 0.806317667 tippets 0.948123477 0.70601142 0.827067448 0.8230845

6 0.05 FALSE skater_binary_hamming cct 0.947274124 0.724462663 0.835868394 30583 0.953168246 0.659467088 0.806317667 min_bonf 0.94810488 0.705913192 0.827009036 0.82306503

6 0.05 FALSE skater_zscore_euclidean cct 0.947274124 0.724462663 0.835868394 26383 0.941893567 0.65204221 0.796967888 fischer 0.955796964 0.716733148 0.836265056 0.82303378

6 0.05 FALSE skater_binary_hamming hmp 0.947274124 0.724462663 0.835868394 30583 0.953117617 0.659179265 0.806148441 tippets 0.948043216 0.705703691 0.826873453 0.82296343

6 0.05 FALSE skater_binary_hamming hmp 0.947274124 0.724462663 0.835868394 30583 0.953117617 0.659179265 0.806148441 min_bonf 0.948024362 0.705612774 0.826818568 0.82294513

3 0.2 FALSE skater_zscore_euclidean wmax1 0.915105314 0.691380478 0.803242896 110844 0.931008989 0.713394941 0.822201965 tippets 0.940543973 0.741090473 0.840817223 0.82208736

3 0.2 FALSE skater_zscore_euclidean wmax1 0.915105314 0.691380478 0.803242896 110844 0.931008989 0.713394941 0.822201965 min_bonf 0.940524634 0.741041743 0.840783188 0.82207602

3 0.2 TRUE hclust_zscore_euclidean wmax1 0.918884554 0.696930351 0.807907453 90011 0.932778455 0.720232854 0.826505654 fischer 0.933621946 0.727167247 0.830394596 0.82160257

3 0.2 TRUE skater_zscore_euclidean fischer 0.918884554 0.696930351 0.807907453 92917 0.958948675 0.798541847 0.878745261 wmin2 0.895743907 0.658489308 0.777116608 0.82125644

10 0.01 FALSE hclust_binary_hamming wmax1 0.958341481 0.70960195 0.833971716 6379 0.967030129 0.749926333 0.858478231 wmin2 0.955380719 0.584575646 0.769978183 0.82080938

3 0.2 TRUE hclust_binary_hamming fischer 0.918884554 0.696930351 0.807907453 116455 0.951681691 0.832207541 0.891944616 wmin2 0.897551323 0.627129802 0.762340563 0.82073088

10 0.01 FALSE hclust_binary_hamming hmp 0.958341481 0.70960195 0.833971716 6379 0.973753029 0.686143101 0.829948065 wmin2 0.963053735 0.631270641 0.797162188 0.82036066

3 0.2 FALSE skater_zscore_euclidean wmax1 0.915105314 0.691380478 0.803242896 110844 0.931008989 0.713394941 0.822201965 fischer 0.936281158 0.73460476 0.835442959 0.82029594

10 0.01 FALSE hclust_binary_hamming cct 0.958341481 0.70960195 0.833971716 6379 0.97375523 0.685947769 0.829851499 wmin2 0.963055674 0.63069613 0.796875902 0.82023304

6 0.05 FALSE hclust_zscore_euclidean cct 0.947274124 0.724462663 0.835868394 25853 0.942014128 0.653036527 0.797525327 tippets 0.94804874 0.70600016 0.82702445 0.82013939

6 0.05 FALSE hclust_zscore_euclidean cct 0.947274124 0.724462663 0.835868394 25853 0.942014128 0.653036527 0.797525327 min_bonf 0.948031361 0.705906137 0.826968749 0.82012082

3 0.2 FALSE hclust_zscore_euclidean wmax1 0.915105314 0.691380478 0.803242896 107942 0.92711199 0.707563308 0.817337649 tippets 0.93727036 0.741797603 0.839533981 0.82003818

3 0.2 TRUE skater_binary_hamming fischer 0.918884554 0.696930351 0.807907453 116192 0.952238549 0.835503219 0.893870884 wmin2 0.898672599 0.617954934 0.758313767 0.8200307

3 0.2 FALSE hclust_zscore_euclidean wmax1 0.915105314 0.691380478 0.803242896 107942 0.92711199 0.707563308 0.817337649 min_bonf 0.937249276 0.741745962 0.839497619 0.82002605

6 0.05 FALSE hclust_zscore_euclidean hmp 0.947274124 0.724462663 0.835868394 25853 0.941926792 0.652662581 0.797294686 tippets 0.947962122 0.705598171 0.826780146 0.81998108

6 0.05 FALSE hclust_zscore_euclidean hmp 0.947274124 0.724462663 0.835868394 25853 0.941926792 0.652662581 0.797294686 min_bonf 0.947944732 0.705505831 0.826725282 0.81996279

6 0.05 FALSE skater_zscore_euclidean cct 0.947274124 0.724462663 0.835868394 26383 0.941893567 0.65204221 0.796967888 tippets 0.948028642 0.705531395 0.826780019 0.8198721

6 0.05 FALSE skater_zscore_euclidean cct 0.947274124 0.724462663 0.835868394 26383 0.941893567 0.65204221 0.796967888 min_bonf 0.948010659 0.70543211 0.826721384 0.81985256

6 0.05 FALSE skater_zscore_euclidean hmp 0.947274124 0.724462663 0.835868394 26383 0.941811127 0.651648059 0.796729593 tippets 0.947940515 0.705131357 0.826535936 0.81971131

6 0.05 FALSE skater_zscore_euclidean hmp 0.947274124 0.724462663 0.835868394 26383 0.941811127 0.651648059 0.796729593 min_bonf 0.947922164 0.705033978 0.826478071 0.81969202

10 0.01 FALSE skater_binary_hamming wmax1 0.958341481 0.70960195 0.833971716 6374 0.967683957 0.753454569 0.860569263 wmin2 0.955924878 0.571723674 0.763824276 0.81945508

3 0.2 TRUE hclust_zscore_euclidean fischer 0.918884554 0.696930351 0.807907453 90011 0.958768485 0.799648898 0.879208691 wmin2 0.897777749 0.638072494 0.767925121 0.81834709

3 0.2 TRUE hclust_binary_hamming hmp 0.918884554 0.696930351 0.807907453 116455 0.926008746 0.703374051 0.814691399 fischer 0.952757315 0.711531756 0.832144535 0.8182478

3 0.2 FALSE skater_zscore_euclidean fischer 0.915105314 0.691380478 0.803242896 110844 0.954386155 0.787545859 0.870966007 wmin2 0.896151642 0.664887978 0.78051981 0.8182429

3 0.2 TRUE hclust_binary_hamming cct 0.918884554 0.696930351 0.807907453 116455 0.926201437 0.703762036 0.814981737 fischer 0.952723509 0.710003928 0.831363718 0.8180843

10 0.01 FALSE skater_binary_hamming hmp 0.958341481 0.70960195 0.833971716 6374 0.973536365 0.684709826 0.829123096 wmin2 0.962971689 0.617150505 0.790061097 0.81771864

10 0.01 FALSE skater_binary_hamming cct 0.958341481 0.70960195 0.833971716 6374 0.973534146 0.684751282 0.829142714 wmin2 0.962965175 0.617071029 0.790018102 0.81771084

3 0.2 FALSE hclust_binary_hamming wmax1 0.915105314 0.691380478 0.803242896 134335 0.90590822 0.715330139 0.810619179 tippets 0.911336312 0.763588257 0.837462285 0.81710812

3 0.2 FALSE hclust_binary_hamming wmax1 0.915105314 0.691380478 0.803242896 134335 0.90590822 0.715330139 0.810619179 min_bonf 0.911307492 0.763517687 0.837412589 0.81709155

6 0.05 TRUE skater_zscore_euclidean cct 0.952329284 0.738278754 0.845304019 21553 0.957182648 0.751794155 0.854488401 wmin2 0.931034698 0.571234451 0.751134575 0.81697567

3 0.2 FALSE hclust_zscore_euclidean wmax1 0.915105314 0.691380478 0.803242896 107942 0.92711199 0.707563308 0.817337649 fischer 0.933765306 0.726287759 0.830026532 0.81686903

6 0.05 TRUE skater_zscore_euclidean hmp 0.952329284 0.738278754 0.845304019 21553 0.957091407 0.75130763 0.854199518 wmin2 0.930934271 0.571015954 0.750975113 0.81682622

3 0.2 FALSE hclust_binary_hamming wmax1 0.915105314 0.691380478 0.803242896 134335 0.90590822 0.715330139 0.810619179 fischer 0.934902189 0.736304347 0.835603268 0.81648845

3 0.2 TRUE skater_binary_hamming hmp 0.918884554 0.696930351 0.807907453 116192 0.922957884 0.705083978 0.814020931 fischer 0.948127632 0.702039196 0.825083414 0.8156706

3 0.2 FALSE hclust_zscore_euclidean fischer 0.915105314 0.691380478 0.803242896 107942 0.954305501 0.789970777 0.872138139 wmin2 0.898225235 0.644937288 0.771581262 0.8156541

3 0.2 TRUE skater_binary_hamming cct 0.918884554 0.696930351 0.807907453 116192 0.923139222 0.70565478 0.814397001 fischer 0.948078514 0.70037686 0.824227687 0.81551071

3 0.2 FALSE skater_binary_hamming wmax1 0.915105314 0.691380478 0.803242896 134072 0.908684111 0.709708319 0.809196215 tippets 0.914475906 0.753395297 0.833935601 0.81545824

3 0.2 FALSE skater_binary_hamming wmax1 0.915105314 0.691380478 0.803242896 134072 0.908684111 0.709708319 0.809196215 min_bonf 0.914446923 0.753328 0.833887462 0.81544219

3 0.2 FALSE skater_binary_hamming wmax1 0.915105314 0.691380478 0.803242896 134072 0.908684111 0.709708319 0.809196215 fischer 0.935865878 0.731182504 0.833524191 0.8153211

3 0.2 FALSE hclust_binary_hamming fischer 0.915105314 0.691380478 0.803242896 134335 0.944903612 0.805635821 0.875269716 wmin2 0.898163655 0.634434028 0.766298841 0.81493715

10 0.01 FALSE skater_zscore_euclidean cct 0.958341481 0.70960195 0.833971716 5933 0.97074871 0.676475284 0.823611997 wmin2 0.95433854 0.617219458 0.785778999 0.81445424

10 0.01 FALSE skater_zscore_euclidean hmp 0.958341481 0.70960195 0.833971716 5933 0.970746257 0.676439551 0.823592904 wmin2 0.954335179 0.61721443 0.785774805 0.81444647

3 0.2 FALSE skater_binary_hamming fischer 0.915105314 0.691380478 0.803242896 134072 0.945684031 0.808673017 0.877178524 wmin2 0.899486811 0.624878002 0.762182406 0.81420128

6 0.05 TRUE hclust_zscore_euclidean cct 0.952329284 0.738278754 0.845304019 21022 0.957284561 0.742333703 0.849809132 wmin2 0.929617886 0.556835194 0.74322654 0.8127799

6 0.05 TRUE hclust_zscore_euclidean hmp 0.952329284 0.738278754 0.845304019 21022 0.957188258 0.741871868 0.849530063 wmin2 0.929505726 0.55724055 0.743373138 0.81273574

10 0.01 FALSE hclust_zscore_euclidean hmp 0.958341481 0.70960195 0.833971716 5869 0.970898022 0.675374872 0.823136447 wmin2 0.954175761 0.607796896 0.780986328 0.81269816

10 0.01 FALSE hclust_zscore_euclidean cct 0.958341481 0.70960195 0.833971716 5869 0.970899929 0.675320063 0.823109996 wmin2 0.954181333 0.607686347 0.78093384 0.81267185

6 0.05 TRUE unique wmax1 0.952329284 0.738278754 0.845304019 14710 0.932602214 0.687501053 0.810051634 wmin2 0.912275321 0.642352281 0.777313801 0.81088982

6 0.05 FALSE unique wmax1 0.947274124 0.724462663 0.835868394 19569 0.932927156 0.69097537 0.811951263 wmin2 0.911938712 0.648126359 0.780032536 0.80928406

3 0.2 TRUE unique cct 0.918884554 0.696930351 0.807907453 59455 0.915528249 0.73586178 0.825695014 tippets 0.907114137 0.674145658 0.790629897 0.80807745

3 0.2 TRUE unique cct 0.918884554 0.696930351 0.807907453 59455 0.915528249 0.73586178 0.825695014 min_bonf 0.907038203 0.674006238 0.79052222 0.80804156

3 0.2 TRUE unique hmp 0.918884554 0.696930351 0.807907453 59455 0.91530219 0.735411089 0.825356639 tippets 0.906796136 0.673538484 0.79016731 0.80781047



 
223 

Supplemental Table 4: Average correlation for B2 and PD1 replicates for probe-level p values for 

separate statistical filtering cutoffs 

ZSD Cutoff OneHitFilter Probe_Corr_B2 Probe_Corr_PD1 Probe_Corr_Avg 

3 0.2 TRUE 0.918884554 0.696930351 0.807907453 

3 0.2 FALSE 0.915105314 0.691380478 0.803242896 

6 0.05 TRUE 0.952329284 0.738278754 0.845304019 

6 0.05 FALSE 0.947274124 0.724462663 0.835868394 

10 0.01 TRUE 0.966009537 0.749014392 0.857511965 

10 0.01 FALSE 0.958341481 0.70960195 0.833971716 
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Supplemental Table 5: Correlation between technical replicates for tested algorithm parameter settings  

  

OneHitFilter SegmentMethod EpitopePvalueMethod ProteinPvalueMethod Overall_Corr_Avg

TRUE skater_binary_hamming wmax2 tippets 0.896557242

TRUE skater_binary_hamming wmax2 min_bonf 0.89655204

TRUE hclust_binary_hamming wmax2 tippets 0.896523833

TRUE hclust_binary_hamming wmax2 min_bonf 0.896517675

TRUE unique fischer wmin2 0.896065689

TRUE skater_binary_hamming wmax2 fischer 0.894010075

TRUE hclust_binary_hamming wmax2 fischer 0.893848916

TRUE unique fischer fischer 0.893250866

FALSE hclust_binary_hamming wmax2 tippets 0.893192665

FALSE hclust_binary_hamming wmax2 min_bonf 0.89318728

FALSE skater_binary_hamming wmax2 tippets 0.893183642

FALSE skater_binary_hamming wmax2 min_bonf 0.893179121

FALSE unique fischer wmin2 0.891993259

FALSE skater_binary_hamming wmax2 fischer 0.890393614

FALSE hclust_binary_hamming wmax2 fischer 0.890190299

TRUE hclust_zscore_euclidean wmax2 tippets 0.889890591

TRUE hclust_zscore_euclidean wmax2 min_bonf 0.88988621

TRUE skater_zscore_euclidean wmax2 fischer 0.889325421

TRUE skater_zscore_euclidean wmax2 tippets 0.889183554

TRUE skater_zscore_euclidean wmax2 min_bonf 0.889179074

TRUE hclust_zscore_euclidean wmax2 fischer 0.888894212

FALSE unique fischer fischer 0.88888702

FALSE hclust_zscore_euclidean wmax2 tippets 0.886830501

FALSE hclust_zscore_euclidean wmax2 min_bonf 0.886826833

FALSE skater_zscore_euclidean wmax2 tippets 0.886121937

FALSE skater_zscore_euclidean wmax2 min_bonf 0.88611809

FALSE skater_zscore_euclidean wmax2 fischer 0.885953466

FALSE hclust_zscore_euclidean wmax2 fischer 0.885551495

TRUE skater_binary_hamming fischer tippets 0.885410102

TRUE skater_binary_hamming fischer min_bonf 0.885404982

TRUE hclust_binary_hamming fischer tippets 0.884193657

TRUE hclust_binary_hamming fischer min_bonf 0.884188349

TRUE unique wmax2 fischer 0.881528365

TRUE hclust_zscore_euclidean fischer tippets 0.879939028

TRUE hclust_zscore_euclidean fischer min_bonf 0.879935264

TRUE unique hmp fischer 0.879890366

TRUE unique cct fischer 0.879845829

FALSE unique wmax2 fischer 0.879461637

TRUE skater_zscore_euclidean fischer tippets 0.879354751

TRUE skater_zscore_euclidean fischer min_bonf 0.879350668

TRUE skater_binary_hamming fischer fischer 0.878555548

TRUE unique wmax2 wmin2 0.878445197

TRUE hclust_binary_hamming fischer fischer 0.877905359

TRUE unique cct wmin2 0.876641963

TRUE unique hmp wmin2 0.876628716

FALSE unique wmax2 wmin2 0.876577721

TRUE skater_zscore_euclidean fischer fischer 0.876024242

TRUE hclust_zscore_euclidean fischer fischer 0.876014798

TRUE unique fischer tippets 0.874115034

TRUE unique fischer min_bonf 0.874113311

FALSE skater_binary_hamming fischer tippets 0.87325265

FALSE skater_binary_hamming fischer min_bonf 0.873246643

FALSE hclust_binary_hamming fischer tippets 0.872121447

FALSE hclust_binary_hamming fischer min_bonf 0.872115436

FALSE hclust_zscore_euclidean fischer tippets 0.87051832

FALSE hclust_zscore_euclidean fischer min_bonf 0.870513753

FALSE skater_zscore_euclidean fischer tippets 0.869586013

FALSE skater_zscore_euclidean fischer min_bonf 0.86958159

FALSE unique fischer tippets 0.869549569

FALSE unique fischer min_bonf 0.869547224

TRUE skater_zscore_euclidean wmax2 wmin2 0.869166293

TRUE unique wmax2 tippets 0.867834947

TRUE unique wmax2 min_bonf 0.867832096

FALSE skater_binary_hamming fischer fischer 0.867617998

FALSE hclust_zscore_euclidean fischer fischer 0.867327002

FALSE hclust_binary_hamming fischer fischer 0.86706844

FALSE skater_zscore_euclidean fischer fischer 0.867013188

FALSE unique wmax2 tippets 0.866312226

FALSE unique wmax2 min_bonf 0.866310181

FALSE skater_zscore_euclidean wmax2 wmin2 0.866275207

TRUE hclust_zscore_euclidean wmax2 wmin2 0.864941784

FALSE unique hmp fischer 0.863994705

FALSE unique cct fischer 0.86392637

TRUE hclust_binary_hamming wmax2 wmin2 0.863538657

TRUE skater_binary_hamming wmax2 wmin2 0.863444112

FALSE hclust_zscore_euclidean wmax2 wmin2 0.861957635

FALSE unique hmp wmin2 0.860878223

FALSE unique cct wmin2 0.860872272

FALSE hclust_binary_hamming wmax2 wmin2 0.860380321

FALSE skater_binary_hamming wmax2 wmin2 0.8603264

TRUE skater_zscore_euclidean wmax1 tippets 0.856892914

TRUE skater_zscore_euclidean wmax1 min_bonf 0.85688805

TRUE skater_binary_hamming wmax1 tippets 0.856174476

TRUE skater_binary_hamming wmax1 min_bonf 0.856167879

TRUE skater_zscore_euclidean wmax1 fischer 0.856038101

TRUE hclust_binary_hamming wmax1 tippets 0.855686383

TRUE hclust_binary_hamming wmax1 min_bonf 0.855679391

TRUE skater_binary_hamming wmax1 fischer 0.855553709

TRUE hclust_binary_hamming wmax1 fischer 0.855282698

TRUE hclust_zscore_euclidean wmax1 tippets 0.854729723

TRUE hclust_zscore_euclidean wmax1 min_bonf 0.854724537

TRUE hclust_binary_hamming hmp fischer 0.853930685

TRUE hclust_binary_hamming cct fischer 0.853767263

TRUE hclust_zscore_euclidean wmax1 fischer 0.853291532

TRUE unique cct tippets 0.852812624

TRUE unique cct min_bonf 0.852797959

TRUE unique hmp tippets 0.852768871

TRUE unique hmp min_bonf 0.852754832

TRUE skater_binary_hamming hmp fischer 0.851828843

TRUE skater_binary_hamming cct fischer 0.8517474

TRUE hclust_binary_hamming cct tippets 0.847412257

TRUE hclust_binary_hamming cct min_bonf 0.847386184

TRUE hclust_binary_hamming hmp tippets 0.847359353

TRUE hclust_binary_hamming hmp min_bonf 0.847332992

TRUE skater_binary_hamming cct tippets 0.847316295

TRUE skater_binary_hamming cct min_bonf 0.847291835

TRUE skater_binary_hamming hmp tippets 0.847187597

TRUE skater_binary_hamming hmp min_bonf 0.84716457

FALSE skater_zscore_euclidean wmax1 tippets 0.846988028

FALSE skater_zscore_euclidean wmax1 min_bonf 0.84698223

FALSE skater_zscore_euclidean wmax1 fischer 0.846858219

TRUE skater_zscore_euclidean fischer wmin2 0.846248935

FALSE hclust_zscore_euclidean wmax1 tippets 0.845033291

FALSE hclust_zscore_euclidean wmax1 min_bonf 0.845027165

FALSE hclust_zscore_euclidean wmax1 fischer 0.844319986

TRUE hclust_zscore_euclidean fischer wmin2 0.84364593

TRUE hclust_binary_hamming fischer wmin2 0.843618739

FALSE skater_binary_hamming wmax1 fischer 0.843488655

FALSE hclust_binary_hamming wmax1 fischer 0.843385896

FALSE skater_binary_hamming wmax1 tippets 0.84276992

FALSE skater_binary_hamming wmax1 min_bonf 0.842762042

TRUE skater_binary_hamming fischer wmin2 0.842434562

FALSE hclust_binary_hamming wmax1 tippets 0.84241622

FALSE hclust_binary_hamming wmax1 min_bonf 0.842407818

TRUE skater_zscore_euclidean cct tippets 0.841704029

TRUE skater_zscore_euclidean cct min_bonf 0.841679928

TRUE skater_zscore_euclidean hmp tippets 0.841530142

TRUE skater_zscore_euclidean hmp min_bonf 0.841506917

TRUE skater_zscore_euclidean hmp fischer 0.841155547

TRUE skater_zscore_euclidean cct fischer 0.840997286

TRUE hclust_zscore_euclidean cct tippets 0.840497992

TRUE hclust_zscore_euclidean cct min_bonf 0.840474942

TRUE hclust_zscore_euclidean hmp fischer 0.840334905

TRUE hclust_zscore_euclidean hmp tippets 0.840328792

TRUE hclust_zscore_euclidean hmp min_bonf 0.840306375

TRUE hclust_zscore_euclidean cct fischer 0.840143072

FALSE skater_zscore_euclidean fischer wmin2 0.836521562

FALSE hclust_zscore_euclidean fischer wmin2 0.834396375

TRUE unique wmax1 fischer 0.832583769

FALSE hclust_binary_hamming fischer wmin2 0.832462567

FALSE skater_binary_hamming fischer wmin2 0.831258413

FALSE unique cct tippets 0.830084986

FALSE unique hmp tippets 0.830063588

FALSE unique cct min_bonf 0.83006275

FALSE unique hmp min_bonf 0.830041377

FALSE unique wmax1 fischer 0.829010689

TRUE skater_zscore_euclidean wmax1 wmin2 0.827791148

TRUE unique wmax1 tippets 0.827248037

TRUE unique wmax1 min_bonf 0.82724532

FALSE hclust_binary_hamming hmp fischer 0.825549061

FALSE hclust_binary_hamming cct fischer 0.825395696

FALSE unique wmax1 tippets 0.823134687

FALSE unique wmax1 min_bonf 0.823130531

TRUE hclust_zscore_euclidean wmax1 wmin2 0.822554113

FALSE skater_binary_hamming hmp fischer 0.82231566

FALSE skater_binary_hamming cct fischer 0.822230981

TRUE hclust_binary_hamming wmax1 wmin2 0.821353503

TRUE skater_binary_hamming wmax1 wmin2 0.820941389

TRUE hclust_binary_hamming hmp wmin2 0.820160627

TRUE hclust_binary_hamming cct wmin2 0.820120129

TRUE skater_binary_hamming cct wmin2 0.818451402

TRUE skater_binary_hamming hmp wmin2 0.818367144

FALSE skater_zscore_euclidean wmax1 wmin2 0.818083328

FALSE hclust_zscore_euclidean wmax1 wmin2 0.813182918

FALSE hclust_zscore_euclidean hmp fischer 0.812586568

FALSE hclust_zscore_euclidean cct fischer 0.812392203

FALSE skater_zscore_euclidean hmp fischer 0.812376403

FALSE skater_zscore_euclidean cct fischer 0.812213601

FALSE hclust_binary_hamming cct tippets 0.811290719

FALSE hclust_binary_hamming cct min_bonf 0.811259494

FALSE hclust_binary_hamming hmp tippets 0.811246735

FALSE hclust_binary_hamming hmp min_bonf 0.811215238

FALSE skater_binary_hamming cct tippets 0.810091257

FALSE skater_binary_hamming cct min_bonf 0.810061057

FALSE skater_binary_hamming hmp tippets 0.809987272

FALSE skater_binary_hamming hmp min_bonf 0.809957887

FALSE hclust_binary_hamming wmax1 wmin2 0.809420925

FALSE skater_binary_hamming wmax1 wmin2 0.808937403

TRUE skater_zscore_euclidean cct wmin2 0.80773527

TRUE skater_zscore_euclidean hmp wmin2 0.807554214

FALSE skater_zscore_euclidean cct tippets 0.806369487

FALSE hclust_zscore_euclidean cct tippets 0.806364613

FALSE skater_zscore_euclidean cct min_bonf 0.806339333

FALSE hclust_zscore_euclidean cct min_bonf 0.806335257

FALSE skater_zscore_euclidean hmp tippets 0.806223507

FALSE hclust_zscore_euclidean hmp tippets 0.806220555

FALSE skater_zscore_euclidean hmp min_bonf 0.806193914

FALSE hclust_zscore_euclidean hmp min_bonf 0.806191406

TRUE unique wmax1 wmin2 0.80429594

TRUE hclust_zscore_euclidean cct wmin2 0.804125463

TRUE hclust_zscore_euclidean hmp wmin2 0.803988395

FALSE unique wmax1 wmin2 0.801461999

FALSE hclust_binary_hamming hmp wmin2 0.791746792

FALSE hclust_binary_hamming cct wmin2 0.791721445

FALSE skater_binary_hamming cct wmin2 0.789042074

FALSE skater_binary_hamming hmp wmin2 0.788971683

FALSE skater_zscore_euclidean cct wmin2 0.779310655

FALSE skater_zscore_euclidean hmp wmin2 0.779149984

FALSE hclust_zscore_euclidean cct wmin2 0.776987657

FALSE hclust_zscore_euclidean hmp wmin2 0.776861521
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Appendix B: collaborative work that resulted in co-authorship during 

my PhD work 

This appendix outlines additional work that was submitted for publication by members of the Sondel 

lab during my PhD for which I was a contributing author. Each following page provides the title of 

the work, the contributing authors, a short summary of the major findings as well as my 

contributions as a co-author. The following is a list of the included publications.  

B.1: Rakhmilevich AL, Felder M, Lever L, Slowinski J, Rasmussen K, Hoefges A, Van De Voort TJ, 

Loibner H, Korman AJ, Gillies SD, Sondel PM. Effective Combination of Innate and Adaptive 

Immunotherapeutic Approaches in a Mouse Melanoma Model. J Immunol. 2017 Feb 

15;198(4):1575-1584. doi: 10.4049/jimmunol.1601255. Epub 2017 Jan 6. PMID: 28062694  

B.2: Erbe AK, Wang W, Carmichael L, Hoefges A, Grzywacz B, Reville PK, Ranheim EA, Hank JA, Kim K, 

Seo S, Mendonca EA, Song Y, Kenkre VP, Hong F, Gascoyne RD, Paietta E, Horning SJ, Miller JS, Kahl 

B, Sondel PM. Follicular lymphoma patients with KIR2DL2 and KIR3DL1 and their ligands (HLA-C1 and 

HLA-Bw4) show improved outcome when receiving rituximab. J Immunother Cancer. 2019 Mar 

12;7(1):70. doi: 10.1186/s40425-019-0538-8. PMID: 30871628  

B.3: Voeller J, Erbe AK, Slowinski J, Rasmussen K, Carlson PM, Hoefges A, VandenHeuvel S, 

Stuckwisch A, Wang X, Gillies SD, Patel RB, Farrel A, Rokita JL, Maris J, Hank JA, Morris ZS, 

Rakhmilevich AL, Sondel PM. Combined innate and adaptive immunotherapy overcomes resistance 

of immunologically cold syngeneic murine neuroblastoma to checkpoint inhibition. J Immunother 

Cancer. 2019 Dec 6;7(1):344. doi: 10.1186/s40425-019-0823-6. 

B.4: Goldberg JL, Navid F, Hank JA, Erbe AK, Santana V, Gan J, de Bie F, Javaid AM, Hoefges A, 

Merdler M, Carmichael L, Kim K, Bishop MW, Meager MM, Gillies SD, Pandey JP, Sondel PM. Pre -
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existing antitherapeutic antibodies against the Fc region of the hu14.18K322A mAb are associated 

with outcome in patients with relapsed neuroblastoma. J Immunother Cancer. 2020;8(1):e000590. 

doi:10.1136/jitc-2020-000590 

B.5: Baniel CC, Heinze CM, Hoefges A, Sumiec EG, Hank JA, Carlson PM, Jin WJ, Patel RB, 

Sriramaneni RN, Gillies SD, Erbe AK, Schwarz CN, Pieper AA, Rakhmilevich AL, Sondel PM, Morris ZS. 

In situ Vaccine Plus Checkpoint Blockade Induces Memory Humoral Response. Front Immunol. 2020 

Jul 24;11:1610. doi: 10.3389/fimmu.2020.01610. eCollection 2020. PMID: 32849544 

B.6: Baniel CC, Sumiec EG, Hank JA, Bates AM, Erbe AK, Pieper AA, Hoefges A, Patel RB, 

Rakhmilevich AL, Morris ZS, Sondel PM. Intratumoral injection reduces toxicity and antibody-

mediated neutralization of immunocytokine in a mouse melanoma model. J Immunother Cancer. 

2020 Oct;8(2):e001262. doi: 10.1136/jitc-2020-001262. PMID: 33115944 

B.7: Carlson PM, Mohan M, Patel RB, Birstler J, Nettenstrom L, Sheerar D, Fox K, Rodriguez M, 

Hoefges A, Hernandez R, Zahm C, Kim K, McNeel DG, Weichert J, Morris ZS, Sondel PM. Optimizing 

Flow Cytometric Analysis of Immune Cells in Samples Requiring Cryopreservation from Tumor-

Bearing Mice. J Immunol. 2021 Jul 15;207(2):720-734. doi: 10.4049/jimmunol.2000656. Epub 2021 

Jul 14. PMID: 34261667 

B.8: Pieper AA, Zangl LM, Speigelman DV, Feils AS, Hoefges A, Jagodinsky JC, Felder MA, Tsarovsky 

NW, Arthur IS, Brown RJ, Birstler J, Le T, Carlson PM, Bates AM, Hank JA, Rakhmilevich AL, Erbe AK, 

Sondel PM, Patel RB, Morris ZS. Radiation Augments the Local Anti-Tumor Effect of In Situ Vaccine 

With CpG-Oligodeoxynucleotides and Anti-OX40 in Immunologically Cold Tumor Models. Front 

Immunol. 2021 Nov 15;12:763888. doi: 10.3389/fimmu.2021.763888. PMID: 34868010 
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B.9: Heaton AR, Rehani PR, Hoefges A, Lopez AF, Rakhmilevich AL, Erbe AK, Sondel PM, Skala MC. 

Single cell metabolic imaging of tumor and immune cells in vivo in melanoma bearing mice . Front 

Oncol., 20 March 2023; 13: 1110503. doi.org/10.3389/fonc.2023.1110503 
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B.1: Effective Combination of Innate and Adaptive Immunotherapeutic Approaches in 

a Mouse Melanoma Model. 

Rakhmilevich AL, Felder M, Lever L, Slowinski J, Rasmussen K, Hoefges A, Van De Voort TJ, Loibner H, 

Korman AJ, Gillies SD, Sondel PM. Effective Combination of Innate and Adaptive Immunotherapeutic 

Approaches in a Mouse Melanoma Model. J Immunol. 2017 Feb 15;198(4):1575-1584. doi: 

10.4049/jimmunol.1601255. Epub 2017 Jan 6. PMID: 28062694 

In this paper we combine treatments that activate the adaptive and innate immune system to 

further enhance the anti-tumor effect. Using an anti-CD40 mAb and CpG in conjunction has been 

shown to activate macrophages and induce tumor cell killing. By combining anti-CD40 mAb and CpG 

treatment with anti-CTLA4 and an immunocytokine (IC) targeting GD2 and delivering IL-2 to the 

tumor site, we hypothesized to target macrophages using anti-CD40 and CpG and NK cells via IC 

would cause tumor cell death and increased presentation of tumor-associated antigens which then 

will be presented to T cells and cause an adaptive, T cell driven immune response which would be 

further augmented via anti-CTLA4 treatment. This combination treatment was able to reduce the 

amount of T regulatory cells in the tumor microenvironment and lead to a curative anti-tumor 

immune response with immunological memory in the majority of mice.  

My involvement in this work was mainly focused on flow cytometric assays analyzing the tumor 

microenvironment and its immune components. I was also involved in part of the experimental 

planning and design of experiments as well as review of the manuscript.  
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B.2: Follicular lymphoma patients with KIR2DL2 and KIR3DL1 and their ligands (HLA -C1 

and HLA-Bw4) show improved outcome when receiving rituximab. 

Erbe AK, Wang W, Carmichael L, Hoefges A, Grzywacz B, Reville PK, Ranheim EA, Hank JA, Kim K, Seo 

S, Mendonca EA, Song Y, Kenkre VP, Hong F, Gascoyne RD, Paietta E, Horning SJ, Miller JS, Kahl B, 

Sondel PM. Follicular lymphoma patients with KIR2DL2 and KIR3DL1 and their ligands (HLA-C1 and 

HLA-Bw4) show improved outcome when receiving rituximab. J Immunother Cancer. 2019 Mar 

12;7(1):70. doi: 10.1186/s40425-019-0538-8. 

 

In this paper we describe that patients which have the KIR2DL2 gene and its ligand (HLA-C1) as well 

as KIR3DL1 and its ligand (HLA-Bw4) had improved outcome in comparison to patients without these 

genotypes. Furthermore, these patients showed an improved duration of treatment response as 

well as tumor shrinkage as long as they received maintenance treatment. No effect of maintenance 

treatment was seen for patients without this genotype. This shows that the efficacy of tumor-

reactive monoclonal antibody treatment for some patients is influenced by their KIR genes present 

on NK cells. These findings could help for treatment strategy planning and aid in the decision if a 

patient might benefit from rituximab treatment or not.  

My involvement with this work was the analysis and interpretation of genotyping results for the 

different KIRs and HLA genotypes of the patients. I also assisted in the editing of the manuscript.  
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B.3: Combined innate and adaptive immunotherapy overcomes resistance of 

immunologically cold syngeneic murine neuroblastoma to checkpoint inhibition. 

Voeller J, Erbe AK, Slowinski J, Rasmussen K, Carlson PM, Hoefges A, VandenHeuvel S, Stuckwisch A, 

Wang X, Gillies SD, Patel RB, Farrel A, Rokita JL, Maris J, Hank JA, Morris ZS, Rakhmilevich AL, Sondel 

PM. Combined innate and adaptive immunotherapy overcomes resistance of immunologically cold 

syngeneic murine neuroblastoma to checkpoint inhibition. J Immunother Cancer. 2019 Dec 

6;7(1):344. doi: 10.1186/s40425-019-0823-6. 

In this manuscript we describe the generation of a new treatment regimen to cure immunologically 

cold tumors like 9464D-GD2 which is a good model for human neuroblastoma models as it has a low 

tumor mutation burden compared to other tumors, is N-MYC amplified and GD2 positive. The 

conventional in situ vaccine in combination with radiation previously developed in our lab as well as 

the addition of anti-CTLA4 was not able to cure these tumors even at small sizes which furthermore 

indicates that this could be a good model for high-risk neuroblastoma. To be able to cure mice of 

their 9464D-GD2 tumors, these tumors had to be treated with radiation, immunocytokine, anti-

CTLA4 and the TRL agonist CpG and CD40. However, this treatment was not able to induce a curative 

memory response against rechallenge but did slow tumor growth in comparison to naïve mice 

suggesting that a large part of the immune response is coming from the innate immune populations 

like macrophages and monocytes which were increased in the tumor microenvironment as seen 

using flow cytometry.  

My contribution to this work was assisting in the design and analysis as well as acquisition of the 

flow cytometry data characterizing the tumor immune infiltrate and planning and performing the 

IHC-IF staining and flow cytometry to characterize the 9464D-GD2 line vs. its parental GD2-negative 
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cell line in vitro and in vivo. I further assisted in figure generation of the flow and IHC data and 

editing of the manuscript.   
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B.4: Pre-existing antitherapeutic antibodies against the Fc region of the 

hu14.18K322A mAb are associated with outcome in patients with relapsed 

neuroblastoma. 

Goldberg JL, Navid F, Hank JA, Erbe AK, Santana V, Gan J, de Bie F, Javaid AM, Hoefges A, Merdler M, 

Carmichael L, Kim K, Bishop MW, Meager MM, Gillies SD, Pandey JP, Sondel PM. Pre -existing 

antitherapeutic antibodies against the Fc region of the hu14.18K322A mAb are associated with 

outcome in patients with relapsed neuroblastoma. J Immunother Cancer. 2020;8(1):e000590. 

doi:10.1136/jitc-2020-000590 

In this manuscript we descripe an interesting finding in pre-treatment sera of neuroblastoma 

patients. Patients treated with tumor-reactive humanized monoclonal antibody therapy can develop 

a human anti-human antibody (HAHA). During HAHA evaluations, we found that 9 of 38 patients 

treated in a phase 1 study of hu14.18K322A (a humanized anti-GD2 mAb) had anti-therapeutic 

antibody responses in their pre-treatment serum designated as PATA (pre-existing anti-therapeutic 

antibody). These patients had not been exposed to any mAb therapy prior. Only 4 patients of all 38 

patients in the trial showed no disease progression for >2.5 years. All 4 of these patients were PATA 

positive. We were able to characterize binding of these PATA antibodies further. PATA antibodies 

showed reactivity against the Fc portion of hu14.18K322A, binding to Rituximab, Dinutuximab and 

mouse IgG2a isotype antibodies. However, binding was not observed to mouse IgG1 or the fully 

human Panitumumab.  

My involvement with this paper focused on re-organization and formatting of figures, data 

interpretation, editing of the text and performing some confirmatory ELISA assays.  

  



 
233 

B.5: In situ Vaccine Plus Checkpoint Blockade Induces Memory Humoral Response. 

Baniel CC, Heinze CM, Hoefges A, Sumiec EG, Hank JA, Carlson PM, Jin WJ, Patel RB, Sriramaneni RN, 

Gillies SD, Erbe AK, Schwarz CN, Pieper AA, Rakhmilevich AL, Sondel PM, Morris ZS. In situ Vaccine 

Plus Checkpoint Blockade Induces Memory Humoral Response. Front Immunol. 2020 Jul 24;11:1610. 

doi: 10.3389/fimmu.2020.01610. eCollection 2020. PMID: 32849544 

 

This manuscript was the foundation for my thesis work as it demonstrated that the combination of 

radiation, intratumoral immunocytokine, and checkpoint blockade can induce a humoral antibody 

response that is targeted against antigens expressed by B78 melanoma cells. We were able to 

measure these tumor specific antibodies in the serum of disease-free mice for more than 100 days 

after the mice received treatment. However, in this manuscript, we were not able to show that 

these antibodies do have a significant involvement in the anti-tumor immune response generated by 

the in situ vaccine treatment. Furthermore, mice with depleted B cells were still able to generate a 

strong anti-tumor response that cleared these mice of their tumor.  

I contributed to this work by assisting in the cytotoxicity assays as well as the  flow cytometry assays 

to detect tumor-specific antibodies in the serum. I also assisted in the analysis of results and 

generation of figures as well as editing of the manuscript.  
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B.6: Intratumoral injection reduces toxicity and antibody-mediated neutralization of 

immunocytokine in a mouse melanoma model. 

Baniel CC, Sumiec EG, Hank JA, Bates AM, Erbe AK, Pieper AA, Hoefges A, Patel RB, Rakhmilevich AL, 

Morris ZS, Sondel PM. Intratumoral injection reduces toxicity and antibody-mediated neutralization 

of immunocytokine in a mouse melanoma model. J Immunother Cancer. 2020 Oct;8(2):e001262. 

doi: 10.1136/jitc-2020-001262. PMID: 33115944 

 

This manuscript highlights the benefits of local over systemic anti-tumor antibody injection in the 

B78 mouse melanoma model. We were able to show that repeated intravenous injections of a 

humanized immunocytokine increases the frequency of mouse anti-human antibodies (MAHA) that 

target the immunocytokine. In in vitro assays these MAHA antibodies were able to prevent the 

antibody dependent cytotoxicity potential of the immunocytokine when co-cultured. In vivo we 

were able to show that the ability of intravenously injected immunocytokine to bind to B78 tumor 

cells was negatively impacted. However, a presence of MAHA did not seem to influence the binding 

potential of the immunocytokine when injected intratumorally.  

For this manuscript I helped with data generation using flow cytometry for binding inhibition assays 

as well as detection of bound immunocytokine to the tumor in vivo. I further assisted with data 

analysis, experiment design and review of the manuscript.  
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B.7: Optimizing Flow Cytometric Analysis of Immune Cells in Samples Requiring 

Cryopreservation from Tumor-Bearing Mice. 

Carlson PM, Mohan M, Patel RB, Birstler J, Nettenstrom L, Sheerar D, Fox K, Rodriguez M, Hoefges A, 

Hernandez R, Zahm C, Kim K, McNeel DG, Weichert J, Morris ZS, Sondel PM. Optimizing Flow 

Cytometric Analysis of Immune Cells in Samples Requiring Cryopreservation from Tumor-Bearing 

Mice. J Immunol. 2021 Jul 15;207(2):720-734. doi: 10.4049/jimmunol.2000656. Epub 2021 Jul 14. 

PMID: 34261667 

 

In this paper we developed a cryopreservation method for fresh single cell suspensions from mouse 

tumors to analyze via flow cytometry. Our results demonstrated that freezing the samples after all 

staining and fixation was complete most accurately matched the freshly analyzed samples. 

Cryopreservation before staining and fixation resulted in an altered PD1 expression pattern. This 

method is needed to safely analyze radioactive samples as those can only be run on a flow 

cytometer after radiation ahs reached background level and need to be cryopreserved until then.  

My contribution to this work was as a consultant for experimental design and analysis of the flow 

cytometry data. I also assisted in figure design and editing of the manuscript.  
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B.8: Radiation Augments the Local Anti-Tumor Effect of In Situ Vaccine With CpG-

Oligodeoxynucleotides and Anti-OX40 in Immunologically Cold Tumor Models. 

Pieper AA, Zangl LM, Speigelman DV, Feils AS, Hoefges A, Jagodinsky JC, Felder MA, Tsarovsky NW, 

Arthur IS, Brown RJ, Birstler J, Le T, Carlson PM, Bates AM, Hank JA, Rakhmilevich AL, Erbe AK, 

Sondel PM, Patel RB, Morris ZS. Radiation Augments the Local Anti-Tumor Effect of In Situ Vaccine 

With CpG-Oligodeoxynucleotides and Anti-OX40 in Immunologically Cold Tumor Models. Front 

Immunol. 2021 Nov 15;12:763888. doi: 10.3389/fimmu.2021.763888. PMID: 34868010 

 

In this paper we tested the efficacy of CpG and anti-OX40 as an in situ vaccine. While this treatment 

was effective in an A20 lymphoma model, it did not significantly improve survival or tumor response 

in a B78 melanoma or 4T1 breast cancer model. However, combining this treatment with radiation 

enabled a local anti-tumor immune response in B78 and 4T1 tumors. This treatment increased the  

ratio of tumor-infiltrating effector T cells to T regulatory cells as well as CD4+ and CD8+  T cell 

activation in tumor draining lymph nodes and spleen. Radiation increased the expression of OX40 on 

tumor-infiltrating CD4+ non-regulatory T cells. 

I contributed to this work by analyzing the flow cytometry data as well as assisiting with panel 

design. I further helped with graphical representation of the data and editing of the manuscript.  
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B.9: Single cell metabolic imaging of tumor and immune cells in vivo in melanoma 

bearing mice. 

Heaton AR, Rehani PR, Hoefges A, Lopez AF, Rakhmilevich AL, Erbe AK, Sondel PM, Skala MC. Single 

cell metabolic imaging of tumor and immune cells in vivo in melanoma bearing mice. Front Oncol., 

20 March 2023; 13: 1110503. doi.org/10.3389/fonc.2023.1110503 

In this manuscript we report an immunocompetent mCherry reporter mouse model for immine cells 

with CD4 expression either during differentiation or in their mature state and perfrom in vivo 

imaging o fimmune and tumor cells within a B78 melaonma model as well as a single cell 

segmentation algorithm of mCherry-expressing immune cells within in vivo images. We also 

performed flow cytometry of tumor and immune cell populations to complelent in vivo imaging 

data. Some of our findings were that immune cell size increased in tumor compared to spleens, 

immune cells within B78 tumors exhibited decreased FAD mean lifetime and an increased 

proportion of bound FAD compared to immune cells in the spleen. All of these findings are 

consistent with a more activated phenotype of immune cells in the tumor vs. the spleen. We 

propose that this approach can be used to monitor single cell metabolic heterogeneity in tumor cells 

and immune cells to study promising treatments for cancer in the native, label-free in vivo context.  

My contribution to this manauscript was the design, execution and analysis of all flow cytometry 

data included. I designed the panel, dissociated tumors and spleens, stained the samples and ran 

them on the flow cytometer and also performed the analysis. I further helped generate the figures 

based on flow cytometry data and edited the manuscript.  
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