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Abstract 

 

Life science research has entered the systems biology era. Proteomics is a necessary building 

block to complete the biological networks in modern bioanalytical research. Bottom-up 

proteomics where the extracted proteins are enzymatically digested into peptides followed by LC 

separation and tandem mass detection, is still the mainstream proteomics analysis method. 

Because of the high proteome coverage for complex sample analysis, bottom-up strategy 

provides great advantage of obtaining the exploratory picture of the proteome network structure, 

which serves as the first step for proteome dynamics and regulatory mechanistic studies. This 

dissertation is devoted to the development and improvement of LC-MS/MS based analytical 

methods for bottom-up proteomics, and their applications to biological, pharmaceutical, and 

medical research problems.  

A portion of this work involved the application of isobaric labeling-based quantification 

approach, along with other omics techniques, to study the biosynthetic activation mechanism of 

the natural product keyicin from Micromononspora sp. WMMB235. Following this initial study, 

the quantification accuracy of dimethyl amino acid based isobaric tags was further improved by 

incorporating a synchronous precursor selection (SPS)-MS3 strategy. With the optimized 

strategy, proteome regulation of PCSK9 targeting compound HX261 in HepG2 cells was 



 

 

v 

accurately profiled and characterized. By combining in situ photo affinity labeling and click 

chemistry-based affinity enrichment, a chemoproteomics method was developed to identify the 

proximal targets of the drug. These innovative method developments provide useful tools for 

comprehensive understanding of drug action and regulation mechanism during early drug 

discovery process.  

Furthermore, this dissertation also describes the integration of isobaric labeling, electrostatic 

repulsion-hydrophilic interaction chromatography (ERLIC) and hybrid electron-transfer/higher-

energy collision dissociation (EThcD) fragmentation strategy to study the intact N-

glycoproteome in two dysfunctional mouse models of AT-1 mutations. The study proved AT-1 is 

essential to maintain proper organization and engagement of the ER secretory pathway. To 

expand the application of ERLIC enrichment to other PTMs besides N-glycosylation, the mobile 

phases were further optimized. Taking advantage of the observations that well-hydrated 

counterions have the effect of increasing retention of charged analytes in ERLIC, the selectivity 

of modified peptides in ERLIC separation was further improved. A large-scale identification of 

thousands of intact phosphopeptides, N-glycopeptides, and O-glycopeptides was achieved for 

complex mouse brain samples. The method developed in this study can greatly facilitate the 

PTM crosstalk analysis in various disease models.  We anticipate that the technologies developed 

in this work will find versatile applications and benefit numerous areas of biomedical research. 
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Introduction 

 

Around 2000, systems biology emerged as a new paradigm of biological sciences. In contrast 

to the traditional molecular biology research with reductionism philosophy, which focuses on 

studying isolated molecules, the system-level understanding of biological systems is 

unprecedently advocated. The main tasks include understanding the system structures or the 

networks of biomolecules, the system dynamics or the changes of system over time, the control 

method of cell states, and the design method of the biological system construction.1 The 

comprehensive understanding of biological models requires interdisciplinary integration of 

omics research, measurement technology and bioinformatics. Such integrated view of a 

biological system is significant to dissecting cell-regulation mechanisms and will greatly benefit 

mechanism-driven disease research and pharmaceutical research.  

Proteins, as nucleic acids, carbohydrates, and lipids, are one of the most important 

macromolecular components of biological systems. It is also the component that is most actively 

involved in the work of living cells and participates in almost all cell activities.2 Proteins perform 

versatile biological functions, including but not limited to providing mechanic support for cells, 

catalysis, transporting molecules, and signal transmission.3 Systematically studying proteins is 

structurally and functionally necessary to have a comprehensive understanding of the biological 

networks. Proteome is the entire complement of proteins expressed by a genome, cell, tissue or 

organism,4 and proteomics is the process to study proteome. Proteomics is conceptually and 

technically far more complex than its nucleic acid counterpart, genomics. Unlike the relatively 

simple goal of seeking for the complete sequencing of genome, proteomics not only involves 

revealing the protein sequences, but also the protein quantities, post-translational modifications, 
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protein-protein and protein-ligand interactions, etc. From the measurement technology aspect, 

protein analysis lacks the amplification characteristics of PCR for genomics, which is often 

sample amount limited. Fortunately, with decades of technological development, mass 

spectrometry (MS) has emerged as the most prevalent method for proteomic measurements.  

Mass spectrometry is the technique to measure the mass-to-charge ratio of ionized gas phase 

molecules, with the instrument named as mass spectrometer that often consists of the ion 

sources, the mass analyzers, and the detectors. 5 MS was limited to analysis of small and 

thermostable compounds for long. It was not until the invention of two main-stream soft 

ionization methods-electrospray ionization (ESI) and matrix-assisted laser desorption/ionization 

(MALDI), has MS expanded to large biomolecule analysis including proteins and peptides. 6 The 

integration of separation techniques such as liquid chromatography (LC) prior of MS analysis 

further improved the proteomics for complex samples such as whole yeast digest. The complete 

sequencing of genomes from different organisms7–9 and the creation of computational algorithms 

enabled automatic processing of thousands of protein mass spectra. Collectively, bottom-up 

proteomics that combines advanced measurement technology and bioinformatics emerged. 

There are different methods and logics of MS based proteomics, among which bottom-up 

proteomics (i.e. shotgun proteomics) is still the most common and widely used. Bottom-up 

proteomics design contains a basic framework where the extracted proteins are enzymatically 

digested into peptides followed by LC separation and tandem mass detection.10 The MS is often 

conducted in the data dependent acquisition (DDA) mode, where only the precursor ions of top 

intensities are selected for tandem mass analysis. Because of the high proteome coverage of 

complex samples, it provides great advantage of obtaining an overall profile of the proteome 

network structure, which serves as the first step for dynamics and regulatory mechanism study. It 
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also has the limitation of low abundance protein analysis and run-to-run variations from the 

stochastic characteristics of DDA. Other useful methods include targeted proteomics, which 

monitors specific precursor to product ion transitions. Multiple transitions need to be developed 

as an assay for the quantitation of a protein a priori. This method provides higher sensitivity, 

reproducibility, and quantitation accuracy, which is useful as validation proteomics that 

complements the discovery proteomics. Data-independent acquisition (DIA) is an emerging 

strategy, where all precursor ions that fall in a specified mass range are fragmented in a 

systematic and unbiased fashion for product ion analysis via tandem mass detection. 11 DIA has 

high reproducibility and preserves the most analyte information, which enables retrospective 

analysis of the data. However, the data analysis for DIA is much more challenging and 

convoluted than DDA, where it often requires detailed peptide query parameters, sophisticated 

software tools and large informatics resources. In the context of this thesis, most of works were 

accomplished with bottom-up proteomics.  

Built upon the bottom-up proteomics framework, numerous bioanalytical research directions 

have been explored. First, besides mapping the structure of proteome networks by identification, 

large-scale proteome quantitation is useful to study specific biological questions. Quantitative 

proteomics study is often hypothesis-driven. First, a perturbed proteome is generated via 

introducing genetic mutations, drug treatment, stress conditions, etc. Then the protein 

abundances from both the basal and the perturbed proteome are quantified and compared to test 

the hypothesis. From MS strategy aspect, there are three main types of relative quantitation 

methods for shotgun proteomics. Label free quantitation (LFQ) compares the area under the 

curve (AUC) or MS signal intensities of different LC-MS runs of different samples. 10 Stable 

isotope labeling strategy introduces stable isotopes to different samples, and the intensity ratios 
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of their precursor ions with certain mass shifts in the same MS1 spectra are used for quantitation. 

The labels can be introduced metabolically, such as in the stable isotope labeling by amino acid 

(SILAC) approach, or chemically, such as in dimethyl labeling. 12 In the isobaric labeling based 

quantitation, isobaric tag labeled peptides that have identical precursor mass will be 

distinguished and quantified with reporter ions generated at low mass region after fragmentation 

in a tandem mass spectrum. MS combined with isobaric labeling can achieve high throughput 

proteome comparison in one single LC-MS run, providing statistically reliable data that avoids 

run-to-run variations while saving instrument time. 

The bottom-up proteomics has been widely used in modern bioanalytical research, including 

the field of systems biology, pharmaceutical and medical research. In this dissertation, I will 

discuss the method development to improve the accuracy of the isobaric labeling-based 

quantification by SPS-MS3 strategy. I will include the application of chemoproteomics method 

to facilitate drug discovery process. I will describe the development of electrostatic repulsion-

hydrophilic interaction chromatography to facilitate large scale PTM analysis. 

 

Research Summary 

 

    Chapter 1 provides the introduction of proteomics in systems biology era, the shotgun 

proteomics with the focus on quantification perturbed protein networks and proteome post-

translational modifications. Furthermore, it summarizes the main analytical technical advances 

and key findings of each chapter. 

    Chapter 2 is a multiomics study for the biosynthesis activation mechanism of the natural 

product keyicin from Micromononspora sp. WMMB235. 13 WMMB235 has the biosynthetic 
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gene clusters kyc for keyicin. This normally silent cluster can be activated by coculture 

fermentation of WMMB235 with a Rhodococcus sp. WMMA185. Colorimetric assay of keyicin 

shows the keyicin production requires small molecules signals or quorum sensing (QS) between 

WMMA 185 and WMMB 235 instead of the direct cell contact of the two strains. Isobaric 

labeling based quantitative proteomics experiments and transcriptomics show a marginal number 

of biosynthetic proteins and transcripts coded by kyc cluster are upregulated after simulated 

coculturing. LC-MS based metabolomics shows that keyicin analogs and precursors are 

dynamically regulated during coculturing, which correlates with the regulation of kyc encoded 

proteins. The combined multiomics study successfully identified the biosynthetic bottleneck of 

keyicin in monoculture, which provides a method to exploit silent BGCs.  

    In Chapter 3, SPS-MS3 strategy was coupled with dimethyl amino acid based isobaric labeling 

strategy. The quantification accuracy was further improved by optimization of SPS-MS3 

experimental parameters. The method was applied to study the proteomic regulation of a PCSK9 

targeting compound HX261 in HepG2 cells. Potential drug target proteins were identified using a 

click-chemistry based photoaffnity labeling and biotin enrichment method coupled with LC-

MS/MS. 

    Chapter 4 describes a quantitative N-glycoproteomic study enabled by an integrated method of 

isobaric labeling, ERLIC enrichment and EThcD MS fragmentation.14 Nε‑lysine acetylation in 

the ER is an essential component of the ER quality control machinery. A membrane transporter, 

AT‑1/SLC33A1, has the function of transporting acetyl-CoA from cytosol to ER lumen. The 

acetylation of the nascent polypeptides within ER lumen will be modulated by AT-1 expression. 

Two dysfunctional models of AT-1 are developed: AT-1 sTg, a model of systemic AT-1 

overexpression, and AT-1S113R/+, a model of AT-1 haploinsufficiency. Quantitative proteomics 
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and N-glycoproteomics by DiLeu labeling and LC-MS/MS analysis are performed to investigate 

the dynamics of the models. Significant alterations in Golgi-based N-glycan modification, and a 

marked expansion of the lysosomal network were found from the proteomics results. The study 

proves AT-1 is essential to maintain proper organization and engagement of the ER secretory 

pathway. 

    The successful application of ERLIC for N-glycopeptide enrichment in Chapter 4 takes 

advantage of the electrostatic interaction in addition to the hydrophilic interaction in ERLIC. It 

inspired the follow-up study to expand the PTM enrichment target of ERLIC to phosphorylated 

peptides. Chapter 5 is the optimization of ERLIC mobile phases for simultaneous enrichment of 

both N-glyco and phosphopeptides.15 Ten mobile phase compositions of ERLIC were 

systematically compared, showing selectivity difference over modified peptides. This study 

demonstrated good enrichment capability of ERLIC for glyco- and phospho- peptides in a 

complex tryptic digest. Although the study is performed at the solid-phase extraction (SPE) 

scale, the optimized condition can be adapted to the ERLIC HPLC system, where the high 

resolution in separating multiple PTMs will benefit large-scale MS-based PTM profiling and in-

depth characterization. 

    Chapter 6 seeks to further improve the enrichment selectivity and PTM coverage of ERLIC 

coupled with LC-MS/MS analysis. Taking the advantage of counterion optimization in the 

mobile phases, the selectivity of modified peptides in ERLIC was further improved. Large scale 

identification of thousands of intact phosphopeptides, N-glycopeptides and O-glycopeptides was 

achieved. The method developed in the study can facilitate the PTM crosstalk analysis in disease 

models. 

Chapter 7 provides the overall conclusions and future directions of this dissertation. 
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Abstract 

 

    DNA sequencing of a large collection of bacterial genomes reveals a wealth of orphan 

biosynthetic gene clusters (BGCs) with no identifiable products. BGC silencing, for those orphan 

clusters that are truly silent, rather than those whose products have simply evaded detection and 

cluster correlation, is postulated to result from transcriptional inactivation of these clusters under 

standard laboratory conditions. Here, we employ a multi-omics approach to demonstrate how 

interspecies inter-actions modulate the keyicin producing kyc cluster at the transcriptome level in 

cocultures of kyc-bearing Micromonospora sp. and a Rhodococcus sp. We further correlate 

coculture dependent changes in keyicin production to changes in transcriptomic and proteomic 

profiles and show that these changes are attributable to small molecule signaling consistent with 

a quorum sensing pathway. In piecing together the various elements underlying keyicin 

production in coculture, this study highlights how omics technologies can expedite future efforts 

to understand and exploit silent BGCs. 

 

Introduction 

 

    One of the seminal findings in the arena of infectious disease over the last 20 years has been 

the realization that quorum sensing (QS) among microbial organisms plays a critical role in 

dictating how microbes govern themselves.1−3 Microbial QS entails the generation of 

extracellular chemical signals, which accumulate in the local environment; once they reach a 

threshold concentration (and thus a “quorum” of cells has accumulated), the transcription of 

group-specific genes is activated. Ultimately, these QS-driven changes in transcription constitute 
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the expression of group-beneficial behaviors, including but not limited to virulence and biofilm 

formation. 4 Accordingly, it comes as no surprise that numerous campaigns to devise new 

“antivirulence” agents have targeted bacterial QS systems. 5-7 Generally speaking and informed 

by the pressing global need to identify new antimicrobial agents, most QS systems studied thus 

far have involved intraspecies interactions. Indeed, this makes perfect sense as intraspecies 

interactions needed to gain a “quorum” would be expected of “self-governing” mechanisms 

needed for a group of cells to achieve common goals. 

 

    That said, it is in this intraspecies realm that QS has most recently captured the imaginations 

of drug discovery scientists by influencing microbial secondary metabolic pathways. In short, it 

is now clear that QS mechanisms offer one means of activating (or “de-repressing”) otherwise 

silent biosynthetic gene clusters (BGCs) leading to the production of new natural products. For 

instance, elegant work by Hertweck and co-workers revealed the critical role that LuxR-based 

QS plays in silencing the biosynthesis of thailandamide A lactone in wildtype Burkholderia 

thailandensis. 8 Subsequent work by Seyedsayamdost and co-workers recently revealed that the 

QS-controlled transcriptional regulator ScmR serves as a global gatekeeper of secondary 

metabolism in Burkholderia thailandensis E2649 and repressor of numerous BGCs, whereas 

Greenberg and co-workers have shown that QS in B.thailandensis impacts biosynthetic gene 

clusters that code for the synthesis of malleobactin, malleilactone, quinolones, rhamnolipids, and 

others. 10 Importantly, all of these QS systems are of the LuxI/LuxR class that is typical of Gram- 

negative bacteria. 11 These systems consist of a LuxI-type synthase that produces a diffusible N-

acyl L-homoserine lactone (AHL) signal, and a LuxR-type receptor that binds the AHL and 

activates transcription of QS-controlled genes. AHLs constitute the extracellular chemical 
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signals by which bacteria communicate en route to self-governance. 12-14 By extension, the 

relevance of interspecies associations to BGC activation processes holds tremendous promise 

and now constitutes an area of active investigation within our laboratory.  

    It is now clear that QS mechanisms offer one viable means by which to modulate the 

biosynthetic machineries housed within specific microbes. Specifically, the activation of 

otherwise silent or “orphan” BGCs is a particularly exciting application of QS pathways since it 

is now well established that microbial genetic diversity and possibilities far exceed previous 

expectations with respect to secondary metabolism and the natural product-based drug leads to 

which they give rise. For instance, a survey of only 1154 genomes revealed >10000 distinct 

biosynthetic gene clusters (BGCs), a number that is 10-fold greater than the TOTAL number of 

experimentally characterized BGC’s currently in the MIBiG repository. 15-17 Alarmingly, no 

small molecule-to-BGC correlation can be made for the overwhelming majority of these clusters. 

18-23 

Activation of silent BGCs (identified by genomics) has been achieved by (i) changing growth 

conditions, (ii) chemical elicitors, (iii) targeted genetic modifications, (iv) alterations to 

transcriptional machineries, and (v) heterologous expression methods;22 although comprehensive 

correlations of natural product biosynthesis to changes in transcriptomics or proteomics have 

rarely been achieved. Genomic information alone, though useful from BGC mining initiatives, is 

insufficient to unveil and make available new secondary metabolites; transcriptomic, proteomic, 

and metabolomic data play indispensable roles in producing new structures from otherwise silent 

BGCs. 

Coculturing different microbes has also been shown to activate silent BGCs,24−28 and resulting 

metabolites are likely attributable to interspecies QS mechanisms that alter one or more of the 
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factors noted above. Consistent with this notion, we recently reported that coculturing of 

Micromonospora sp. WMMB235 and a Rhodococcus sp. WMMA185 enabled the production of 

a new glycosylated anthracycline constructed by a large type II PKS, keyicin. Neither bacterium, 

in isolation, produced keyicin. 29 Despite the excitement and significance of this finding, little is 

known about how these organisms synergize to generate keyicin. 

Early studies into keyicin production revealed WMMB235 as the producer of keyicin (1, 

Figure 1a) in coculture [see Figure S10, Supporting Information for statistical analysis 

(triplicates) via PCA]. 29 This conclusion was supported primarily by two key findings. The first 

one was that only WMMB235 harbored a BGC (termed previously and herein kyc) able to code 

for all the machinery anticipated to be necessary for keyicin assembly; this was first illuminated 

upon PRISM30 and AntiSmash31−33 processing of the WMMB235 genome. Both analyses 

identified kyc as a large anthracycline type biosynthetic gene cluster housing several 

glycosyltransferases (GTs) envisioned as essential to keyicin assembly (Supporting Information). 

Second, fermentations in which the two microbial species were separated with a 0.2 μm cell 

impermeable membrane led, over time, to inhibited Rhodococcus sp. WMMA185 growth and 

increased keyicin production; this assay highlighted the antibacterial properties of keyicin as well 

as the absence of any required interspecies cell−cell contacts. 29  

We focus here on understanding how Micromonospora sp. WMMB235 and Rhodococcus sp. 

WMMA185 collaborate to produce keyicin via the application of genomics, transcriptomics, and 

proteomics technologies. We pay special attention to identifying biosynthetic bottleneck 

processes as well as keyicin analogs and how these findings might translate to other silent BGC 

systems. We also test the hypothesis that a LuxR-type receptor homologue, embedded within the 

keyicin BGC (kyc) dictates keyicin production in a fashion consistent with QS. 
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Results and Discussion 

 

    Keyicin Production Is Small-Molecule-Triggered. To unequivocally determine the mode 

of interaction between WMMB235 and WMMA185, we expanded on the results of previously 

reported two chamber fermentation assays. 29 We found that keyicin production, as detected by 

colorimetric analysis (lmax = 470nm), from WMMB235 could be triggered simply by subjecting 

WMMB235 to supernatant from monocultured Rhodococcus sp. WMMA185. When inoculated 

into cell free media from a WMMA185 culture grown for 4 days, WMMB235 clearly generated 

1 as reflected by production of keyicin’s unique chromophore; the efficiency of keyicin 

production using WMMA185-derived supernatant was virtually identical to that seen in live 

coculture experiments, suggesting that nutrient depletion (by live WMMA185) exerts little to no 

influence upon the kyc machinery of WMMB235 (Figures S6 and S7, Supporting Information). 

This result clearly put to rest any possibility that WMMB235 and WMMA185 are involved in a 

dynamic communication system that requires both participants to be alive or active. Moreover, 

this experiment showed that WMMA185 produces a small molecule inducer of keyicin 

biosynthesis even in the absence of WMMB235, suggestive that QS may play an important, 

though not exclusive, role in triggering kyc BGC activation. Activation of keyicin biosynthesis 

by WMMB235 using only supernatants from monocultured WMMA185 also strongly affirms 

that keyicin biosynthesis is in response to a small molecule signal from WMMA185 and not a 

nutrient depletion or competition phenomenon.  

Transcriptomic Activation of the kyc Cluster and Keyicin Production in Coculture. Early 

sequencing efforts made clear that keyicin assembly in coculture could be ascribed only to 
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WMMB235. 29, 34 To evaluate how kyc biosynthetic genes are impacted by the presence of 

WMMA185, we collected cells from days 2 and 5 of the cultures of WMMB235, WMMA185, 

and their coculture; LC/MS and colorimetric analyses (λmax = 470 nm) revealed that keyicin was 

not produced in substantial quantities until day 4 of fermentation. Illumina sequencing of each 

mRNA collection enabled alignments of the resulting RNASeq data for the two genomes in order 

to parse transcript reads for WMMB235 (producer). The aggregate value of reads per kb/million 

reads aligning to annotated ORFs (RPKMO) of the gene clusters was calculated from the number 

of reads for each gene in the cluster that could be mapped to the genome. 35 This value was 

normalized to cluster length to ensure accurate representation of the smaller gene clusters in the 

genome relative to the large kyc cluster. Overall, the kyc cluster had RPKMO values of 1303.0 

and 267 in monoculture on days 2 and 5, respectively. In coculture, the same RPKMO values 

were 1849.1 at day 2 and 2267.7 at day 5, consistent with significantly increased transcription of 

the kyc cluster in the presence of WMMA185 and the commensurate reduction of the same 

transcripts over time in monocultured WMMB235.  

Further differential gene expression analyses (DGE) were conducted on day 5 data using 

EdgeR software36 allowed us to quantitate the magnitude of differential expression of each 

WMMB235 gene in coculture relative to monoculture as a fold-change of read counts, along 

with the significance of this difference as adjusted p-value or false discovery rate (FDR). The 

volcano plot representative of this analysis (Figure 1b) revealed that, of all upregulated orfs 

within the complete WMMB235 genome, putative kyc cluster genes were among the most 

upregulated and had the lowest rates of false discovery. In fact, the vast majority of orfs within 

the kyc cluster showed at least a 2-fold (to the log2) increase in gene expression. These 

transcriptomic analyses suggested that the presence of WMMA185 induces the transcriptional 
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activation of the kyc cluster. We posit that, in the absence of WMMA185, WMMB235 channels 

resources to other metabolic machineries unrelated to the assembly of 1. These findings are 

critical to expanding our understanding of the “omics” behind keyicin production as well as the 

potential role that QS plays in kyc cluster activation in Micromonosopora sp. WMMB235. 

A Role for Quorum Sensing through LuxR in kyc Cluster Activation? Our ability to 

correlate kyc BGC expression within WMMB235 to the production of 1, coupled with the 

realization that pathway-specific regulators often cluster within or proximal to BGCs,37 inspired 

us to search the kyc cluster for regulatory gene candidates. This search revealed, among others, a 

luxR-type transcriptional regulator termed herein kyc5. In view of LuxR’s well established role 

in QS in Gram-negative bacteria,1,38,39 we posited that Kyc5 activation (via AHL exposure) may 

trigger keyicin production. Accordingly, we investigated the impact of established LuxR- 

selective ligands upon keyicin production. A library of 96 AHLs and related analogs (both 

natural products and synthetics) were screened for the ability to trigger keyicin production by 

monocultures of WMMB235.  

A range of putative LuxR ligand concentrations were investigated, and even at the lowest 

concentration (1 nM), six compounds (Figure 2a) were found to activate keyicin production as 

detected by increases in absorbance at 470 nm, which is diagnostic for production of the keyicin 

aglycone. The fold change in production of 1 was calculated by measuring the absorbance of cell 

supernatants of WMMB235 spiked with inducers (in DMSO) compared to its monoculture 

treated with DMSO alone. AHL-triggered keyicin production by WMMB235 was not as 

pronounced as in the WMMB235/WMMA185 coculture system (Figure 2b) indicating that 

production of 1 is subject to more than just one regulatory element. This, combined with the 

absence of any decipherable luxI homologues in the WMMA185 genome,40 suggests that the 
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LuxR pathway in the WMMA185/WMMB235 coculture system may respond to alternative 

(non-AHL) signals. Alternatively, kyc activation may be triggered by an altogether different 

mechanism. Although luxI/luxR are well studied in Gram-negative bacteria, it is only recently 

that these have been found not only in Gram-positive bacteria but also in other kingdom 

representatives.41,42 In fact, several genomic studies across different species have found many 

QS-related luxR type genes that are unpaired to a cognate luxI to synthesize the signaling 

molecule and thus encode “orphan” LuxR receptors or “solos”. 43, 44 This supports our hypothesis 

that an “orphan” LuxR in Micromonospora sp. may be involved in interspecies communication 

by interacting with the small molecule signal from Rhodococcus sp. It is altogether possible that 

keyicin production may require pathways in addition to, or even instead of, LuxR. For instance, 

efficient production of pyocyanin, a phenazine virulence factor produced by Pseudomonas 

aeruginosa calls upon a total of three separate, but interwoven regulatory systems. 45 The results 

of Figure 2 may reflect a similar scenario in which LuxR-type signaling plays an important but 

not exclusive role in kyc cluster activation. In the absence of other clear and readily testable 

regulatory elements related to kyc activation, we sought to better understand the proteomics and 

transcriptomics of the WMMB235/WMMA185 coculture. 

Isobaric Tagging Reveals Important Proteomic Profiles Unique to 

WMMB235/WMMA185 Coculture. We applied a quantitative proteomics approach to evaluate 

WMMB235/WMMA185 cocultures to identify unique ele- ments of coculture that could be 

clearly correlated to kyc cluster activation and biosynthesis of 1. Proteomics initiatives were 

carried out on 5-day long and 8-day long fermentations in order to most accurately capture 

protein levels. To reduce the complexity of samples subjected to proteomics, we employed a 

simulated coculture system wherein the supernatant of WMMA185 (5 d fermentation) was used 
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as the WMMB235 growth medium. This enabled us to more confidently assign proteomic 

signatures to the keyicin producer and not Rhodococcus products. Established DiLeu tagging 

methods46 allowed us to multiplex all samples and generate quantitative data on proteins of 

WMMB235 origin. 

A marginal number (i.e., 12) of putatively biosynthetic proteins coded for by the kyc cluster 

(∼49 based on kyc orfs) were identified from the 8-day fermentation of WMMB235 (Figure 3); 

these included four glycosyltransferases (GTs) (Kyc12, Kyc20, Kyc25, and Kyc32), all of which 

are significantly upregulated in coculture, as well as the putative dehydratase (Kyc7), β-keto acyl 

synthase (Kyc14), epimerase (Kyc16), cytochrome P450 (Kyc26), and dTDP-4-dehydro-

rhamnose 3,5-epimerase (Kyc28). The GTs Kyc12, Kyc20, and Kyc32 are all homologous to 

AknK, which is the GT responsible for adding the second and third 2-deoxy-L-fucose moieties 

during aclacinomycin biosynthesis (MIBiG, BGC0000191). 47 Kyc25, on the other hand, shares 

61% identity with CosG, a GT known to transfer aminodeoxysugars like L-rhodosamine during 

biosynthesis of cosmomycin D (MIBiG, BGC0001074). 48 In depth sequence analyses for 

Kyc28 revealed 69% similarity to the sugar 3′-5′ epimerase SnogF (accession no. A0QSK5.1) 

involved in the deoxyhexose pathway required for nogalamycin assembly.49 Interestingly, this 

protein was one of the few found in our initial proteomics study to be predominant in the 

coculture compared to the WMMB 235 monoculture. 29 Additionally, Kyc26 was reported to 

have 42% protein identity with SnogN, 29 which in turn shares similarity with AknT (43%) and 

CosT (39%) and is also considered to be involved in the deoxyhexose pathway, especially in the 

biosynthesis of nogalamine. 50 The closest homologue to Kyc16 is a putative NDP-sugar 4-

ketoreductase encoded within the versipelostatin gene cluster (MIBiG, BGC0001204). 

Importantly, Kyc14 with 65% identity with AknC, also from the aclacinomycin biosynthetic 



 

 

20 

pathway, is the only kyc orf product found thus far that plays a role in the biosynthesis of the 

keyicin aglycone. Overall, four of the 12 proteins (33%) identified at the late 8 d fermentation 

are GTs suggesting that glycosylation likely takes place following aglycone assembly, that is, 

late in keyicin biosynthesis. As such, the GTs involved in keyicin production appear to function 

as true tailoring enzymes. Such a profile is consistent with other anthracycline biosynthetic 

studies where hydroxylated aglycone intermediates added exogenously to fermentation systems 

serve as efficient substrates for glycosylation. 51 

Coculture Dependent Proteomic Changes Correlate to kyc Cluster Metabolomics. The 

prominent changes in GT production found in coculture versus monoculture inspired us to 

investigate the prospect that keyicin analogs or precursors might be generated during coculture 

and other related keyicin-generating conditions but may have evaded detection. This hypothesis 

was further supported by the clear presence of many other compounds with distinct retention 

times in coculture extracts, all of which contained a chromophore with unique absorption at λ = 

470 nm and MS/MS signals at m/z = 550.1696 and 586.1899 representative of the keyicin 

aglycone (Figure S4, Supporting Information). The relationship of these molecules with keyicin 

could be easily identified by subjecting the liquid chromatography tandem mass spectrometry 

(LC-MS/MS) analyses of coculture extracts collected over a fermentation period of 14 days to 

Global Natural Product Social (GNPS) Molecular Networking52 and subsequent visualization by 

Cytoscape53 (Figure 4). By tracking the node representative of keyicin (m/z 805.347), we 

identified the subcluster that contained the keyicin analogs and intermediates. On mapping the 

AUC (Area Under Curve) for each of the parent masses identified in the cluster at each time 

point, we discovered that many of these signals initially increased in intensity and then gradually 

subsided with time consistent with the biosynthetic progression leading ultimately to keyicin and 
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away from incompletely glycosylated intermediates or precursors. For example, a doubly 

charged peak on the chromatogram corresponding to m/z values of 661.3050 and 645.7829 show 

a distinct temporal pattern. We propose that these signals represent differentially glycosylated 

analogs of keyicin. The m/z value of 645.7829 is consistent with decilonitrose,29 the adduct 

resulting from the absence of keyicin’s terminal 2-deoxy-fucose (S7, Figure 1). Additionally, the 

absence of both S3 and S7 (Figure 1) is likely reflected by the m/z signal at 661.305 (Figure S5, 

Supporting Information). 

Having identified changes to the transcriptomic and proteomic profile as well as the players in 

keyicin production, and realizing that these changes likely invoke coculture-dependent changes 

that go beyond changes in kyc expression, we next sought to investigate kyc-specific 

transcriptional changes as well as those of the whole WMMB235 genome. 

Impacts of Coculture on the WMMB235 Genome Revealed by Transcriptomics. 

Transcriptomic evaluation of the Micromonospora sp. WMMB235 genome in WMMB235/ 

WMMA185 cocultures dramatically expanded what we know about kyc activation as well as the 

modulation of other WMMB235 embedded BGCs. These efforts also provided clarity into how 

Rhodococcus-derived small molecule induction can be correlated to changes in protein 

expression and production and commensurate biosynthesis of 1. Notably, transcriptomics 

analysis of the kyc cluster revealed that effectively all orfs within the cluster show some level of 

overexpression. Only kyc4, 5, 30, 31, 39−42, and 53 showed less than a 4-fold increase in 

expression relative to WMMB235 monoculture (Figure 5). Interestingly, kyc30 and kyc31, both 

coding for transcriptionally suppressive regulators (Table S3, Supporting Information) were 

slightly suppressed under coculturing (FC < 1.0). With respect to kyc cluster-specific changes, it 

is clear that the overwhelming majority of kyc cluster elements in WMMB235 monoculture 
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suffer from limited transcription relative to coculture. That coculture driven transcriptomic 

enhancements are so much more dramatic than those seen at the proteomics level suggests that 

the production of 1 in WMMB235 monoculture is most likely limited or bottlenecked at a 

transcriptional level. 

The clustering of biosynthetic genes on bacterial chromosomes enables computational 

approaches to identifying sources of new natural products.54 Although the biological logic for 

defining and identifying a BGC is conserved, different algorithms approach BGC prediction 

differently. AntiSmash v3.0 data processing for the WMMB235 genome34 revealed the presence 

of 50 putative BGCs, whereas PRISM processing of the same data set revealed the presence of 

10 putative BGCs. The abundance of BGCs found by AntiSmash can be attributed to the low 

confidence/high novelty algorithm of ClusterFinder to identify BGCs. This probabilistic 

algorithm is optimized for detecting unknown types of gene clusters and consequently gives 

relatively high rates of false positives in the results. 15, 33, 54 As such, we restricted our 

transcriptomics analyses to only BGCs that resulted from PRISM; as expected, these same BGCs 

were also identified by AntiSmash processing of the WMMB235 genome. 

In addition to their correlation of kyc cluster elements (i.e., transcripts and protein levels) to 

the production and structure of 1, transcriptomics on the WMMB235 genome revealed that many 

other putative BGCs (annotated using PRISM) undergo transcriptomic changes in response to 

coculture with Rhodococcus sp. WMMA185. These include, as summarized in Table 1, several 

hybrid NRPS-type I PKS gene clusters (BGC4, 5, 6, 8), a type II PKS (BGC3), an AT-less type I 

PKS (BGC2), and clusters encoding a putative enediyne (BGC7) and lanthipeptide (BGC10). 

Impressively, of the 10 putative BGCs identified, nine are positively impacted by the presence of 

WMMA185 during fermentation, and of these, kyc was the dominantly impacted cluster (Figure 
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6). This transcriptomics finding is especially interesting since all 10 BGCs, except for kyc which 

has 79% similarity to aclacinomycin, have little similarity to known clusters in the MIBiG 

repository, making them orphan clusters (Table 1). Tentative mapping of BGC2−10 is shown in 

Figure 7, and prominent in these findings is the presence of luxR orfs embedded within BGC3 

and 8. These findings bolster our hypothesis that new chemical scaffolds are yet to be found in 

WMMB235 and that coculturing or its emulation (e.g., via LuxR activation with synthetic AHLs 

or WMMA185-derived LuxR agonists) may enable a host of new natural product discoveries.  

Coculturing WMMB235 with WMMA185 appeared to impair transcription for only two 

BGCs within the WMMB235 genome, BGC2, a type I PKS−NRPS hybrid with a trans-

acyltransferase (AT) domain, and BGC9, which is a type I PKS. The closest homologous cluster 

for BGC2 is that of leinamycin56 (MIBiG, BGC0001101) with only 15% similarity. This cluster, 

in particular, is interesting as its expression is enhanced early on during coculturing but is then 

slightly repressed by day 5. Perhaps most interesting about this finding is that, of the BGC2 orfs 

suppressed in coculture at day 5, those involving transport are the most strongly represented. 

Though further studies await, we envision that diminished transporter production with respect to 

BGC2 may represent some form of defense by way of restricted extracellular access. 

BGC9 is the smallest BGC identified of the 10 found in the WMMB235 genome and is a type 

I PKS with only 7% similarity to any known BGC, chlorizidine A (MIBiG, BGC0001172) 

(Table 1). For BGC2, eight genes had >1 log negative fold change on day 5 (Table S4, 

Supporting Information), which notably included all the transporter genes. For BGC9, orf 

downregulation was prominent and consistent over the full course of coculture fermentation. 

BGC9 suppression, as reflected in Figure 6 was dramatic relative to all other BGCs noted. A 

point-by-point assessment of specific orfs within BGC9 that were negatively impacted by 
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coculturing is shown in Table S5 (Supporting Information). Unlike the BGC2 case, there is no 

one group or type of gene that is significantly downregulated although it is clear that elements of 

the PKS machinery for BGC9 are clearly impacted by coculturing. We posit that this may simply 

be a random event, or more enticingly, this may represent one means by which WMMB235 turns 

down production of a BGC9 encoded product. This may benefit the organism by allowing raw 

materials to be more wisely used given the competitive conditions of coculturing, or it may be a 

direct means of self- defense.  

Transcriptomics of the WMMB235 genome made clear the ubiquity with which this organism 

appears to employ LuxR- based QS systems in embedded BGCs. BGC8 (Figures 6 and 7) was 

found to contain 184.203 kbp of information and to encode for a hybrid NRPS−type I PKS 

cluster with 22 modules and with 3-amino-5-hydroxy benzoic acid (AHBA) as a predicted 

substrate in one of the synthetase/ligase domains (Figure 7). A large group of natural products in 

the family of ansamycins, mitomycins, and saliniketals utilize AHBA as a precursor,64 although 

BGC8 is only 35% similar to the closest ansamycin BGC of rifamycin (MIBiG, BGC0000137). 

More telling about BGC8 is that, in contrast to kyc, it contains two luxR genes, both of which 

code for products with 36% similarity to GdmRII (ABI93788.1). GdmRI and GdmRII are known 

homologues of LuxR proteins that positively regulate the production of geldanamycin in 

Streptomyces hygroscopicus 17997. 65 This suggests that BGC8, in addition to kyc, may also be 

regulated using small molecule inducers. Notably, although BGC8 is an orphan cluster, similar 

clusters are present in other Micromonospora sp. such as Micromonospora sp. strain B006. 66 

Finally, it warrants noting that, besides kyc and BGC8, these transcriptomics studies revealed the 

presence of two luxR genes within the type II PKS-encoding BGC3. It is clear that WMMB235 
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embedded BGCs harbor the potential to exploit LuxR-based QS pathways, presumably to 

regulate secondary metabolism in response to assorted cellular challenges.  

Changes in Global KEGG Categorization. Analysis of transcriptomics and genomics data 

for WMMB235 monocultures versus WMMB235/WMMA185 cocultures using Kyoto 

Encyclopedia of Genes & Genomes (KEGG) software revealed further insight into changes that 

occur within WMMB235 during coculture and that likely have a bearing on the expression of the 

kyc and other BGCs and their products. 

As reflected in Figure 8, significant shifts are seen based on the duration of fermentation (2 vs 

5 days) as well as the presence or absence of WMMA185. Particularly interesting are the 

significant increases in carbohydrate metabolism, energy metabolism, and metabolism of 

terpenoids and polyketides observed in coculture at day 5 (Figure 8, lane 4). Perhaps also 

noteworthy is the apparent reduction in translational capacity at day 5 in coculture relative to 

WMMB235 monoculture. Notably, these changes are reflective of altered gene expression with 

respect to the whole WMMB235 genome and most certainly encompass changes that have a 

bearing on keyicin production. Indeed, it is likely that the results of these KEGG studies can be 

understood, in part, by the transcriptomics changes depicted in Figure 6. In essence, the results 

shown in Figures 6 and 8 are clearly related; whereas Figure 6 conveys kyc cluster specific 

changes, Figure 8 provides a more global view of how WMMB235 genome readout and 

processing changes in response to coculturing with WMMA185.  

Future Directions. In sum, the ability to track transcriptomic and proteomic information in 

relation to WMMB235/WMMA185 coculture and subsequent keyicin production sheds 

significant insight into the activation of kyc, an otherwise silent BGC. That keyicin production is 

also triggered by a panel of established QS ligands for LuxR supports the involvement of a 
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LuxR-based system in dictating whether WMMB235 can generate keyicin. The correlation of 

these omics data, QS results, and keyicin biosynthesis support the notion that, by comparing 

BGC host transcriptomes, proteomes, and metabolomes between monoculture and coculture 

scenarios, the identification of biosynthetic bottlenecks in monoculture as well as strategies by 

which to circumvent or overcome such bottlenecks is readily feasible. Our findings suggest that 

monocultured WMMB235 suffers from one or more transcriptionally based bottlenecks with 

respect to keyicin assembly. This logic is apparent when comparing transcriptomic and 

proteomic profiles of WMMB235 monoculture versus WMMB235/WMMA185 (or related) 

systems. At the same time, delineating possible regulatory differences in mono- and cocultures is 

envisioned to expand our understanding of microbial combinations able to activate cryptic 

BGCs. 

 

Methods 

 

Transcriptomics. WMMA185 and WMMB235 were grown in monoculture and coculture in 

triplicate as described previously. 29 Aliquots of 1.5 mL were taken from day 2 and day 5 for 

each sample and frozen at −80 °C. At the end of the experiment, the samples were thawed and 

centrifuged to collect the cell mass. Cells were lysed by freezing the samples in liquid nitrogen 

and mechanically breaking them in a mortar and pestle. The RNA was extracted using RNAeasy 

Plus Mini Kit according to the manufacturer’s instructions (Supporting Information) and sent to 

UW-Madison Biotech Center for sequencing, quality control, and read mapping. RNAs used to 

generate transcriptomics data originated from mono- and coculture fermentations whose 

metabolomics analyses reproducibly adhered to expectation. Briefly, the rRNA was depleted 
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using Ribo-Zero rRNA removal kit (Epicenter), and TruSeq Total RNA v2 Illumina library was 

prepared. The samples were subjected to Illumina HiSeq 2500 at 1 × 100 bp read length. 

Extensive QC was conducted on the resultant sequencing data (Supporting Information) and 

showed high quality reads. The filtered RNA sequences were aligned with Bowtie 267 to contigs 

in the WMMB235 assembly using the end-to-end alignment options “-very-sensitive -no-

discordant -no-unal”. The WMMB235 assembly was annotated with Prokka68 and normalized 

reads per kbp of gene per million (RPKM) reads was calculated for each ORF annotated. 

Differential gene expression for RNA-Seq results from day 5 were analyzed using EdgeR with 

GLM after alignment of each of the two species, WMMB235 and WMMA185, to a “hybrid” 

genome created from both. Functional Kyoto Encyclopedia of Genes and Genomes (KEGG) 

categories were assigned to the predicted protein sequences for WMMB235 using MEGAN69 

with previously described methods. 70 KEGG trees were uncollapsed two levels in MEGAN, and 

all assignments except for “organismal systems” and “human diseases” were exported to a csv 

file (with the columns “read name” and “KEGG name”). Calculated RPKM values and the 

MEGAN csv table were used to calculate proportions of the WMMB235 transcriptome that 

corresponded to each KEGG category. 

Proteomics. WMMA185 was grown in 100 mL culture in triplicate in ASW-D media for a 

period of 5 days. The content of each of these culture flasks was then vacuum filtered through 

0.2 μm PES filters (Thermo Scientific Nalgene Rapid-Flow Sterile Disposable Filter Units) and 

transferred to three new flasks. These were inoculated with WMMB235 and incubated in a 

shaker. Aliquots after 5 and 8 days of culture were taken and frozen in −80 °C freezer. The cells 

were lysed using a lysis buffer (10 mL) containing 8 M urea (4.8048 g), 50 mM Tris Base (60.57 

mg), 5 mM CaCl2 (5.5 mg), 20 mM NaCl (17.5 mg), 1 EDTA-free Roche protease inhibitor 
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tablet (11836170001), 1 Roche PhosSTOP phosphatase inhibitor tablet (04906845001), and 25 μ

L of 12.1 N HCl (to make pH ≈ 8). To 100 μL of cell lysate, 500 μL of lysis buffer was added. 

This was vortexed and subsequently sonicated with a probe sonicator by applying 12 15s pulses 

at 50% amplitude, each followed by a 30 s rest period. Care was taken to ensure the sample was 

kept cold. The sample then underwent trypsin digestion using 2 μg of trypsin and incubating for 

18 h at 37 °C. Subsequently, the samples were labeled using Dileu (Supporting Information), 

following a published protocol. 46 Labeled day 5 or day 8 bacterial peptides were combined as 6-

plex mixtures. The mixtures were purified by strong cation exchange liquid chromatography 

(SCX LC) with a PolySULFOETHYL A column (200 mm × 2.1 mm, 5 μm, 300 Å, PolyLC, 

Columbia, MD). Eluates containing labeled peptides were collected with an FC-4 fraction 

collector (Rainin Dynamax) and dried under vacuum. Samples were then fractionated with a 

Kinetex C18 column (5 μm, 100 Å, Phenomenex, Torrance, CA) at pH = 10 into 8 fractions. 

Each fraction was dried under vacuum several times. 

Peptides in each fraction was reconstituted in 0.1% formic acid (FA) and subjected to reversed 

phase LC-MS/MS analysis with an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo 

Fisher Scientific, San Jose, CA) interfaced with a Dionex Ultimate 3000 UPLC system (Thermo 

Fisher Scientific, San Jose, CA). Peptides were loaded onto a 75 μm inner diameter 

microcapillary column custom-packed with 15 cm of bridged ethylene hybrid C18 particles (1.7 

μm, 130 Å, Waters). Labeled peptides were separated with a 120 min gradient from 3% to 30% 

ACN with 0.1% FA, followed by 10 min to 75% ACN, and then 10 min to 95% ACN. After that, 

the column was equilibrated at 3% ACN for 15 min to prepare for the next injection. Survey 

scans of peptide precursors from 350 to 1500 m/z were performed at a resolving power of 60000 

and an AGC target of 2 × 105 with a maximum injection time of 100 ms. The top 20 intense 
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precursor ions were selected and subjected to the HCD fragmentation at a normalized collision 

energy of 27% followed by tandem MS acquisition at a resolving power of 30000 and an AGC 

target of 5 × 104, with a maximum injection time of 54 ms and a lower mass limit of 110 m/z. 

Precursors were subjected to a dynamic exclusion of 45 s with a 10 ppm mass tolerance. 

Raw files were processed with PEAKS Studio (Bioinformatics Solutions Inc., Waterloo, ON, 

Canada). Trypsin was selected as the enzyme with the maximum two missed cleavages. Spectra 

were first annotated by de Novo sequencing then searched by PEAKS 7.0 against a 

transcriptome predicted protein database for WMB235, where the parent mass error tolerance 

was set to be 25.0 ppm and fragment mass tolerance was 0.3 Da. Fixed modifications included 

DiLeu labels on peptide N-termini and lysine residues (+145.12801 Da) and 

carbamidomethylation on cysteine residues (+57.02146 Da). Dynamic modifications included 

oxidation of methionine residues (+15.99492 Da) and deamidation of asparagine and glutamine 

residues (+0.98402 Da). Quantitation was performed with a reporter ion integration tolerance of 

20 ppm with the peptide score threshold of 20.0. Protein quantitative ratios were calculated using 

unique peptides. Reporter ion ratios for protein groups were exported to Excel workbook, and 

Student t test was performed with biological triplicates. Proteins that had >50% fold change and 

p < 0.05 were filtered as significantly changed. 

Metabolomics. WMMB235 and WMMA185 cultures grown in triplicate for transcriptomics 

analysis were allowed to grow for 14 days and were also used to collect aliquots of 1.5 mL for 

metabolomic analyses. The collected samples were processed using solid phase extraction and 

and analyzed using UHPLC/UV/qTOF-HRESI-MS/MS. 29, 71 Briefly, solubilized extracts in 10:1 

H2O/MeOH were subjected to automated SPE using a Gilson GX-271 liquid handling system. 

Briefly, extracts were loaded onto EVOLUTE ABN SPE cartridges (25 mg absorbent mass, 1 
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mL reservoir volume; Biotage, S4 Charlotte, NC), and eluted with MeOH (500 μL) directly into 

an LC/MS-certified vial. LC/MS data were acquired using a Bruker MaXis ESI-qTOF mass 

spectrometer (Bruker, Billerica, MA) coupled with a Waters Acquity UPLC system (Waters, 

Milford, MA) operated by Bruker Hystar software. Chromatographic separations were achieved 

with a gradient of MeOH and H2O (containing 0.1% formic acid) on an RP C-18 column 

(Phenomenex Kinetex 2.6 μm, 2.1 mm × 100 mm; Phenomenex, Torrance, CA) at a flow rate of 

0.3 mL/min. The method was as follows: 1−12 min (10%−97% MeOH in H2O) and 12−14 min 

(97% MeOH). Full scan mass spectra (m/z 150−1550) were measured in positive ESI mode. The 

mass spectrometer was operated using the following parameters: capillary, 4.5 kV; nebulizer 

pressure, 1.2 bar; dry gas flow, 8.0 L/min; dry gas temperature, 205 °C; scan rate, 2 Hz. Tune 

mix (ESI-L low concentration; Agilent, Santa Clara, CA) was introduced through a divert valve 

at the end of each chromatographic run for automated internal calibration. The full scan spectra 

were followed by MS/MS spectra acquisition at variable scan speed ranging from 0.5 to 2 Hz. 

CID energy varied linearly, 30, 25, and 20 eV for 500 m/z, 50, 40, and 35 eV for 1000 m/z, and 

70, 50, and 45 eV for 2000 m/z for charge states of 1, 2, and 3, respectively. The precursor list 

was set to exclude precursor ions for 1.00 min after 3 spectra with the same precursor ion have 

been acquired. Bruker DataAnalysis 4.2 software was used for analysis of chromatograms and to 

convert MS/MS data from d files to mzXML. These files were then uploaded to the Mass 

Spectrometry Interactive Virtual Environment (MassIVE) server 

(https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp) and networked using the GNPS 

pipeline. 52 Parent ions with at least three fragments were considered in the network. A cosine 

similarity score of 0.7 for the fragmentation spectra was used. The resulting networks were 

visualized using Cytoscape 3.5.1 (www.cytoscape.org/cy3.html).53 The network containing 
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parent ions representative of keyicin (m/z 805.347 and 797.35) was extracted and further 

analyzed. For each of the ions in the network, the AUC was calculated from the corresponding 

LC-MS data using the integrate method in the DataAnalysis software. These values were fed 

back into Cytoscape to color the nodes using continuous mapping color for each day. 

AHL Induction Assay. Seed cultures of WMMB235 were grown in five portions of 10 mL of 

ASW-D media (Supporting Information). 3,72,73 After 3 days of culture, polypropylene square 96-

deep well microplates (Enzyscreen, The Netherlands) containing 500 μL of ASW-D were 

inoculated with 15 μL of WMMB235, and 5 μL of AHL dissolved in DMSO at five 

concentrations was added to it in triplicate. Monocultures and coculture controls were also 

inoculated as described before. 71 The culture plates were incubated at 30 °C for 14 days and 

shaken at 300 rpm. Subsequently, the plates were centrifuged at 3000 rpm for 20 min (Eppendorf 

Centrifuge 5810R), the supernatants were transferred to a Corning Clear Polystyrene 96-Well 

Microplate, and the absorption at 470 nm was recorded using a BioTek Synergy microplate 

reader. 
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Table 1. BGCs Identified Within the Mociromonospora sp. WMMB235 Genome as Annotated 
by PRISMa 

 
BGC no. cluster annotation closest known homologous BGCb 
1 keyicin aclacinomycin(55) (72%) 

(BGC0000191) 
2 AT-less PKS leinamycin(56) (15%) 

(BGC0001101) 
3 type II PKS xantholipin(57) (16%) 

(BGC0000279) 
4 NRPS-T1PKS bleomycin(58) (12%) (BGC0000963) 
5 NRPS-T1PKS azicemicin(59) (13%) 

(BGC0000202) 
6 NRPS-T1PKS  
7 enediyne tiancimycin(60) (19%) 

(BGC0001378) 
8 AHBA BGC rifamycin(61) (35%) (BGC0000137) 
9 T1PKS chlorizidine A(62,63) (7%) 

(BGC0001172) 
10 lanthipeptide   

aAssigned cluster numbers correlate to all subsequent tables and figures. 
bValues in parentheses correspond to percentatge of genes similar to those in the WMMB235 embedded cluster and 
MiBIG number, respectively. 
 
 

 
Figure 1. Structure of coculture-dependent polyketide keyicin 1 (a) and differential gene 
expression from WMMB235 genome in coculture with Rhodococcus sp. WMMA185 (b). Genes 
from the kyc gene cluster are indicated as red spheres within the circled (dashed lines) region. 
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Figure 2. AHL inducers of keyicin. (a) Six out of 96 AHLs screened for kyc cluster activation 
and subsequent keyicin production: 2 and 3 are natural AHLs, whereas 4–7 are synthetic. (b) 
Increase in keyicin production shown as positive log fold change in the absorbance at 470 nm on 
treatment with AHLs compared to untreated monoculture; absorbance at 470 nm also enables 
detection of aglycone-containing precursors to 1. Coculture with WMMA185 shown as positive 
control (red bar). AHLs 2 and 3 are the native LuxR signals in P. aeruginosa and V. fischeri, 
respectively.(3) 
 

 
Figure 3. Summary of quantitative proteomics studies of WMMB235 fermented in WMMA185 
supernatant (Rhodococcus cell free) for 8 d. FC, Fold change as compared to WMMB235 
monoculture conditions. N = 3, P < 0.05. 
 

 
Figure 4. GNPS and Cytoscape visualization of keyicin analog masses (from LC-MS/MS of 
cocultured WMMB235) reflect varying extents of glycosylation over time (days 2, 5, 8, and 14). 
Continuous color mapping for each node in the network represents the relative concentrations of 
the species for which MS data is shown. Color intensities correlate to concentrations of each 
species for which MS data is acquired. The m/z signal for keyicin (805.347) is indicated at each 
time point with a thick diagonal arrow. 
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Figure 5. Summary of kyc cluster orf expression profiles in WMMB235/WMMA185 coculture 
compared to those generated in WMMB235 monoculture. Out of 49 orfs within the kyc cluster, 
only 6 undergo less than a 4-fold increase in expression and two (kyc30, 31 in red) appear to be 
suppressed in coculture. That these orfs appear to be dispersed at 3–4 different groupings within 
the kyc cluster suggests that kyc cluster regulation calls for more than just one global regulator. 
Beyond the earlier stated orf-to-function projections, a comprehensive listing of kyc genes and 
their putative roles in keyicin biosynthesis is provided in Table S3 of Supporting Information. 
FC, fold change. False Discovery Rate (q-value) for each gene expression change ≪ 0.01. 
 

 
Figure 6. Global changes in BGC expression profiles in cocultured WMMB235 shown as 
logarithm of the fold change (FC) with base 2. The RPKMO over all the ORFs annotated by 
PRISM for each cluster were used to calculate the overall FCs. BGC numbers correlating to 
Table 1 are above each relevant bar, and expression profiles were obtained following 2 day 
(blue) or 5 day (purple) fermentations. N = 3. 
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Figure 7. Early schematics of BGC2–10 (Table 1, Figure 6) from WMMB235 as annotated 
using both PRISM and AntiSmash. Blue ORFs indicate core biosynthetic operons. Transporter 
operons in BGC2 (yellow), luxR operons found in BGC3 and 8 (green), and AHBA synthase 
genes (red) in BGC8 are all highlighted. 
 

 
Figure 8. Summary of KEGG mapping for WMMB235 monoculture versus coculture with 
WMMA185. Lane contents are shown by combination of bracketing and lane coding below the 
categories listing. Coculturing and duration of fermentations both impact gene expression within 
WMMB235. Categories of function not abundant enough to depict graphically involved cell 
communication, cell motility, and signal molecules and interaction. All other categories are 
depicted in one or more of lanes 1–4. 
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Chapter 3 
 
 

Synchronous Precursor Selection-MS3 and 
Chemoproteomics Assisted Compound Discovery Targeting 

Proprotein Convertase Subtilisin/Kexin Type 9 (PCSK9) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Contributions: This project is a collaboration between our lab and Prof. Weiping Tang’s lab. 
Compounds were synthesized by Dr. Haibo Xie, cell samples with compound treatment, in situ 
labeling and affinity enrichment were performed by Dr. Ka Yang from Tang lab. Bottom-up 
proteomics and chemoproteomics sample preparation, MS-based analysis and data analysis were 
performed by myself in Li lab. 
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Abstract 

 

Cardiovascular diseases (CVDs) have been one of the major death-causing diseases in the US 

and worldwide. Elevated blood cholesterol level is one of the major risk factors of 

atherosclerosis and CVDs. The most commonly used cholesterol lowering medication statins has 

their limitation of drug resistance and drug intolerance. Proprotein Convertase Subtilisin/Kexin 

Type 9 (PCSK9) is an emerging novel therapeutic target of CVDs that has been validated by 

various studies. By inhibiting PCSK9, low-density lipoprotein (LDL) Receptors can be rescued 

from PCSK9 binding and lysosome degradation, which will benefit cellular intake of LDL 

cholesterol and consequently lowering CVD risks. The existing monoclonal antibody drugs 

against PSCK9 has their limitations of low cross membrane ability and relatively high cost. To 

fulfill the gap of lacking efficient analytical method for discovering better small molecule drugs 

against PCSK9, mass spectrometry (MS) was used for its sensitivity, speed and ability to analyze 

complex drug treated cell model systems with high throughput. Isobaric labeling based LC-ESI-

MS/MS quantitation was conducted to study the drug induced proteome remodeling in HepG2 

cells. Synchronous precursor selection (SPS)-MS3 method was developed for DiLeu tags, 

improving the quantitation accuracy. Potential drug target proteins were identified using click-

chemistry based photoaffnity labeling and biotin enrichment method coupled with LC-MS/MS. 

Overall, the MS based proteomics and chemoproteomics helped to optimize the choices and 

structures of the PCSK9 targeting lead compounds by more closely predicting their success or 

failure and identifying the ligand substrates. The study showed HX261 is a potential cost-

effectice CVD treatment drug, which might benefit the vast majority of cholesterol-lowering 

medication consumers.  
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Introduction 

 

Cardiovascular disease (CVD) is a general term for a broad range of heart and blood vessel 

diseases, the common forms of which include stroke, congenital cardiovascular defects, heart 

rhythm disorders, sudden cardiac arrest, coronary heart diseases, cardiomyopathy, peripheral 

artery diseases, etc.1 CVDs have been one of the major death-causing diseases in the US and 

worldwide. According to the statistics, in 2013, the overall rate of death attributable to CVD was 

222.9 per 100 000 Americans. In other words, more than 2200 Americans die of CVD each day, 

an average of 1 death every 40 seconds. Only 46.6% of adults have ideal cholesterol levels 

(untreated total cholesterol <200 mg/dL).1 Many CVDs are related to a process called 

atherosclerosis, where the plaque that is made of cholesterol, fatty substances, cellular waste 

products, calcium and fibrin deposits in and clogs arteries. Therefore, elevated blood cholesterol 

level is one of the major risk factors of atherosclerosis and CVDs. More and more people are 

choosing to take cholesterol-lowering medications to reduce the risk of atherosclerotic CVD, 

among which statins is the most commonly used type of drugs,2 for its ability to inhibit HMG-

CoA reductase and block the pathway for synthesizing cholesterol in the liver. Along with the 

increasing usage, the resistance problem of statins is also coming into people’s sight, where the 

low-density lipoprotein lipoprotein cholesterol (LDL-C) reducing effect fails to meet the 

expectation.3 Various studies have shown that the proprotein convertase subtilisin/kexin type 9 

(PCSK9) gene is of great interest as an emerging new therapeutic target for CVDs especially in 

the consideration of statin resistance.4,5 PCSK9 is a 692-amino acid protein involved in the 

intracellular and extracellular regulation of LDL receptors (LDLR).6 When binding to hepatic 
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LDL Receptor on the cell surface, it can reroute LDLR from endosome to lysosome and promote 

its degradation instead of recycling to cell surface for LDL-C intake.5–7 Thus, strong evidence 

shows developing drugs against PCSK 9 target will assist statin therapy and further suppress the 

CVD risks. In fact, there has been several monoclonal antibody (mAb) drugs (alirocumab or 

SAR236553/REGN727 and evolucumab or AMG 145) in the market that were reported to 

reduce LDL-C level to 40-60%, which is better than mipomersen and lomitapide that target the 

messenger RNA coding ApoB-100 and the microsomal triglyceride transfer protein 

respectively.8–10 However, mAb drugs have their own limitations such as lacking cross 

membrane abilities and the high cost, which makes the development of alternative small 

molecule drugs highly desirable. Tang lab has discovered a series of bis aromatic heterocycle 

ketones have high potency against PCSK9. This work aims at using mass spectrometry based 

quantitative proteomics as a powerful analytical method to assist the optimization of the highly 

potent lead compound.  

MS when combined with multiplex isobaric labeling, where different experimental groups 

(control and compound treated) are labeled with tags that have identical precursor mass but will 

be distinguished at low mass region after fragmentation in a tandem mass spectrum, can achieve 

high throughput proteome comparison in one single LC-MS run, providing statistically reliable 

data that avoids run-to-run variations while saving instrument time. Besides the commercially 

available isobaric tags such as the tandem mass tag (TMT) and the isobaric tags for relative and 

absolute quantitation (iTRAQ), Li lab has developed cost-effective dimethyl amino acid based 

alternatives, such as dimethyl leucine (DiLeu) and dimethyl alanine (DiAla) with comparable 

performance.11,12 Conventional method uses MS2 spectra for both identification and 

quantification, where it suffers from reporter ion ratio distortion that caused by co-isolation of 
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interfering precursor ions and the co-fragmentation at MS2 level. Synchronous precursor 

selection (SPS) MS3 strategy is to select multiple ions in MS2 spectra by ion trap excitation to 

undergo further fragmentation and quantified the reporter ions at MS3 level. SPS-MS3 is 

reported to be more accurate and reliable in TMT quantitation experiments.13  

Quantitative proteomics can systematically validate the action of a novel chemical entity 

(NCE) by analyzing the regulated biological pathways with treatment. On the other hand, 

proteomics coupled with covalent labeling that can convert the ligand-substrate interactions into 

covalent interactions, facilitating the down-stream MS identification of the direct interactors of 

NCE in vitro. The chemoproteomics strategy have been found useful in mechanism-driven drug 

development processes. For example, Parker, Cravatt and coworkers reported a 

chemoproteomics platform to globally map the reversible small molecule fragment and protein 

interactions. They used a photoreactive group diazirine and an alkyne group to modify the drug 

fragments of interest, which constituted the fully functionalized fragment (FFF) probes that are 

able to photoaffinity label the interacted proteins upon UV radiation in vivo. After that, either a 

fluorescence dye tetramethylrhodamine (TAMRA)-azide or a biotin-N3 was “clicked” onto the 

FFF probe labeled proteome followed by analysis via SDS-PAGE fluorescence imaging or LC-

MS/MS after enrichment.14 

    In this study, SPS-MS3 method was optimized with DiLeu and DiAla tags for more accurate 

proteome quantitation in regards to PCSK9 targeting NCE treatment. With the proteomics assay 

screened most potent NCE, click chemistry based chemoproteomics strategy was developed to 

facilitate the identification of the protein substrates of NCE ligand. The results showed HX261 as 

a promising compound to inhibit PCSK9 and treat CVD. The integrated method can be adapted 
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to other systematical drug action and mechanism studies, potentially benefiting the rational drug 

design for other disease targets.  

 

Experimental Section 

 

Constructing the Interfered Proteome with HEK293 and Yeast. 

To build an interfered proteome model for optimization of SPS-MS3 method, HEK293 cell 

line and yeast proteome were chosen. HEK293 cells were obtained from the American Type 

Culture Collection (ATCC) and lysed in the lysis buffer (8M urea, 50 mM Tris, pH=8, 5 mM 

CaCl2, 20 mM NaCl, 1 EDTA-free Roche protease inhibitor tablet and 1 Roche PhosSTOP 

phosphatase inhibitor tablet) with a probe sonicator. Yeast lysate was obtained from Promega 

(Madison, WI). The trypsin digestion, desalting and DiLeu labeling followed previously 

described protocols. To be brief, protein concentrations from lysates were measured by the 

Bicinchoninic Acid Assay (Pierce, Rockford, IL) according to the manufacture’s protocol. 

Proteins were reduced in 5 mM DTT for 1h at room temperature, followed by alkylation in 15 

mM IAA for 30 min in the dark. After quenching the alkylation, an aliquot of proteins were 

digested with trypsin at 37 ºC for 18 hours, while the other will be digested with Lys-C at 37 ºC 

for 4 hours. Digestion was quenched by TFA and the digested peptides were then be desalted on 

a C18 SepPak cartridge (Waters, Milford, MA), and dried in vacuum before labeling.  

1mg DiLeu or DiAla tags were mixed with DMTMM and NMM at 0.6×molar ratios to tags in 

anhydrous DMF. The mixtures were vortexed at room temperature for 30 min to activate the 

tags. After that, the digested peptides that are reconstituted in 0.5M TEAB were labeled by 

mixing the activated label solution at a 10:1 label to peptide mass ratio and vortexed at room 
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temperature for 2 h. The reaction was quenched by adding 5% NH2OH to the final concentration 

of 0.25% and dried under vacuum.  

To construct the labeled peptide mixture with the known ratio of isobaric tags, HEK293 

peptides labeled with DiLeu 115, 116, 117 and 118 or DiAla 73, 74, 75, 76 were combined at the 

total peptide mass of 8 μg, 16 μg, 32 μg and 64 μg respectively, while the labeled yeasts peptides 

were combined at 30 μg for each isobaric tag channel. Peptides from the 2 species were then 

combined together with the same total peptide mass. Strong cation exchange liquid 

chromatography (SCX LC) was used to cleanup the excess tags with a PolySULFOETHYL A 

column (200mm × 2.1 mm, 5 μm, 300 Å, PolyLC, Columbia, MD). Elutes containing labeled 

peptides were collected with a FC-4 fraction collector (Rainin Dynamax) followed by C18 

SepPak cartridge desalting, and drying under vacuum.  

Optimizing SPS-MS3 Parameters for DiLeu and DiAla labeled Peptides. 

Peptides were reconstituted in 0.1% Formic Acid (FA) and subjected to reversed phase LC-

MS analysis with an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher 

Scientific) interfaced with a Dionex Ultimate 3000 UPLC system (Thermo Fisher Scientific). 

Mass spectrometry settings: Survey scans of peptide precursors from 300-1500 m/z were 

performed at a resolving power of 120k with an AGC target of 5×105 and maximum injection 

time of 150 ms. The top 15 precursors were selected for HCD or EThcD MS2 analysis with an 

isolation window of 2.0 Th, where  the normalized collision energy and the ETD reaction time 

for each charge states were optimized at a resolving power of 15k, an AGC target of 2×105, a 

maximum injection time of 150 ms and a mass range of 150-2000 m/z. Precursors were 

subjected to dynamic exclusion for 45 s with a 10 ppm tolerance. In MS3 settings, top 6, 8 or 10 

fragment ions in every MS2 spectrum were selected with an isolation window of 2 m/z to 
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undergo further HCD fragmentation with a normalized collision energy of 55 and generating 

MS3 spectra with a resolving power of 15 k for 4 plex or 60 k for 12 plex experiments, an AGC 

target of 5×104, a maximum injection time of 250 ms and a lower mass limit of 110 m/z for 

DiLeu labeling or 70 m/z for DiAla labeling were used.  

Raw data were processed by Proteome Discoverer with embedded Sequest server. MS spectra 

were searched against the UniProt human proteome database. Static modifications included 

DiLeu or DiAla on lysine residues and peptide N-termini and carbamidomethylation on cysteine. 

Dynamic modifications included methylation and deamidation, which have been proven to be 

common modifications in DiLeu labeling experiments. The MS2 spectra were used for peptide 

identification, while the MS3 spectra in SPS-MS3 runs were used for reporter ion quantification. 

The median reporter ion ratios over the lightest reporter ion channel for HEK293 proteome were 

compared with the theoretical ratio. The group that had the closest ratios compared with the 

theoretical was defined as the optimal condition and the optimal parameters were used in the 

following proteomics assay to evaluate the drugs’ potential on PSCK9 regulated proteome 

remodeling. 

SPS-MS3 Quantitation for DiLeu and DiAla labeled Peptides from HX261 treated 

HepG2 Cells. 

After the evaluation of SPS-MS3 experimental parameters, the proteomic regulations of 

HepG2 cells treated with HX261were evaluated in comparison with DMSO treated control 

group. Briefly, harvested HepG2 cells were homogenized, then lysed in 8M urea buffer with a 

probe sonicator. Tryptic peptides were prepared with the same workflow described in prior 

sections. Peptides from three DMSO treated groups were labeled with DiLeu 115a, 117a and 

117c and the three HX261 treated groups were labeled with DiLeu 116a, 118a and 118c. 
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    Labeled peptide mixtures were purified by SCX with a PolySULFOETHYL A column 

(200mm × 2.1 mm, 5 μm, 300 Å, PolyLC, Columbia, MD). Elutes containing labeled peptides 

were collected by a FC-4 fraction collector (Rainin Dynamax) and dried under vacuum. The 

cleaned samples were then fractionated with a Kinetex C18 column (5 μm, 100 Å, Phenomenex, 

Torrance, CA), and a binary mobile phase at pH=10 (mobile phase A is 10 mM aqueous 

ammonium formate and mobile phase B is 10 mM ammonium formate in 90% ACN). Gradient 

was set as following: 0-3 min 1% B phase; B phase linearly increased to 35% from 3-50 min, 

then quickly increased to 60%, 70% and 100 in 4 min, 4 min, and 2 min respectively, after which 

the column was washed by 100% B phase for 15 min. Eluents in the linear gradient were 

collected by 2-min intervals and combined into 12 fractions. Each fraction was dried under 

vacuum.  

LC-MS/MS analysis was performed with SPS-MS3 method as described by previous section. 

Mass spectrometer was operated in a top 20 data-dependent acquisition mode with SPS-MS3 

fragmentation. Survey scans of peptide precursors from m/z 350 to 1500 were performed at 

resolving power of 60K and AGC target of 2×105 with a maximum injection time of 100 ms. 

Tandem MS2 acquisition was at resolving power of 30K, AGC target of 1×104 and dynamic 

exclusion of 45 s of 20 ppm mass error tolerance. The top 20 intense precursor ions were 

selected and subjected to HCD fragmentation at a normalized collision energy of 27% and 

maximum injection time of 35 ms. The top 8 notches were co-selected for an SPS-MS3 scan 

with HCD collisional energy at 55%, resolving power at 30K, AGC target at 5×104  and 

maximum injectiontime of 54 ms.  
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Data were processed with Proteome Discoverer 2.1 with Sequest search as described in 

previous sections. Differentially regulated proteins upon drug treatment that have a p-value<0.05 

from Student t test were reported for functional analysis.  

Chemoproteomics with In situ Labeling of HX3-031 and Affinity Enrichment 

HepG2 cells was cultured in 100mm-dish or 6-well plate to reach over 90% confluent. Culture 

medium was removed. Then cells were washed once with serum-free medium and treated with 

probe or vehicle in serum-free medium at 37°C for 40 mins. UV irradiation of 365nm was 

processed at 4°C for 10 mins. Then cells were washed twice with cold PBS and scraped. Cells 

was centrifuge at 3000xg for 3 mins and resuspend in PBS supplemented with 1% Triton-X100 

and protease inhibitor cocktail (Roche, 1 tablet per 10 mL). After sonicated for 1 minute (3s-on, 

3s-off and 50% Amp) at 4 °C, cells were centrifuged at 16,000xg at 4°C for 15 mins to remove 

cell debris and insoluble proteins. Soluble supernatant was collected and store at -80°C if needed.  

Total protein concentration of lysate was adjusted to 0.5mg/mL with PBS. To 100uL lysate 

(50ug protein), 11uL freshly prepared “click-chemistry” mixture  containing 0.1mM TBTA) (6 

uL/sample, 1.7mMin 1:4 DMSO:t-BuOH), 1mM CuSO4 (2 uL/sample, 50 mM in H2O), 12.5 

mM Cy5-azide (1 uL/sample, 1.25 mM in DMSO), and 1 mM TCEP (2 uL/sample, 50 mM in 

H2O) was added and gently vortexed for 1h. Resulting mixture was added 250uL cold 

MeOH/CHCl3 (4:1) and 100uL cold PBS sequentially. Upper aqueous solution was removed 

after 2,000xg centrifugation for 10 mins at 4°C. Remaining organic solution was added with 

400uL cold MeOH/CHCl3 (4:1). Centrifugation at 2,000xg for 5 mins at 4°C was processed to 

pallet the protein. Removal of liquid and air-dry was followed by addition of 50uL 1X Laemmli 

Loading Dye. 25uL of boiled sample at 95-100°C for 5 mins was then subjected to 7.5-12% 

SDS-PAGE. In-gel fluorescent imaging of gel was generated by ChemiDoc MP Imaging 
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Systems (Bio-rad). To afford loading control image, gel was stained by Coomassie Brilliant Blue 

G-250 (Thermo Scientific) and destained in 50% MeOH and 10% acetic acid. 

Total protein concentration of lysate was adjusted to 0.5mg/mL with PBS. To 2 mL lysate (1 

mg protein), 210 uL freshly prepared “click-chemistry” mixture containing 0.1mM TBTA (120 

uL/sample, 1.7mMin 1:4 DMSO:t-BuOH), 1mM CuSO4 (40 uL/sample, 50 mM in H2O), 100 

uM Biotin-PEG3-azide (10 uL/sample, 20 mM in DMSO), and 1 mM TCEP (40 uL/sample, 50 

mM in H2O) was added and gently vortexed for 1h. Resulting mixture was added 5 mL cold 

MeOH/CHCl3 (4:1) and 2 mL cold PBS sequentially. Supernatant aqueous solution was removed 

after 2,000xg centrifugation for 5 mins at 4°C. Remaining organic solution was added with 10 

mL cold MeOH/CHCl3 (4:1) and then the liquid mixture was gently removed followed by 

addition of 10 mL cold MeOH/CHCl3 (4:1). Centrifugation at 2,000xg for 10 mins at 4°C was 

processed to pallet the protein. Removal of liquid and third addition of 10 mL cold 

MeOH/CHCl3 (4:1) was followed by 1-minute sonication (3s-on, 3s-off and 50% Amp) at 4 °C. 

Centrifugation at 2,000xg for 5 mins at 4°C was processed to pallet the protein again. Removal 

of liquid and air-dry was followed by resuspension in 400 uL 6M Urea (in PBS) contain 8 uL 

10% SDS (in PBS) by 2-minute sonication (3s-on, 3s-off and 50% Amp). The resuspended 

solution was centrifuged at 2,000xg for 5 mins at room temperature to remove insoluble proteins. 

Supernatant was collected and add 40 uL of neutralized TCEP (1:1 mixture of 200 mM TCEP in 

PBS and 600 mM K2CO3). After 30 minutes incubation at 37 °C, the solution was add 56 uL 400 

mM Iodoacetamide (in PBS) incubated for 30 minutes at room temperature protected from light. 

Resulting solution was then added 100 ul 10% SDS (in PBS) and 4.4 mL PBS. Diluted solution 

was added 100 uL Streptavidin beads slury. The streptavidin beads were collected by 

centrifugation (2,000xg, 5 min) and sequentially washed with 5 mL 0.2% SDS in DPBS once, 5 
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mL detergent-free PBS twice, and 5 mL LC-MS grade water twice to remove unbound protein, 

excess detergent, and small molecules. Finally, beads were transferred to 1.5 mL microtube(s) by 

2X500 uL LC-MS grade water. To remove water, centrifugation (2,000xg, 5 min) was processed 

and wet beads were yielded and stored at -80 °C. 

0.9 𝜇𝐿 1% ProteaseMax surfactant solution was added to 60 𝜇𝐿 Streptavidin beads slurry. 

Bounded proteins were reduced in 5 mM dithiothreitol (DTT) at room temperature for 1h, 

followed by alkylation in 15 mM iodoacetamide (IAA) for 30 min in the dark. Alkylation was 

quenched by adding DTT to 5mM. Proteins were digested with trypsin (Promega, Madison, WI) 

at 1:100 (approximately) enzyme to protein ratio at 37 ºC for 18 hours. Digestion was quenched 

by adding trifluoroacetic acid (TFA) to a final concentration of 0.3%. The supernatant of digest 

was collected. The beads were then washed 3 times by 40 𝜇𝐿 10% FA, where the supernatants 

were collected and pooled. The pooled digest was desalted with Agilent OMIX C18 tips. 

Peptides were dried under vacuum. 

On-beads digested peptides were reconstituted in 0.1% formic acid (FA) and subjected to 

reversed phase LC-MS/MS analysis with a Q Exactive mass spectrometer (Thermo Fisher 

Scientific, San Jose, CA) interfaced with a Waters nano-Acquity UPLC system (Milford, MA). 

Peptides were loaded onto a 75 μm inner diameter microcapillary column custom-packed with 15 

cm of BEH C18 particles (1.7 μm, 130 Å, Waters). Peptides were separated with a 90 min 

gradient from 3% to 30% ACN with 0.1% FA, followed by 10 min with 75% ACN and then 10 

min with 95% ACN. After that, the column was equilibrated at 3% ACN for 15 min to prepare 

for the next injection. The mass spectrometer was operated in a top-15 data-dependent 

acquisition mode. Survey scans of peptide precursors from m/z 300 to 1800 were performed at a 

resolving power of 70K and an AGC target of 2 × 10! with a maximum injection time of 100 
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ms. The top 15 intense precursor ions were selected and subjected to the stepped HCD 

fragmentation at a normalized collision energy of 27, 30, 33% followed by tandem MS 

acquisition at a resolving power of 17.5K and an AGC target of 5 × 10", with a maximum 

injection time of 200 ms and a lower mass limit of m/z 110. Precursors were subjected to a 

dynamic exclusion of 30s with a 10 ppm mass tolerance. 

Raw files were processed with MaxQuant. Spectra were searched against the Uniprot Homo 

sapiens reviewed database with trypsin as the enzyme and maximum two missed cleavages. The 

parent mass error tolerance was set to be 20 ppm and fragment mass tolerance was 0.02 Da. 

Fixed modification was set as carbamidomethylation on cysteine residues (+57.02146 Da). 

Dynamic modification was set as oxidation of methionine residues (+15.99492 Da). 

Identifications were filtered to 1% peptide and protein FDR. Label free quantification was 

performed, and Student t test was performed on the LFQ intensities. The pulled down proteins 

that were upregulated in HX3-037 treated group were considered potential interactors of the 

compound. 

 

Results and Discussions 

 

Optimization of SPS-MS3 for DiLeu and DiAla labeling. 

In order to adapt the SPS-MS3 method to dimethyl amino acid based isobaric tags DiLeu and 

DiAla, the model system of HEK293 proteome interfered by yeast proteome was made by 

mixing labeled samples with desired ratios. Labeled HEK293 digest aliquots were mixed at 

1:2:4:8 ratio for DiLeu 115:116:117:118 channels and for DiAla 73:74:75/76 channels 

respectively. Labeled yeast digest aliquots were mixed at 1:1:1:1 for both DiLeu and DiAla 
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channels. Those two samples were then mixed at a 1/1 w/w ratio for SPS-MS3 and MS2 

quantitation comparison. Different protease digestion choices including trypsin or Lys C, and 

different fragmentation strategies for MS2 including HCD and EThcD were investigated. Notch 

numbers of 6, 8 and 10 for SPS were compared. Fig. 1 shows the shows the distribution of 

experimental reporter ion ratios to the lightest reporter ion channels (115 m/z for DiLeu and 73 

m/z for DiAla).  

Generally, SPS-MS3 strategy was verified to greatly improve quantitation. The median 

reporter ion ratios of the HEK293 proteome is closer to the theoretical ratio 2:4:8 with SPS-MS3 

method in comparison to MS2 method across all of the experimental conditions for DiLeu 

labeling and HCD fragmentation condition for DiAla labeling. Taken Lys-C digested and DiLeu 

labeled HEK peptide as an example, regular EThcD MS2 approach generated a distorted median 

ratio at 1:1.5:2.5:4.9, whereas with EThcD-HCD 10-notch SPSMS3, the ratio is restored to 

1:1.8:3.2:6.4. It is also worth pointing out that the deficiency of EThcD fragmentation MS2 

quantitation group for DiAla labeled samples is due to the low mass cut off in the ion trap where 

the first stage ETD fragmentation occurs. Ions that have m/z lower than 84 could not be restored 

and be analyzed by orbitrap mass analyzer. This finding, however, provides us another solution-

SPS MS3, to couple the novel hybrid fragmentation technique with isobaric tags that have 

reporter ions m/z less than the lower mass limit of ion trap, which might benefit the quantitative 

study of protein post translational modifications (PTMs) such as phosphorylation and 

glycosylation.  

Various notch numbers (6, 8 and 10) were evaluated to maintain the peptide signal intensity as 

well as the quantitation accuracy. As we expected, when increasing the number of precursors 

being synchronously selected for MS3 fragmentation, the ion intensity slightly increases, while 
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the quantitation accuracy departs further from the theoretical ratio because the signals from co-

isolated ions also increase. From the aspect of protease choice, Lys-C outperformed trypsin 

across all experimental conditions in terms of both quantitation accuracy and reporter ion 

intensity, because Lys-C can cleave proteins on the C-terminal side of lysine residues, producing 

digested peptides that carry tags on both N and C termini. Thus, almost every b-, y- or c-, z- 

fragment ions in the MS2 spectra will carry tags that are suitable for SPS MS3 quantitation.  

Table 1. and Table 2 summarized the proteome coverage of different optimization conditions 

of SPS-MS3 for DiLeu and DiAla. DiAla labeling yielded significantly decreased number of 

identifiable and quantifiable proteins. LysC digestion slightly outperforms trypsin digestion in 

most of the conditions except for the DiLeu labeled MS2 HCD groups.  

Taking both quantification accuracy and proteome coverage into consideration, trypsin 

digestion, DiLeu labeling, MS2 HCD fragmentation and SPS-MS3 with 8 precursor selection 

notches were chosen as the optimal parameters for the follow-up experiments. 

Quantitative Proteomics Study of the Action of HX261. 

Tang lab has developed series of small molecule compounds that have 

difluorobenzoimidazolylindolylketone (DFBIIK) structures to inhibit PSCK9. Fig. 2A shows the 

structure of two of the DFBIIK drug HX261 and HX235. In vitro ELISA assay showed HX261 

has a sub-nanomolar IC50 at 0.15 nM against PCSK9. To further investigate the action of HX261 

at systematic proteomics level, we applied the optimized SPS-MS3 strategy and performed 6-

plex quantitative proteomics comparison of HX261 and DMSO treated HegG2 cells. Fig. 2B 

shows the volcano plot of the proteomics quantification result. Among the 6383 identified 

proteins, were significantly regulated upon HX261 treatment. The results were filtered after 

Student t test with the criteria of p<0.05 and |log2 fold change|>1. Interestingly, protein 
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regulation was shown to be closely related to aryl hydrocarbon receptor (AhR) pathway. For 

example, cytochrome P450 (CYP1A1) is among one of the significantly upregulated proteins. 

CYP1A1 is also known as aryl hydrocarbon hydroxylase (AHH), which plays important roles in 

metabolic degradation of natural AhR ligands. In the parallel transcriptomics quantitation 

experiment, more genes targeted by AhR were upregulated significantly, including CYP1A1, 

ALDH3A1, AHRR, MAF, CYP1A2, NQO1 and STC2. 

Chemoproteomics Idetification of the Interactors of Probe HX3-031. 

A “clickable” (being able to conduct click reaction) drug probe HX3-037 was made with an 

alkyne modified version of HX261. Taking the advantage of the intrinsic photo reactivity of 

HX261 itself, the only change made for HX3-037 is adding the alkyne group to the second 

aromatic ring of the drug molecule. Therefore, this “clickable” drug probe HX3-037 has similar 

size and conformation as HX261, which will ensure they have similar potency and similar 

targets. Another advantage of the probe is that it can covalently label target proteins upon UV 

radiation at 365nm in live cells, which means the labeled protein targets can closely reflect the 

inhibition action of drugs in the native physiological environment.  

    Fig. 3 illustrates the workflow of probing drug targets, with in situ labeling, affinity pull-

down, on-beads digestion and LC-MS analysis. Label free quantification combined with 

statistical analysis facilitated identification of potential interactors of HX3-037that were pull-

down by streptavidin beads.  In Fig. 4, significantly enriched proteins from pulled-down MS 

analysis were highlighted. The most enriched proteins included scavenger receptor class B 

member 1 (SCARB1), carboxylesterase (CES1 and CES2), perilipin-2 (PLIN2), microsomal 

triglyceride transfer protein large subunit (MTTP), etc. Those proteins are involved in fatty acid 

and cholesterol metabolism pathways. For example, SCARB1 is a receptor different ligands such 
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as phospholipids, cholesterol ester, lipoproteins, phosphatidylserine and apoptotic cells. The 

enriched proteins are probable substrates of ligand HX261, although further experiments are 

required to study the link between the identified targets and the inhibition of PCSK9 expression 

in HepG2 cells. 

 

Conclusions 

 

In dimethyl amino acid tags based quantitative proteomics experiments, by applying SPS-MS3 

approach, the co-isolation and co-fragmentation of interfering precursor ions was successfully 

reduced, which resulted in more accurate quantification than conventional MS2 approach. With 

the optimized method, the proteome regulation of PCSK9 targeting compound HX261 that 

involves AhR pathway was revealed.  

The click reaction and MS based chemoproteomics strategy successfully probed proximal 

protein targets of probe HX3-037 during in vitro treatment. The identified targets actively 

involved in cholesterol and fatty acid metabolism pathways, which might be linked to PCSK9 

inhibition characteristics of the compound.  

Overall, we developed a new method that combines isobaric labeling and chemoproteomics 

for optimizing the choices and structures of the lead compound against PCSK9 by more closely 

predicting their success or failure, and closely studying the drug activities. This method might be 

expanded to other drug mechanism studies. 
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Tabel 1. Summary of Protein Identification and Quantification Coverage in SPS-MS3 
Optimization Experiment 
 

 Identified 
MS2 

Quantified 
MS3 

Identified  
MS3_N6 

Quantified 
MS3_N6 

Identified  
MS3_N8 

Quantified  
MS3_N8 

Identified  
MS3_N10 

Quantified 
MS3_N10 

DiLeu         
 

LysC_HCD 1561 1356 1000 902 1008 935 976 891 
LysC_EThcD 938 884 429 408 395 377 427 406 
Tryp_HCD 1760 1549 900 696 846 668 837 680 
Tryp_EThcD 1043 994 489 450 483 456 457 438 
DiAla         
LysC_HCD 1467 1238 869 735 982 883 1000 841 
LysC_EThcD   713 563 718 589 701 595 
Tryp_HCD 1211 1024 813 657 815 667 814 702 
Tryp_EThcD   384 235 382 256 380 270 
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Table 2. The Ratio of Quantified Proteins to Identified Proteins 
 
 MS2 MS3_N6 MS3_N8 MS3_N10 
DiLeu     
LysC_HCD 86.9% 90.2% 92.8% 91.3% 
LysC_EThcD 94.2% 95.1% 95.4% 95.1% 
Tryp_HCD 88.0% 77.3% 79.0% 81.2% 
Tryp_EThcD 95.3% 92.0% 94.4% 95.8% 
DiAla     
LysC_HCD 84.4% 84.6% 89.9% 84.1% 
LysC_EThcD  79.0% 82.0% 84.9% 
Tryp_HCD 84.6% 80.8% 81.8% 86.2% 
Tryp_EThcD  61.2% 67.0% 71.1% 

 

 
 
Figure 1. Relative reporter ion ratios and reporter ion intensity distributions in the SPS-MS3 
optimization experiment. 
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Figure 2. (A) The structures of HX261 and HX235. (B) The volcano plot of proteomics 
quantification result of HX261 treated HepG2 cells versus DMSO treated. Significantly 
regulated proteins were highlighted. (Student t test p<0.05, |log2 fold change|>1) 
 

 
 
Figure 3. Workflow of chemoproteomics to pull down interactors of HX3-037 for MS analysis. 
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Figure 4. Volcano plot of label free quantification results of the streptavidin pulled-down 
proteins from HX3-037 probe and DMSO treated HepG2 cells. 
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Chapter 4 
 
 

Acetyl-CoA Flux from the Cytosol to the ER Regulates 
Engagement and Quality of the Secretory Pathway 

 
 
 
 
 
 
 
 
 
 
 
 
 
Adapted from: Dieterich, I. A.; Cui, Y.; Braun, M. M.; Lawton, A. J.; Robinson, N. H.; Peotter, 
J. L.; Yu, Q.; Casler, J. C.; Glick, B. S.; Audhya, A.; Denu, J. M.; Li, L.; Puglielli, L. Acetyl-
CoA Flux from the Cytosol to the ER Regulates Engagement and Quality of the Secretory 
Pathway. Sci Rep-uk 2021, 11 (1), 2013. https://doi.org/10.1038/s41598-021-81447-6. 
Contributions: I performed the proteomics and glycoproteomics experiments and analyzed the 
data. 
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Abstract 

Nε-lysine acetylation in the ER is an essential component of the quality control machinery. ER 

acetylation is ensured by a membrane transporter, AT-1/SLC33A1, which translocates cytosolic 

acetyl-CoA into the ER lumen, and two acetyltransferases, ATase1 and ATase2, which acetylate 

nascent polypeptides within the ER lumen. Dysfunctional AT-1, as caused by gene mutation or 

duplication events, results in severe disease phenotypes. Here, we used two models of AT-1 

dysregulation to investigate dynamics of the secretory pathway: AT-1 sTg, a model of systemic 

AT-1 overexpression, and AT-1S113R/+, a model of AT-1 haploinsufficiency. The animals 

displayed reorganization of the ER, ERGIC, and Golgi apparatus. In particular, AT-1 sTg 

animals displayed a marked delay in Golgi-to-plasma membrane protein trafficking, significant 

alterations in Golgi-based N-glycan modification, and a marked expansion of the lysosomal 

network. Collectively our results indicate that AT-1 is essential to maintain proper organization 

and engagement of the secretory pathway. 

 

Introduction 

 

    Nε-lysine acetylation in the Endoplasmic Reticulum (ER) has emerged as an essential 

component of the quality control (QC) machinery that maintains protein homeostasis 

(proteostasis) within the ER1,2,3,4,5,6. ER acetylation requires an ER membrane transporter, AT-

1/SLC33A1, which translocates acetyl-CoA from the cytosol to the ER lumen, and two ER 

membrane-bound acetyltransferases, ATase1/NAT8B and ATase2/NAT8, which acetylate ER 

cargo proteins within the lumen of the organelle1,3,7. The acetylation of ER cargo nascent 

glycoproteins requires ATase1 and ATase2 to interact with the oligosaccharyl tranferase 
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complex (OST) and acetylate correctly folded nascent glycoproteins that are transiting across the 

ER membrane1,2. Studies performed with type I glycoproteins suggest that successful acetylation 

of the nascent polypeptide is necessary for successful engagement of the secretory pathway2,8. 

Supporting evidence comes from mouse models of increased or decreased ER acetylation4,5,6. 

Loss-of-function mutations or gene duplication events in AT-1/SLC33A1 are associated with 

severe disease phenotypes spanning from spastic paraplegia (heterozygous mutation) to 

developmental delay and premature death (homozygous mutations)9,10,11 and intellectual 

disability with autistic-like traits and progeria-like dysmorphic features (gene duplication)12,13. 

These human disorders have been effectively recapitulated in mouse models. AT-1S113R/S113R 

mice, which lack AT-1 activity, die during embryogenesis, while AT-1S113R/+ mice, a model of 

AT-1 haploinsufficiency, develop peripheral and central neuropathy as well as propensity to 

infections and cancer4. Mice with neuronal-specific overexpression of AT-1 (AT-1 nTg) develop 

an autistic-like phenotype5 while mice with systemic overexpression (AT-1 sTg) develop a 

progeria-like phenotype6. 

In this study, we investigated the outcomes of dysregulated cytosol-to-ER acetyl-CoA flux 

within AT-1 sTg and AT-1S113R/+ mice on the engagement and functional organization of the 

secretory pathway, as well as the overall quality of secreted glycoproteins (referred to as the 

secretome). We found that AT-1 sTg animals display enlarged cisternae within the rough ER, 

enlarged ER Golgi Intermediate Compartment (ERGIC), and a marked delay in protein 

trafficking to the cell surface, while AT-1S113R/+ mice display contraction of the Golgi apparatus. 

The AT-1 sTg cellular phenotype was associated with significant alterations in Golgi-based N-

glycan modification, highlighting changes in the overall quality of the secretome, together with 

marked expansion of the lysosomal network. Collectively our results indicate that AT-1 is 
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essential to maintain proper organization and engagement of the secretory pathway. Our results 

also highlight the possibility that the Golgi apparatus harbors a check point for QC of efficient 

post-translational N-glycosylation, allowing glycoproteins that fail QC to be diverted to the 

lysosomal compartment. 

 

Results 

 

Aberrant AT-1 activity affects secretory pathway-related processes 

To dissect how changes in cytosol-to-ER flux of acetyl-CoA might affect the secretory 

pathway, we used mass spectrometry-based strategies14 to examine the proteome and acetyl-

proteome (stoichiometry of lysine acetylation) of AT-1 sTg and AT-1S113R/+ mice. The effect of 

these genetic manipulations to the cytosol-to-ER flux of acetyl-CoA is reported elsewhere4,6,14,15. 

The analysis identified dynamic changes to protein abundance and acetylation across several 

essential and functional components of the secretory pathway (Fig. 1, Supplementary Table S1). 

Comparison of all proteomic datasets indicates that the changes imparted by AT-1 affect the 

secretory pathway more dramatically than other metabolic pathways14. Protein abundance 

changes found to be enriched in KEGG pathways at either level of regulation (proteome or 

acetyl-proteome) and in either model were used as the input for clustering. Therewithin, five 

clear sub-clusters emerged: transcription (spliceosome), translation initiation factors, ribosome, 

proteasome, and chaperones. Of the 117 proteins found to be enriched, 30 proteins showed 

significant changes in acetylation and 109 displayed significant changes in overall levels. 

Finally, 22 proteins showed changes at the level of both the proteome and the acetyl-proteome. 

The majority of changes imparted in acetylation stoichiometry were observed in two sub-
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clusters: ribosomes, with 12 proteins, and chaperones, with 10 proteins. Overwhelmingly, 106 of 

the 117 secretory pathway proteins showed changes in the AT-1 sTg proteome, indicating a 

robust response to increased cytosol-to-ER acetyl-CoA flux. Of note, we found significant 

changes within the Sec61, Sec62 and Sec63 complex, which allows translocation of newly 

synthesized proteins into the ER16; Pdia3, Ero1l, Ero1lb and Calr, which ensure formation of 

disulfide bonds and folding of nascent glycoproteins within the calreticulin/calnexin cycle17; and 

Sec13 and Sec31, which make the outer layer of the coat that captures newly synthesized ER 

cargo proteins within COPII structures18,19. 

When taken together, these results indicate that acetyl-CoA homeostasis differentially impacts 

sub-clusters within the secretory pathway at the level of the proteome, acetyl-proteome, or both. 

However, in contrast to mitochondria- and lipid-related metabolic clusters14, the secretory 

pathway is largely modulated at the level of the proteome. 

 

Altered AT-1 activity results in morphological reorganization of the ER, ERGIC, and Golgi 

apparatus 

Next, we used mouse embryonic fibroblasts (MEFs) from the above mouse models to 

determine whether identified proteomic changes impact the functional organization of the 

secretory pathway. Structure-illumination microscopy (SIM) revealed enlarged cisternae within 

the rough ER of AT-1 sTg MEFs (Fig. 2a). Successfully folded ER transiting proteins are 

captured at specialized ER structures referred to as ER exit sites (ERES) and then anterogradely 

transported by COPII-coated transport carriers, which emerge from transitional ER, to the 

ERGIC and then the Golgi apparatus20,21,22. To determine whether the expansion of the rough ER 

coincided with increased formation of ERES/COPII structures, we probed for several members 
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of the COPII coat, including Sec13, Sec31, Sec23, Sec24, and Sec16. However, we did not 

detect major differences in the number of individual puncta (Fig. 2b–f, Supplementary Fig. S1a-

d), nor in the co-localization of Sec13 and Sec31 (Fig. 2g, Supplementary Fig. S1a), which 

reflect the formation of the outer COPII coat19, or the co-localization Sec23 and Sec24 (Fig. 2h, 

Supplementary Fig. S1b), which reflect the formation of the inner COPII coat23. Similarly, there 

were no changes in co-localization of Sec31 and Sec 24 (Fig. 2i, Supplementary Fig. S1c) or 

Sec13 and Sec16 (Fig. 2j, Supplementary Fig. S1d), which reflect assembly of the inner coat to 

the outer coat as well as budding events at the transitional ER24. Overall, these results suggest 

that there are no major changes in number nor assembly of COPII cargo structures in either of 

the AT-1 models. 

Next, we used SIM with anti-ERGIC-53 and anti-GM130 antibodies to determine structural 

changes at the level of the ERGIC and Golgi apparatus, respectively. The results showed a 

marked expansion of the ERGIC compartment in AT-1 sTg (Fig. 2k) and a significant reduction 

in volume and surface area of the Golgi apparatus in AT-1S113R/+ (Fig. 2l). The above SIM 

findings were supported by the presence of numerous vesicles in close proximity of the ER and 

Golgi apparatus resembling ERGIC-structures in AT-1 sTg mice, and disorganized and 

somewhat smaller Golgi structures in AT-1S113R/+ mice as visualized by electron microscopy 

(Fig. 2m). 

Collectively, the above microscopy-based studies revealed expansion of the ER and ERGIC in 

AT-1 sTg and reduced Golgi apparatus in AT-1S113R/+ mice. Overall, they support the conclusion 

that changes in cytosol-to-ER flux of acetyl-CoA, as determined by increased or reduced AT-1 

activity, regulate the organization of the secretory pathway. 
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Altered AT-1 activity disrupts normal protein trafficking 

To determine whether the above structural reorganization of the secretory pathway highlights 

changes in protein trafficking within the AT-1 models, we used a previously characterized 

inducible ER release system that employs tandem repeats of the conditional aggregation domain 

(CAD), FKBP (FM), fused to a protein of interest25,26. The FM domain dimerizes in the ER and 

inhibits transport out of the ER. This dimerization must be solubilized with a CAD ligand for the 

protein of interest to be released from the ER. 

To examine the initial budding events at the ER (Fig. 3a, Exp. 1), we used 4×FM-mCh-NL126, 

such that neuroligin bound to mCherry could be visualized as it exited the ER. Using this 

strategy, we did not observe differences in either cargo velocity (Fig. 3b) nor percent of cargo 

release (Fig. 3c) between WT and either AT-1 model. Consistent with the microscopy of COPII 

proteins (Fig. 2b–j, Supplementary Fig. S1a-d), these results indicate that the formation of COPII 

structures from transitional ER is overall preserved in both AT-1 models. 

Next, to assess ER-to-Golgi trafficking (Fig. 3a, Exp. 2), we used the DsRedExpress2-

FKBP(LV)-GalNAcT2-msGFP2 construct expressing a DsRed cargo protein and a GFP bound 

GalNAcT, which resides in the trans-Golgi. Prior to release, the distribution of DsRed in the ER 

and the GFP in the Golgi apparatus did not substantially overlap indicating successful 

sequestration of the two probes. By 2–4 min following CAD availability, all genotypes showed 

accumulation in the Golgi apparatus. However, at 18 min and beyond, the WT showed cargo 

dispersion from the Golgi apparatus, whereas the AT-1 sTg and AT-1S113R/+ did not (Fig. 3d,e), 

highlighting a delay in exiting the Golgi apparatus across both AT-1 models. 

Finally, to assess protein trafficking to the plasma membrane (Fig. 3a, Exp. 3), we used a 

4xFM-HaloTag-L1CAM construct containing a HaloTag, which is labeled with a cell 
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impermeable dye at the cell surface. DDS was added to initiate cargo release and cells were 

visualized every 10 min from 20 to 70 min post-release. In WT MEFs, the intensity of cell 

surface L1CAM expression steadily climbed with time (Fig. 3f,g), with the steepest slope from 

20–50 min, and reaching maximum intensity from 50 to 70 min (Fig. 3f,g). By contrast, in AT-

1S113R/+ MEFs, L1CAM showed a delay in trafficking to the cell surface up to 40 min and then 

nearly returned to WT levels at 50–70 min (Fig. 3f,g). Most importantly, AT-1 sTg MEFs 

remained well below WT across the entire experimental settings (Fig. 3f,g) displaying a 

significant delay in L1CAM delivery to the cell surface. 

The above results indicate that both AT-1 models can efficiently transport nascent 

glycoproteins from the ER to the Golgi apparatus but experience important alterations when 

transitioning through the Golgi apparatus. Particularly significant is the delay in Golgi-to-cell 

surface transport observed in AT-1 sTg mice. These data raise the question of whether defective 

post-translational processing of N-glycosylated cargo proteins within the Golgi apparatus is 

responsible for the defective transition and delivery. 

 

Aberrant AT-1 models display defect in Golgi-dependent N-glycan modification and a shift 

in the quality of the secretome 

The initial GlcNAc2Man9Glc3 oligosaccharide structure that is added within the ER by the 

OST undergoes major modifications as glycoproteins move through the ER and Golgi apparatus. 

Specifically, the three terminal glucose are removed and the high-mannose structure is trimmed 

to allow final modification, which includes addition of fucose and galactose in the cis/medial-

Golgi and sialic acid in the trans-Golgi and trans-Golgi network27. Importantly, the 

oligosaccharide chains define much of the functions and activity of glycoproteins28,29,30. 
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Therefore, the complexity of the oligosaccharide chains can serve as a marker of efficient 

transition through the Golgi apparatus as well as a direct measure of the quality of the secretome 

(Supplementary Fig. S2). 

In order to resolve the quality of the secretome, we developed a new integrated workflow that 

allows global analysis of the N-glycoproteome in the tissue. The approach uses sequential 

hydrophilic interaction chromatography (HILIC) for glycopeptide enrichment, coupled to 

electron-transfer higher-energy collision dissociation (EThcD)31. HILIC allows specific and 

enhanced enrichment of N-glycopeptides prior to LC–MS/MS analysis while EThcD allows 

highly confident site-specific characterization of intact N-glycopeptides by incorporating 

fragment ions that result from both glycan and peptide dissociation into one spectrum. 

Both human9,10,11,12,13 and mouse4,5 data indicate that the nervous system is particularly 

vulnerable to changes in AT-1 activity. Furthermore, neurons respond to the overexpression of 

AT-1 by altering the expression of their proteome, and building more dendrites and synaptic 

terminals that heavily rely on the engagement of the secretory pathway5. Therefore, we decided 

to investigate the quality of the N-glycoproteome in the brain of AT-1 sTg and AT-1S113R/+ mice. 

We found significant changes in 175 and 255 glycoforms of the female (Fig. 4a) and male 

(Fig. 4b) AT-1 sTg cortex, and in 126 and 60 glycoforms of the female (Fig. 4c) and male 

(Fig. 4d) AT-1S113R/+ cortex. A similar outcome was observed in the hippocampus with 180 and 

112 glycoforms affected in female and male AT-1 sTg mice, and 179 and 214 glycoforms 

affected in female and male AT-1S113R/+ mice (Supplementary Fig. S3a-d). 

N-glycans were categorized based on their biological maturity, from least mature to most 

mature: high mannose, paucimannose, complex/hybrid, fucose, and sialic acid (Supplementary 

Fig. S2). Interestingly, most of the changes in glycosylation profile that we observed in both 
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cortex and hippocampus appeared to occur at the Golgi interface (Fig. 4e–g and Supplementary 

Fig. S3e-h; see also Supplementary Fig. S2). These alterations could not be attributed to 

immediate changes of the glycosylation machinery within the Golgi apparatus, as reflected by 

the mRNA levels of the fucose transporter (SLC35C1), fucosyltransferase (FUT8), sialic acid 

transporter (SLC35A1), sialyltransferases (ST3GAL3, ST6GAL1, ST6GAL2), galactose 

transporter (SLC35A2), nor the galactosyltransferases (B4GALT2, B4GALT4) (Supplementary 

Fig. S4). 

In order to evaluate the heterogeneity of the glycoproteome, we quantified significantly 

changed glycans per glycosite (Fig. 4i–l). The AT-1 sTg male and AT-1S113R/+ female showed the 

highest heterogeneity, with 23% and 27% (respectively) of glycosites having more than one 

glycan structure change significantly on a glycosite. AT-1S113R/+ female also showed the highest 

proportion of multiple glycosites changing on a single protein (33% of the proteins showed more 

than one glycosite being affected). However, the heterogeneity of multiple glycosites on one 

protein being affected was ubiquitous across both models and sexes (Fig. 4m–p). These results 

were relatively consistent in the hippocampus (Supplementary Fig. S3i-p). Collectively, these 

findings illustrate the heterogeneous and complex nature of the N-glycan modifications caused 

by changes in AT-1 activity; multiple glycans on a glycosite are altered, as are the number of 

glycosites per protein. 

To gain insight into glycosite specific changes, we examined glycan type distribution as they 

pertained to the number of sites affected per protein. AT-1 sTg female cortex displayed an even 

distribution of sialic acid, whereas fucose, high mannose, and complex/hybrid species showed a 

higher appearance on multiple sites per protein (Fig. 5a). These findings might highlight changes 

in specificity of individual glycosylation events imparted upon by defective transition of the 
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glycoproteins within the Golgi apparatus. Comparing the female cortex of AT-1 sTg to AT-

1S113R/+ mice, again the majority of fucose and complex/hybrid appear on more than one site per 

protein; however, sialic acid and high mannose show an even distribution between one site and 

more than one site per protein (Fig. 5c). AT-1 sTg male cortex shows that the majority of fucose 

and complex/hybrid glycans are on more than one glycosite per protein, whereas high mannose 

and sialic acid display an even distribution across number of sites (Fig. 5b). The very few glycan 

types in AT-1S113R/+ male cortex show an even distribution of all glycan types except high 

mannose, which only exists on one site per protein (Fig. 5d). Overall similar results, with only 

minor differences, were observed in the hippocampus across models (Supplementary Fig. S5). 

To understand the biological relevance of the changes observed within the entire secretome, 

all glycoforms were categorized into subcellular locations based on their GO Cellular 

Compartment terms. Across both AT-1 models and sexes, the subcellular locations which 

showed the greatest changes include vesicle, extracellular space, neural, and plasma membrane 

(Fig. 5e–h). Similar results were observed in the hippocampus (Supplementary Fig S5e,f,g,h). 

Albeit with some intrinsic differences, most of the significant changes observed across genetic 

models, brain regions, and sexes were accounted for by fucose, sialic acid and high mannose 

(Fig. 5e–h and Supplementary Fig S5e,f,g,h). Furthermore, across many of these analyses, we 

found a substantial amount of high mannose structures among proteins that are clustered within 

the plasma membrane and cell surface subgroups. Therefore, Golgi-dependent glycosylation 

events appear to be more affected and cellular compartments/pathways that depend on successful 

Golgi-to-plasma membrane transport appear to be more dramatically affected within our genetic 

models. 
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The adaptations addressed thus far indicate that similar pathways and subcellular locations are 

being affected in AT-1 sTg and AT-1S113R/+. To determine whether there was concordance across 

all groups, we examined overlapping glycoforms according to their subcellular location, 

considering whether the glycoprotein had an increase or decrease expression when compared 

with WT. Interestingly, the most divergent (opposite) changes between AT-1 sTg and AT-

1S113R/+ included vesicle, extracellular, neural, and plasma membrane compartments, which, as 

highlighted before, depend on successful Golgi-to-plasma membrane transport (Fig. 6a). 

Conversely, the most convergent changes were found in the lysosome and Golgi subgroups 

(Fig. 6a). These differences and similarities were conserved across sex and brain region thus 

highlighting a specific biological response. 

When analyzed for glycoprotein and glycosite, we observed 28% (female) and 17% (male) 

convergent changes in glycoproteins and 14% (female) and 10% (male) convergent changes in 

glycosites across the cortex of AT-1 sTg and AT-1S113R/+ mice (Fig. 6b,c). A similar trend was 

observed in the hippocampus with a 35% (female) and 20% (male) overlap in altered 

glycoproteins, but only a 4% (female) and 12% (male) overlap in the glycosites affected 

(Fig. 6b,c). When we compared overlap between cortex with hippocampus, AT-1 sTg mice 

showed a 32% (female) and 19% (male) overlap in glycoproteins, and a 15% (female) and 11% 

(male) overlap in glycosites (Fig. 6b,c). Similarly, AT-1S113R/+ mice showed a 24% (female) and 

19% (male) overlap in glycoproteins, and a 13% (female) and 11% (male) overlap in glycosites. 

 

Aberrant AT-1 models display expansion of the lysosomal network 

    Under normal conditions, a terminal mannose-6-phosphate (M6P) unit serves as a recognition 

signal for lysosomal-targeted enzymes. Sorting is mediated by two specific M6P receptors 
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(M6PRs), which bind to M6P in the Golgi apparatus and deliver lysosomal enzymes to the 

lysosomes32,33. The drastic expansion of high-mannose structures lacking a terminal glucose 

observed in AT-1 sTg mice can potentially disrupt normal M6PR-mediated functions resulting in 

mistargeting of non-lysosomal cargo glycoproteins from the Golgi apparatus to the lysosomes 

thus overloading the lysosomal network. 

    To determine whether this was indeed the case, we used EM and studied MEFs from AT-1 

sTg and AT-1S113R/+ mice. Consistent with the above hypothesis, we observed a striking 

expansion of the lysosomal network in the AT-1 sTg model, where the cytosol appeared loaded 

with electron dense organelles (Fig. 7a). To confirm the identity of these organelles, we used the 

lysosomal-specific probe, LysoTracker. We observed a marked increase in both number and area 

of lysosomes in AT-1 sTg MEFs when compared to WT MEFs, thus highlighting the expansion 

of the lysosomal network (Fig. 7b). Conversely, AT-1S113R/+ MEFs displayed significantly 

smaller lysosomes than WT (Fig. 7b). No differences across genotypes were observed when we 

labeled the cells with a peroxisomal probe, used as negative control. 

    Finally, assessment of M6PR in AT-1 sTg MEFs revealed a significant expansion of both the 

cation-dependent (CD) and cation-independent (CI) networks suggesting increased cycling of 

CD-M6PR and CI-M6PR between the Golgi apparatus and the endosomal/lysosomal 

compartments (Fig. 7d,e). 

 

Discussion 

 

Both cell- and mouse-based studies indicate that the ER acetylation machinery is essential to 

maintain proteostasis within the ER. Essential features include: (1) a QC-like process where 
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acetylation of correctly folded glycoproteins allows them to successfully leave the ER and 

engage the secretory pathway; and (2) disposal of toxic protein aggregates through the induction 

of reticulophagy. The former process requires ATase1 and ATase2 to interact with the OST 

while the nascent polypeptide enters the organelle; the latter requires tight regulation of the 

acetylation status of ATG9A, which is essential for the engagement of FAM134B and SEC62 

and the activation of the LC3β6,34,35. 

Acetyl-CoA, which serves as the donor for acetylation in the ER, is synthesized in the cytosol 

and must be transported across the ER membrane by AT-1. In this study, we used AT-1 sTg and 

AT-1S113R/+ mice with increased and reduced AT-1 activity, respectively, to study how the 

secretory pathway adapts to changes in cytosol-to-ER flux of acetyl-CoA. Through the analysis 

of the proteome and acetyl-proteome, we determined that many proteins involved with essential 

ER features, such as protein biosynthesis and insertion within the ER, post-translational 

modification, folding, QC and ER-to-Golgi trafficking were altered. These changes were 

paralleled by significant reorganization of the secretory pathway. Specifically, AT-1 sTg mice 

displayed reorganization of the ER and expansion of the ERGIC network, while AT-1S113R/+ mice 

displayed a contraction of the Golgi apparatus. Furthermore, these morphological changes were 

paralleled by evident changes in the trafficking of newly-synthesized glycoproteins out of the 

ER. Particularly significant was the delay in Golgi-to-plasma membrane transport observed in 

AT-1 sTg mice. Analysis of the N-glycoproteome revealed significant and widespread changes 

in both AT-1 sTg and AT-1S113R/+ mice. Importantly, proteins that showed the most significant 

and divergent changes across genetic models were assigned to trafficking vesicles, extracellular 

space, neural, and plasma membrane compartments, all requiring post-translational maturation 

within the Golgi apparatus and successful post-Golgi transport across the secretory pathway. 
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Furthermore, the great majority of changes involved Golgi-specific glycan species thus 

highlighting a possible defect in the ability of the nascent glycoprotein to successfully transition 

in a progressive fashion through the N-glycan modification machinery of the Golgi apparatus. 

The apparent defects in Golgi-specific N-glycan modification as well as delayed Golgi-to-plasma 

membrane transition observed in AT-1 sTg mice was accompanied by a striking expansion of the 

M6PR and lysosomal networks, which likely involves mistargeting of glycoproteins with high-

mannose structures lacking a terminal glucose by the M6PR. 

Overexpression of AT-1 in cellular systems is accompanied by increased incorporation of O-

propargyl-puromycin and azide-modified mannosamine, highlighting both increased protein 

biosynthesis and increased terminal sialylation5,6. Furthermore, neuronal overexpression of AT-1 

caused a significant expansion of the proteome with 476 proteins found to be upregulated; an 

effect that was connected to the expansion of the dendritic and synaptic network5. The results 

described here suggest that in AT-1 sTg the expansion of the ER and the ERGIC, together with 

the increase in ER-to-Golgi transport of cargo material is not paralleled by compensatory 

changes within the Golgi apparatus to ensure post-translational N-glycosylation. It is also 

possible that the increased availability of acetyl-CoA within the ER, as caused by overexpression 

of AT-1 might affect the activity and specificity of the ATases thus resulting in incorrectly 

folded glycoproteins to be acetylated and forced to transition toward the Golgi apparatus. Indeed, 

individual acetyltransferases possess different Km values within the normal physiological range 

of acetyl-CoA, and changes or fluctuations in the concentrations of acetyl-CoA can reduce or 

promote the acetylation of specific lysine residues1,36. Furthermore, the analysis of the proteome 

identified significant changes within the chaperone sub-cluster, perhaps reflecting increased 

abundance of misfolded glycoproteins in the ER. If indeed the changes in post-translational 
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maturation of N-glycoproteins reflect the aberrant transition of incorrectly folded glycoproteins 

to the Golgi apparatus, we could argue that the delay in Golgi-to-plasma membrane transition 

and increased diversion of cargo material to the lysosomal compartment is part of a QC-like 

event within the Golgi apparatus attempting to prevent successful transport of incorrectly folded 

polypeptides to their final destination. This would explain why we observed minimal changes in 

the glycosylation status of Golgi resident proteins. Interestingly, down-regulation of the Golgi-

based CMP-sialic acid and GDP-fucose transporters impedes successful Golgi-based 

glycosylation and prevents Golgi-to-cell surface transport of glycoconjugates37. This block in 

protein trafficking is paralled by induction of ER stress and inhibition of protein translation, 

suggesting that active crosstalk between the ER and the Golgi apparatus regulates dynamics of 

the secretory pathway37. 

Overall, these results support the conclusion that the cytosol-to-ER flux of acetyl-CoA can 

affect organelle dynamics across the secretory pathway with widespread consequences on Golgi-

specific post-translational glycosylation and the quality of the secretome. Therefore, acetyl-CoA 

homeostasis, impinged upon by the ER acetylation machinery, has far reaching consequences in 

metabolic reprogramming across cellular compartments. 

 

Methods 

 

Animals  

    All animal experiments were carried out in accordance with the NIH Guide for the Care and 

Use of Laboratory Animals, and received ethical approval by the Institutional Animal Care and 

Use Committee of the University of Wisconsin-Madison. AT-1S113R/+ animals were generated by 
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crossing mice carrying the Slc33a1-S113R mutation to WT animals4. AT-1S113R/+ animals were 

studied between 2.5 to 3.5 months of age. Generation of AT-1 sTg mouse was achieved by 

crossing Rosa26:tTA mice with pTRE AT-1 mice to generate ROSA26:tTA;pTRE- AT-1 (AT-1 

sTg mice)6. AT-1 sTg mice were studied at 2.5 to 3.5 months of age. Age-matched wild-type 

(WT) littermates were used as controls. Males were used for the proteome and acetyl-proteome, 

as described previously14. Males and females were used for all other experiments in this study. 

 

Mouse embryonic fibroblast isolation 

Isolation of mouse embryonic fibroblasts, MEFs, were described previously4. Briefly, 

embryos were collected from pregnant females at embryonic day 12.5 to 13.5. Embryos (without 

heads or visceral organs) were minced in sterile EDTA (0.25%; Mediatech), then incubated in a 

37 °C CO2 incubator for 30–45 min. Complete MEF media (DMEM-high glucose, 10% FBS, 

penicillin/streptomycin/glutamine mixture, fungizone) was used to quench the trypsin; tissue was 

further broken by gentle pipetting. Cells were spun at (1000 rpm for 5 min), and the supernatant 

was discarded. Cells were washed again in MEF media, then plated. Confluent cells were 

passaged at 1:4 dilutions by using trypsin–EDTA. 

 

Stoichiometry of acetylation 

    Quantification of acetylation stoichiometry follows methods described previously, with the 

following modifications14,38,39. Liver protein samples (200 μg) from mitochondrial and cytosolic 

subcellular fractions were denatured in urea buffer (8 M urea (deionized), 100 mM ammonium 

bicarbonate (pH = 8.0), 5 mM DTT) and incubated at 60 °C for 20 min40. Cysteines were 

alkylated with 50 mM iodoacetamide, then incubated for 20 min. Two rounds of ~ 20 µmol 
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heavy isotopic D6-acetic anhydride (Cambridge Isotope Laboratories) chemically acetylated the 

samples, which were then diluted to 2 M urea using 100 mM ammonium bicarbonate (pH = 8.0) 

before digestion with 1:100 trypsin at 37 °C for 4 h. Before a second digestion with 1:100 gluC, 

samples were diluted to 1 M urea. Chemically acetylated peptides were fractionated into 6 

fractions using a Shimadzu LC-20AT HPLC system with a Phenomenex Gemini NX-C18 

column (5 µm, 110Å, 150 × 2.0 mm). Data-independent acquisition (DIA) analysis was 

conducted by a Thermo Q-Exactive Orbitrap coupled to a Dionex Ultimate 3000 RSLC nano 

UPLC with a Waters Atlantic reversed phase column (100 μm × 150 mm). A spectral library 

containing all light and heavy acetyl-lysine feature pairs was generated to deconvolute and 

analyze the DIA spectra using the openly available MaxQuant (v1.6.1) software package. 

Spectral library samples were treated with C12-acetic anhydride (Sigma), but were otherwise 

processed identically to the experimental samples and analyzed using data dependent acquisition 

(DDA) mass spectrometry analysis. A combined library was formed from DDA runs of both the 

mitochondrial and cytosolic fractions. Heavy acetyl fragment ion pairs were generated in silico, 

such that the spectral library would contain both the light (endogenous) acetylation peaks and the 

heavy (chemical) acetylation peaks. Spectronaut (v10) was used to process the experimental 

samples using the generated spectral library. The subcellular fraction experimental samples were 

processed separately using an in-house R script, which can be accessed through the GitHub link: 

[http://doi.org/10.5281/zenodo.3238525]; stoichiometry was calculated using the ratio of 

endogenous (light) fragment ion peak area over the total (endogenous and chemical) fragment 

ion peak area. All fractions were combined for downstream analysis. Proteins were filtered as 

significant changes if P < 0.05 compared to WT. The raw data, processed data, spectral library, 

and the analysis logs detailing the Spectronaut analyses settings have been deposited to the 
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ProteomeXchange Consortium via the MassIVE partner repository with the dataset identifier 

PXD014013 [http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD014013]. 

 

Quantitative proteomics 

    Quantification of the proteome was described previously14. Briefly, liver samples of cytosol, 

mitochondria, and nucleus were homogenized, then lysed (8 M urea, 50 mM Tris, pH = 8, 5 mM 

CaCl2, 20 mM NaCl, 1 EDTA-free Roche protease inhibitor tablet and 1 Roche PhosSTOP 

phosphatase inhibitor tablet) with a probe sonicator. Crude lysates were centrifuged (14,000×g; 

5 min), and supernatant protein concentrations were measured by Pierce BCA Protein Assay 

(Pierce, Rockford, IL). 400 μg of protein lysate was reduced in 5 mM dithiothreitol (DTT), 

followed by alkylation in 15 mM iodoacetamide (IAA), quenched by adding DTT to 5 mM, and 

diluted with Tris buffer (pH = 8) to 0.9 M urea. Proteins were digested with trypsin (Promega, 

Madison, WI), and quenched by adding trifluoroacetic acid (TFA) to a final concentration of 

0.3% and desalted with C18 SepPak cartridges (Waters, Milford, MA). Peptides were vacuum 

dried and reconstituted in 0.5 M TEAB prior to labeling. Samples were assigned to two batches 

of 4-plex dimethylated leucine (DiLeu) tags each in biological duplicate. 4 mg of each DiLeu 

tags were suspended in anhydrous DMF, 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-

morpholinium tetrafluoroborate (DMTMM) and N-methylmorpholine (NMM) at 0.6 × molar 

ratios, then vortexed and centrifuged. The supernatant was mixed with 400 μg tryptic peptides 

for each condition. Peptides were labeled at a 10:1 label to peptide mass ratio, then vortexed and 

quenched by adding 5% NH2OH to the final concentration of 0.25%. 4-plex mixtures were 

purified by strong cation exchange liquid chromatography (SCX LC) with a PolySULFOETHYL 

A column (200 mm × 2.1 mm, 5 μm, 300 Å, PolyLC, Columbia, MD). Labeled peptides were 
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collected cleaned, and fractionated with a Kinetex C18 column (5 μm, 100 Å, Phenomenex, 

Torrance, CA), and a binary mobile phase at pH = 10. Peptides were reconstituted in 0.1% 

formic acid (FA) and subjected to reversed phase LC–MS/MS analysis with an Orbitrap Fusion 

Lumos Tribrid mass spectrometer (Thermo Fisher Scientific, San Jose, CA) interfaced with a 

Dionex Ultimate 3000 UPLC system (Thermo Fisher Scientific, San Jose, CA). Peptides were 

loaded onto a microcapillary column custom-packed with Bridged Ethylene Hybrid C18 particles 

(1.7 μm, 130 Å, Waters). Labeled peptide were separated with a 90 min gradient. Survey scans 

of peptide precursors from m/z 350 to 1500 were performed and an AGC target of 2 × 105 with a 

maximum injection time of 100 ms. The top 20 intense precursor ions were selected for HCD 

fragmentation. Raw files were processed with Proteome Discoverer 2.1 engine (Thermo Fisher 

Scientific, San Jose, CA) with Byonic search engine (Protein Metrics Inc, San Carlos, CA). 

Spectra were searched using the Uniprot Mus musculus database. DiLeu labels on peptide N-

termini and lysine residues (+ 145.12801 Da) and carbamidomethylation on cysteine residues 

(+ 57.02146 Da) were considered fixed modifications. Identifications were filtered to 1% peptide 

and protein FDR. Proteome Discoverer was used for quantitation; only the PSMs that contained 

all reporter ion channels were considered. Reporter ion ratio values for protein groups were 

exported to Microsoft Excel and all fractions were combined for downstream analysis (see 

statistics section for processing). Significant proteins were determined using Fisher’s method 

(P < 0.05). The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE partner repository with the dataset identifier PXD013736 

[http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD013736]. 

 

DiLeu labeling and glycoproteomics 
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    12-plex DiLeu41 labeling was conducted as previously reported14. Briefly, dissected brain 

region samples of AT-1 sTg, AT-1S113R/+ and WT mouse models were homogenized, then lysed 

in 8 M urea buffer with a probe sonicator. Lysate containing proteins was reduced in 5 mM 

dithiothreitol (DTT) at room temperature for 1 h, followed by alkylation in 15 mM 

iodoacetamide (IAA) for 30 min in the dark. Alkylation was quenched by adding DTT to 5 mM. 

The alkylated protein was diluted and then digested with trypsin (Promega, Madison, WI) at 1:50 

enzyme to protein ratio at 37 °C for 18 h. Tryptic peptides were desalted with C18 SepPak 

cartridges (Waters, Milford, MA), dried under vacuum, and reconstituted in 0.5 M TEAB before 

labeling. 

DiLeu tags were suspended in anhydrous DMF and combined with 4-(4,6-dimethoxy-1,3,5-

triazin-2-yl)-4-methyl-morpholinium tetrafluoroborate (DMTMM) and N-methylmorpholine 

(NMM) at 0.6 × molar ratios to tags. The mixture was vortexed at room temperature for 1 h. 

Following centrifugation, the supernatant was immediately mixed with tryptic peptides from one 

condition (10:1 tag to peptide w/w), and vortexed at room temperature for 2 h. The reaction was 

quenched by NH2OH. Each batch of labeled peptides was combined respectively as 12-plex 

mixtures. 

 

Glycopeptide enrichment 

    DiLeu labeled glycopeptides were enriched using in-house packed SAX-HILIC SPE tips 

following previously reported procedure with minor modification42,43. 3 mg of cotton wool was 

inserted into a 200 µL TopTip. SAX LP bulk material was dispersed in 1% TFA as a 

10 mg/200 µL slurry and activated for 15 min under vigorous vortexing. After activation, 60 µL 

slurry was added to the spin-tip. Solvent was removed by centrifugation at 1200 rpm for 2 min, 
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after which the SAX material was packed at the top of the tip. The stationary phase was then 

conditioned by 300 µL 1% TFA and 300 µL loading buffer (80% ACN, 1% TFA), each repeated 

3 times. 2 mg of DiLeu labeled peptides were aliquoted to 200 µg. Each aliquot was dissolved in 

300 µL loading buffer and loaded onto the tips by centrifugation at 1200 rpm for 2 min; the flow 

through was collected and loaded again to ensure complete retention. The tips were then washed 

with 300 µL loading buffer for a total of 6 times, after which the four eluted fractions of 300 µL 

70% ACN with 0.2% FA, 53% ACN with 0.2% FA, 30% ACN with 0.2% FA and 5% ACN with 

0.2% FA were collected in four separate PE tubes. Corresponding fractions from the ten aliquots 

were pooled and dried under vacuum before MS analysis. 

 

LC–MS/MS analysis of intact glycopeptides 

Enriched glycopeptides in each fraction were reconstituted in 0.1% FA and subjected to 

reversed phase LC–MS/MS analysis with an Orbitrap Fusion Lumos mass spectrometer (Thermo 

Fisher Scientific, San Jose, CA) interfaced with a Dionex Ultimate 3000 UPLC system (Thermo 

Fisher Scientific, San Jose, CA). Peptides were separated on a 15 cm length, 75 μm i.d. custom-

packed BEH C18 (1.7 μm, 130 Å, Waters) capillary column with an 80 min gradient from 0 to 

30% ACN (0.1% FA). Mass spectrometer was operated in a top 20 data-dependent acquisition 

mode with HCD-product dependent-EThcD fragmentation44. Survey scans of peptide precursors 

from m/z 400 to 2000 were performed at resolving power of 120 K and AGC target of 

4 × 105 with a maximum injection time of 150 ms. Tandem MS acquisition was at resolving 

power of 60 K, AGC target of 5 × 104 and dynamic exclusion of 12 s of 10 ppm mass tolerance. 

The top 20 intense precursor ions were selected and subjected to HCD fragmentation at a 

normalized collision energy of 33%. If signature oxomium ions (HexNAc 204.087 m/z, 
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HexNAcHex 366.140 m/z, HexNAc fragments 138.055 m/z and 168.065 m/z) of intact 

glycopeptides were detected by HCD survey scan, an EThcD hybrid fragmentation was 

triggered. ETD reaction time was set to 30, 20 or 10 ms when precursor charge states were z = 2, 

3–5 or 6–7. HCD supplemental activation energy was 33%. Maximum ion injection times for 

HCD survey scan and EThcD scan are 125 and 250 ms. 

 

Glycoproteome data processing 

    Raw files were processed with Byonic search engine (Protein Metrics Inc, San Carlos, CA) 

embedded within Proteome Discoverer 2.1 (Thermo Fisher Scientific, San Jose, CA). Spectra 

were searched against the SwissProt Mus musculus proteome database (August 13, 2016; 24,903 

entries). Trypsin digestion missed cleavage was set < 3. The parent mass error tolerance was 

10 ppm, and fragment mass tolerance was 0.01 Da. Fixed modifications were specified as 

carbamidomethylation (+ 57.02146 Da) on C residues and 12-plex DiLeu (+ 145.12801 Da) on 

peptide N-terminus and K. Dynamic modifications included oxidation of M (+ 15.99492 Da, 

rare1), deamidation (+ 0.984016 Da, rare1) of N or Q, and N-glycosylation (common1). Glycan 

modifications were specified as Byonic embedded mammalian N-glycan database (309 entries). 

Identifications were filtered to 1% protein FDR. Gene ontology annotation of glycoprotein and 

Student’s t-test of glycopeptide quantitation results were performed using Perseus software45. 

Riley et al. reported useful tools to analyze large-scale site-specific glycoproteomics data46. 

Results were further processed by in-house written R scripts. Glycopeptides were exclusively 

categorized into five glycan type categories based on glycan composition: (1) sialic acid 

(containing NeuAc/NeuGc), (2) fucose (containing Fucose), (3) complex/hybrid (> 2 NeuAc), 

(4) high-mannose (2 NeuAc and > 5 Hex), and (5) paucimannose (2 NeuAc and < 5 Hex). The N-
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glycoproteomics data have been deposited to the Proteome Xchange Consortium via the PRIDE 

partner repository with the data set identifier PXD019770 

[http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD019770]. 

 

Quantitative post-acquisition data set analyses 

    The proteome and the acetyl-proteome were analyzed as described previously14. Cluster 

analysis was determined using KEGG pathways which arose during pathway analysis47,48. For 

the secretory pathway-related cluster, all proteins that were found in the following KEGG 

pathways in either of the AT-1 models and in either of the proteome or acetyl stoichiometry were 

included: protein processing in the ER, ribosome, proteasome, spliceosome, and RNA transport. 

These proteins were the input for a STRING analysis. Proteins with no interactions were hidden, 

with the minimum required interaction score set at high confidence (0.7). Active interaction 

sources included all sources except textmining. 

To determine subcellular localization for glycoproteome data, proteins were categorized 

according to their Uniprot GO Cellular Component annotation. Proteins were placed inclusively, 

into the following categories as done previously14: “plasma membrane”; “other membrane” 

(includes GO terms with the word ‘membrane’ exclusive of plasma membrane); “neural” 

(includes GO terms that contain ‘axon’, ‘neuro’, or ‘myelin’); “ER” (includes any term that 

contains ‘endoplasmic’); “Golgi” (includes terms that contain ‘Golgi’ and do not contain 

‘endoplasmic’); “cell surface” (includes any GO term that includes ‘surface’); “synapse”, 

“extracellular”, “vesicle”, “lysosome”, and “secreted” (include terms with their respective 

names); and “none listed” (includes any GO term that did not contain any of the other 11 

subcellular groups used). The protein-glycan networks of significantly altered glycopeptides 
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(p < 0.05) were created in R 3.6.0 using the igraph and ggnetwork library. Subcellular locations 

of glycopeptides were grouped from GO cellular component terms according to the same rules as 

in (Riley)46. Pairwise Euclidean distances between subcellular groups of significant 

glycopeptides from different quantitative experiments was calculated. Each GO group was 

considered as a 1707-dimension vector with each glycopeptide as a direction. The dimension 

vector was constructed by the union set of significantly altered glycopeptides across samples. 

The magnitude of the dimension is + 1 or − 1 for corresponding up- or down- regulated 

glycopeptides. Upset plots detailing the overlap between significantly altered glycoproteins and 

glycosites between datasets were created using the UpSetR package in R Studio. KEGG pathway 

enrichment and visualization of significant glycoproteins against Mus Musculus gene were 

performed with clusterProfiler library, Benjamini–Hochberg adjustment was performed to an 

FDR of 0.0546. 

 

Immunocytochemistry 

    Cultured primary MEF cells were transfected with a plasmid carrying ER3-mCherry fusion 

protein, KDEL, and ER signal peptide (Gift from Michael Davidson; Addgene Plasmid #55,041) 

or transfected with CellLight Golgi-GFP BacMam 2.0 (C10592, ThermoFisher Scientific) 

overnight. The coverslips were then fixed with paraformaldehyde for 10 min, (4%, 15,710, 

Electron Microscopy Sciences), and permeabilized with 0.1% Triton TM-X100 (Roche Applied 

Science) for 5 min, followed by an incubation in blocking buffer (10% BSA, 5% goat serum in 

PBS) for one hour. All antibodies were diluted in antibody dilution buffer (1% BSA, 5% goat 

serum in PBS) and stained with ERGIC-53 (E1031, Sigma Aldrich, 1:80), Sec13 (A303-980A, 

Bethyl Laboratories or H00006396-B02P, Novus Biologicals, 1:50), Sec16 (A300-648A, Bethyl 
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Laboratories. 1:50), Sec31A (sc-136233, SantaCruz Biotechnology, 1:50), Sec24C (A304-760A, 

Bethyl Laboratories, 1:50), Sec23 (ab99552, Abcam, 1:50), GM130 (610,823, BD Bioscience, 

1:100), CI-M6PR (ab124767, Abcam, 1:200), or CD-M6PR (ab134153, Abcam, 1:50) for 

overnight incubation. Cells were washed three times in PBS and incubated with secondary 

antibodies AlexaFluor488 (A-11034, 1:1000) and AlexaFluor647 (A-21463 or A-21447, 1:1000) 

for one hour. Cells were washed three times in PBS; Fluoro-Gel II with DAPI (17985-50, 

Electron Microscopy Sciences) was used to mount the cover slips. Images were acquired using 

Structured Illumination Microscopy (Nikon SIM), and analyzed in Imaris imaging software 

(Bitplane, Oxford Instruments) using the Surfaces and Spots modules. Images of cells stained for 

CI-M6PR and CD-M6PR were acquired using both SIM and confocal microscopy (Nikon A1), 

and were analyzed using the surfaces module in Imaris imaging software. To stain for 

peroxisomes, CellLight Peroxisome-GFP, BacMam 2.0 (C10604, ThermoFisher) was used, and 

to stain for lysosomes, LysoTracker Green DND-26 (L7526, ThermoFisher) was used. Images 

were acquired using A1R-HD confocal microscope (Nikon) using a 20 × and 60 × water 

objective. 

 

Electron microscopy 

    MEFs were grown on coverslips and fixed in 2.5% glutaraldehyde, 2.0% paraformaldehyde 

buffered in 0.1 M sodium phosphate buffer (PB) for 1 h at room temperature (RT). The samples 

were then rinsed 5 × 5 min in PB, and post-fixed in 1% osmium tetroxide and 1% potassium 

ferrocyanide in 0.1 M PB for 1 h at room temperature (RT), then rinsed in PB as before. 

Dehydration was performed in a graded ethanol series (35, 50, 70, 80, 90% for 5 min each step, 

95% for 7 min, 100% for 3 × 7 min) at RT, and then transitioned in dry acetone 2 × 7 min at RT. 
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Fully dehydrated samples were infiltrated in increasing concentrations of Durcupan ACM 

(Sigma-Aldrich) and acetone mixtures in the following order: 20 min incubation in 25% PolyBed 

812, 75% acetone, 20 min incubation in 50% PolyBed812, 50% acetone, 1 h incubation in 75% 

PolyBed 812, 25% acetone, and finally a 45 min incubation at 60 °C in 100% PolyBed 812. 

Embedding and polymerization took place in fresh Durcupan ACM for 24 h at 60 °C. The 

coverslips were removed with hydrofluoric acid and the samples were sectioned on a Leica EM 

UC6 ultramicrotome at 100 nm. The sections were collected on 300 mesh thin-bar Cu grids 

(EMS Hatfield, PA), and post-stained with uranyl acetate and lead citrate. The sectioned samples 

were viewed at 80 kV on a Philips CM120 transmission electron microscope and documented 

with an AMT BioSprint12 digital camera (Advanced Microscopy Techniques, Woburn, MA). 

 

Live cell imaging 

For all live cell imaging experiments, an ER inducible release system was used such that 

transfected MEFs expressed a fluorescently labeled protein to an aggregation domain that 

trapped the protein in the ER. Following a 48 h incubation period post transfection, cells were 

treated with a solubilizer to induce ER release. Solubilizing agents used were dependent on 

construct identity and are detailed in subsequent sections. To visualize early protein trafficking 

events from the ER, MEFs were transfected with the 4×FM-mCh-NL1 plasmid (Gift from 

Matthew Kennedy). Before imaging, cells were treated with DDS (635,054, Takara) at a final 

concentration of 1 μM to induce release from the ER. Images were collected every 3 s for a 

duration of 3 min within 10 min of DDS induced solubilization with an A1R-HD confocal 

microscope (Nikon) using a 60 × water objective. Imaris imaging software with the Spots module 

was used to track vesicle movement. The maximum velocity of each cargo was tracked, and the 
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mean of maximum velocity was recorded for each cell. If cargo trafficked more than 2 μm in 

3 min, the cargo was categorized as “released”. The number of released cargo over total cargo in 

each cell was used to calculate percent release. To visualize trafficking from the ER to the Golgi, 

MEFs were transfected with the DsRedExpress2-FKBP(LV)-GalNAcT2-msGFP2 plasmid. As 

this aggregation domain is slightly different from the one used to measure ER budding, a 

different solubilizer, SLF (10007974, Cayman Chemical Co.), was added at a final concentration 

of 100 μM. Images were acquired with an ImageXpress Micro 4 (Molecular Devices) using a 

40 × air objective every 2 min for a total of 30 min following solubilizer addition. Imaris imaging 

software was used to measure the colocalization of the green and red channels. Accumulation in 

the Golgi was quantified by measuring the sum of DsRed intensity as it overlapped with the GFP 

channel. To overcome cell-to-cell intensity variability, each cell was normalized to its maximum 

intensity over the 30 min. To visualize trafficking to the cell surface, MEFs were transfected 

with a plasmid containing 4×FM-Halo-L1CAM. DDS was added to cells at 1 μM. Ten minutes 

prior to imaging, a cell impermeant halo dye was added to the cells at a final concentration of 

100 nM. Cells were then washed three times with DMEM before imaging. DDS was added to 

cells at 1 μM. Full cell z-stack images were taken with a TI2 Spinning Disk Confocal 

Microscope (Nikon) using a 60 × oil objective every 10 min from 20 to 70 min post solubilizer 

addition. Fluorescence intensity was measured from max intensity projections using FIJI. 

 

Real-time PCR 

Real-time PCR (qPCR) was performed using the Roche 480 lightcycler and Sybr Green Real 

Time PCR Master Mix (04707416001, Roche). Expression levels were normalized 

against GAPDH levels, and are expressed as percent of control. PCR primers specific to each 



 

 

100 

gene are summarized in Supplementary Table S2 (Bio-Rad Laboratories; Prime PCR assay). The 

cycling parameters were as follows: 95 °C, 10 s; 60 °C, 20 s; and 72 °C, 30 s, for a total of 45 

cycles. Primers are listed in Supplementary Table S2. 

 

Statistics 

    Data analysis was performed in Graphpad Prism v 8.3.1 (GraphPad Software, Inc) and R 

v3.5.1. Data are expressed as mean ± standard deviation or SEM, as noted in each instance. For 

the proteomics, fold changes were computed within each DiLeu batch experiment. An F-test was 

used to test for equivalent variance among groups, and a Student’s t test was performed assuming 

equal or unequal variance according to the results of the F-test. A final fold change was 

calculated by averaging the two experiments together, and the p-values of the two separate 

DiLeu experiments were combined using Fisher’s method as implemented in the R package 

metap (R version 3.5.1). For the glycoproteomics, a Student’s t-test was performed. For 

trafficking experiments, a two-way ANOVA was used with multiple comparisons reported at 

each time point. For all other analyses, comparison of the means was performed using a 

Student’s t-test, or a one-way ANOVA. The following statistical significance was used: 

*P < 0.05; **P < 0.005; #P < 0.0005. 

 

Data Availability 

 

The proteomics data have been deposited in the ProteomeXchange Consortium via the PRIDE 

partner repository with the accession code PXD013736. The acetyl-proteomics data have been 

deposited to the ProteomeXchange Consortium via the MassIVE partner repository with the 
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accession code PXD014013. The R script that was used to process the acetyl-proteomics data has 

been deposited on Github with the identifier (search terms: AT1 Acetylation Stoich) 

(https://doi.org/10.5281/zenodo.3238525). The N-glycoproteomics data have been depositied to 

the Proteome Xchange Consortium via the PRIDE partner repository with the data set identifier 

PXD019770. The authors declare that all other data supporting the findings of this study are 

available within the paper and its supplementary tables. 
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Figure 1. AT-1 sTg and AT-1S113R/+ display proteomic changes across secretory pathway-related 
processes. Proteins with significantly changing abundance and acetylation stoichiometry 
identified across secretory pathway-related KEGG pathways from liver fractions are shown in 
clusters (n = 4 WT; n = 4 AT-1 sTg; n = 4 AT-1S113R/+). Changes in proteome are indicated by a 
purple (AT-1 sTg), orange (AT-1S113R/+), or grey (neither proteome changed) circle; 
corresponding colored arrows indicate increase, decrease, or no change in proteome compared 
with WT. Acetylation stoichiometry changes are designated with a black arrow on the 
corresponding AT-1 model in which it changed significantly. If a site changes significantly in 
both models, the site is underlined. 
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Figure 2. Morphological reorganization of ER, ERGIC and Golgi apparatus in aberrant AT-1 
models. (a) Representative ER morphology in primary-cultured MEFs using ER3-mCherry 
(scale bar, 3 µm). White asterisk (*) indicates an enlarged cisternae within the perinuclear rough 
ER. High-magnification areas for WT and AT-1 sTg are shown (scale bar, 2 µm). (b–f) 
Quantification of puncta revealed using SIM microscopy in primary-cultured MEFs in (b) Sec13 
puncta (n = 14 WT; n = 13 AT-1 sTg; n = 10 AT-1S113R/+), (c) Sec31 puncta (n = 25 WT; n = 20 
AT-1 sTg; n = 21 AT-1S113R/+), (d) Sec23 puncta (n = 4 WT; n = 7 AT-1 sTg; n = 5 AT-1S113R/+), 
(e) Sec24 puncta (n = 12 WT; n = 15 AT-1 sTg; n = 14 AT-1S113R/+), (f) Sec16 puncta (n = 19 
WT; n = 15 AT-1 sTg; n = 14 AT-1S113R/+). (g–j) Pearson’s coefficient of puncta revealed using 
SIM microscopy in primary-cultured MEFs in (g) Sec31 and Sec13 puncta (n = 8 WT; n = 7 AT-
1 sTg; n = 5 AT-1S113R/+), (h) Sec23 and Sec24 puncta (n = 4 WT; n = 7 AT-1 sTg; n = 5 AT-
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1S113R/+), (i) Sec31 and Sec24 puncta (n = 8 WT; n = 8 AT-1 sTg; n = 9 AT-1S113R/+), (j) Sec13 
and Sec16 puncta (n = 6 WT; n = 6 AT-1 sTg; n = 5 AT-1S113R/+). (k) ERGIC morphology in 
primary-cultured MEFs using ERGIC-53 antibody (scale bar, 3 µm) and quantified using Imaris 
reconstruction of volume and number of puncta (n = 7 WT; n = 7 AT-1 sTg; n = 7 AT-1S113R/+). 
(l) Golgi apparatus morphology in primary-cultured MEFs using GM130 antibody (scale bar, 
3 µm) and quantified using Imaris reconstruction of volume and area (n = 11 WT; n = 12 AT-1 
sTg; n = 12 AT-1S113R/+). (m) Representative electron microscopy of MEFs from WT, AT-1 sTg, 
and AT-1S113R/+. Yellow outlines Golgi structures and orange outlines disorganized secretory 
structures and vesicles. (scale bar, 500 nm). MEFs from multiple cells from 3 biologically 
independent animals for each genotype for (b–l). One-way ANOVA. *P < 0.05; **P < 0.005. 
 
 

 
Figure 3. Aberrant AT-1 models demonstrate altered protein trafficking through the secretory 
pathway. (a) Schematic of three experiments used to assess protein trafficking in the secretory 
pathway. Experiment 1 assesses protein-laden carriers following release from the ER; 
solubilizer-dependent cargo fluoresces for visualization. Experiment 2 quantifies the time for ER 
cargo to accumulate in the Golgi apparatus and then egress; solubilizer-dependent DsRed cargo 
traffics to GFP-labeled Golgi. Experiment 3 quantifies the time for ER cargo to reach the cell 
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surface; solubilizer-dependent cargo with a HaloTag ligand is tracked for 70 min with HaloTag 
cell impermeable dye added prior to imaging. (b,c) Maximum speed of cargo release (b), and the 
percentage of cargo release (c), are tracked for 3 min after solubilizer induced cargo release in 
MEFs (MEFs from multiple cells from 3 biologically independent animals for each genotype 
n = 14 WT; n = 20 AT-1 sTg; n = 18 AT-1S113R/+; MEF cells from 3 biologically independent 
animals for each group for (b,c). Student’s T-test. (d) Representative cargo (red) accumulation in 
the Golgi (green) every 2 min, for 30 min in MEFs from WT, AT-1 sTg, and AT-1S113R/+ (scale 
bar, 40 µm). (e) Cargo accumulation in the Golgi over 30 min in primary-cultured MEFs (MEFs 
from multiple cells from 3 biologically independent animals for each genotype at each time 
point, n = 27 WT; n = 22 AT-1 sTg; n = 23 AT-1S113R/+). Mean with SEM are represented at each 
time point. (f) Representative surface trafficking of L1CAM in MEFs from WT, AT-1 sTg, and 
AT-1S113R/+ (scale bar, 40 µm). (g) L1CAM intensity at the cell surface in MEFs (MEFs from 
multiple cells from 3 biologically independent animals for each genotype at each time point, 
n = 42–76 WT; n = 10–27 AT-1 sTg; n = 19–34 AT-1S113R/+). Mean with SEM are represented at 
each time point. Two-way ANOVA with multiple comparisons at each time point for (e,g). 
Purple and orange statistics indicate differences between AT-1 sTg and WT, and between AT-
1S113R/+ and WT, respectively. Grey statistics indicate difference between AT-1 sTg and AT-
1S113R/+. *P < 0.05; **P < 0.005; #P < 0.0001. 
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Figure 4. AT-1 sTg and AT-1S113R/+ display N-glycoproteomic changes across many cortical 
glycoforms. (a,b) Volcano plot displaying all quantified glycoproteins in the cortex of AT-1 sTg 
(a) female (n = 3) and (b) male (n = 3), compared with age-matched WT littermates. Statistically 
significant proteins (175 in female; 255 in male) are highlighted in yellow, and all other proteins 
are designated in blue. Student’s T-test, P < 0.05. (c,d) Volcano plot displaying all quantified 
glycoproteins in the cortex of AT-1S113R/+ (c) female (n = 3) and (d) male (n = 3), compared with 
age-matched WT littermates. Statistically significant proteins (126 in female; 60 in male) are 
highlighted in yellow, and all other proteins are designated in blue. Student’s T-test, P < 0.05. (e–
h) Identified glycans are categorized into five glycan types, and are divided by significant over 
total identified in cortical (e) AT-1 sTg female, (f) AT-1 sTg male, (g) AT-1S113R/+ female, and 
(h) AT-1S113R/+ male. (i–l) Significant glycans per glycosite are identified in cortical (i) AT-1 sTg 
female, (j) AT-1 sTg male, (k) AT-1S113R/+ female, and (l) AT-1S113R/+ male. (m–p) Significant 
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glycosites per protein are identified in cortical (m) AT-1 sTg female, (n) AT-1 sTg male, (o) AT-
1S113R/+ female, and (p) AT-1S113R/+ male. 
 
 

 
Figure 5. AT-1 sTg and AT-1S113R/+ display a highly heterogeneous cortical secretome. (a–d) 
Network of significant glycan types plotted to glycoprotein for cortical (a) AT-1 sTg female, (b) 
AT-1 sTg male, (c) AT-1S113R/+ female, and (d) AT-1S113R/+ male. Circle represents glycan type, 
with each node representing a specific glycan tree. Glycans intersect with their protein, 
organized by the number of glycosites identified on that glycoprotein. (e–h) Glycosylation 
distribution according to subcellular localizations as defined by GO cellular component terms in 
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cortical (e) AT-1 sTg female, (f) AT-1 sTg male, (g) AT-1S113R/+ female, and (h) AT-
1S113R/+ male. 
 
 

 
Figure 6. AT-1 sTg and AT-1S113R/+ display both divergent and convergent N-glycoproteomic 
changes across subcellular locations. (a) Euclidean distances comparing the distance between 
significant glycoforms found in AT-1 sTg and AT-1S113R/+ , broken down by sex and brain 
region. Distances were calculated according to their subcellular locations, with higher similarity 
indicated with dark colors. (b,c) Significant glycoprotein (b) and glycosite (c) overlap is 
examined at the level of model (AT-1 sTg v. AT-1S113R/+), brain region (cortex vs. hippocampus) 
and sex (female vs. male). The upper bar graph indicates the size of intersection and the left bar 
graphs shows total number of significant glycoproteins (b) or glycosites (c) in each dataset. 
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Figure 7. AT-1 sTg and AT-1S113R/+ display alterations in the CD-M6PR, CI-M6PR, and 
lysosomal networks. (a) Representative electron microscopy of MEFs from WT, AT-1 sTg, and 
AT-1S113R/+ (scale bar, 2 µm). (b) Lysosomal morphology in primary-cultured MEFs using 
LysoTracker stain (20 × scale bar, 30 µm; 90 × scale bar, 15 µm) and quantified using Imaris 
reconstruction of surface area and number of puncta (n = 30 WT; n = 30 AT-1 sTg; n = 30 AT-
1S113R/+). (c) Peroxisome morphology in primary-cultured MEFs using Peroxisome CellLight 
stain (scale bar, 10 µm) and quantified using Imaris reconstruction of number of puncta (n = 8 
WT; n = 8 AT-1 sTg; n = 7 AT-1S113R/+). (d) Representative CD-M6PR in primary cultured MEFs 
using CD-M6PR antibody (scale bar, 3 µm). Surface area was quantified using Imaris 
reconstruction (n = 13 WT; n = 22 AT-1 sTg). (e) Representative CI-M6PR in primary cultured 
MEFs using CI-M6PR antibody (scale bar, 3 µm). Surface area was quantified using Imaris 
reconstruction (n = 16 WT; n = 12 AT-1 sTg). Two-way ANOVA (b,c). Welchs’ t test (d,e). 
**P < 0.005; #P < 0.0001. 
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Chapter 5 
 
 

Finding the Sweet Spot in ERLIC Mobile Phase for 
Simultaneous Enrichment of N-Glyco and Phosphopeptides 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Adapted from: Cui, Y.; Yang, K.; Tabang, D. N.; Huang, J.; Tang, W.; Li, L. Finding the Sweet 
Spot in ERLIC Mobile Phase for Simultaneous Enrichment of N-Glyco and Phosphopeptides. J 
Am Soc Mass Spectr 2019, 30 (12), 2491–2501.  
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Abstract  

 

Simultaneous enrichment of glyco- and phosphopeptides will benefit the studies of biological 

processes regulated by these posttranslational modifications (PTMs). It will also reveal potential 

crosstalk between these two ubiquitous PTMs. Unlike custom-designed multifunctional solid 

phase extraction (SPE) materials, operating strong anion exchange (SAX) resin in electrostatic 

repulsion-hydrophilic interaction chromatography (ERLIC) mode provides a readily available 

strategy to analytical labs for enrichment of these PTMs for subsequent mass spectrometry (MS)-

based characterization. However, the choice of mobile phase has largely relied on empirical rules 

from hydrophilic interaction chromatography (HILIC) or ion-exchange chromatography (IEX) 

without further optimization and adjustments. In this study, ten mobile phase compositions of 

ERLIC were systematically compared; the impact of multiple factors including organic phase 

proportion, ion pairing reagent, pH, and salt on the retention of glycosylated and phosphorylated 

peptides was evaluated. This study demonstrated good enrichment of glyco- and 

phosphopeptides from the nonmodified peptides in a complex tryptic digest. Moreover, the 

enriched glyco- and phosphopeptides elute in different fractions by orthogonal retention 

mechanisms of hydrophilic interaction and electrostatic interaction in ERLIC, maximizing the 

LC-MS identification of each PTM. The optimized mobile phase can be adapted to the ERLIC 

HPLC system, where the high resolution in separating multiple PTMs will benefit large-scale 

MS-based PTM profiling and in-depth characterization. 
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anion exchange (SAX). 

 

Introduction 

 

Phosphorylation and glycosylation are two of the most ubiquitous and important protein post-

translational modifications (PTMs) that can significantly alter protein tertiary structure, stability, 

turnover and protein-protein interactions [1]. It has been estimated that nearly one-third of human 

proteins are phosphorylated and more than one-half of mammalian proteins are glycosylated [2, 3]. 

They are highly associated with many biological processes, including signal transduction, 

enzyme activity regulation, protein folding and cell adhesion [4, 5], and related to various human 

diseases, including diabetes, Alzheimer’s disease, autoimmunity, congenital disorders of 

glycosylation, and cancer [6–14]. It also has been demonstrated that there is complex crosstalk 

between the two PTMs in biological regulation. [15][16]. In order to study the PTM related 

biological processes and further dissect the molecular mechanisms underlying the diseases 

involving these two modifications, the ability to simultaneously analyze both phosphorylation 

and glycosylation at the proteome level is essential. 

Bottom-up proteomics (i. e., shotgun proteomics), which couples liquid chromatography (LC) 

and tandem mass spectrometry to analyze proteolytic peptides, has become a main-stream 

technology that enables rapid profiling of proteins in complex samples [17–19]. The technology has 

undergone rapid development in the past few decades, and its high-throughput allows the whole 

proteome from eukaryotic cells to be analyzed within just a few hours [20–22]. To better adjust the 
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method for analyzing phosphate or glycan modified peptides, more sophisticated LC-MS 

experiments have been designed such as the ‘multistage activation (MSA)’ method [23], the 

electron-driven dissociation [24, 25], and the hybrid fragmentation strategies such as electron-

transfer/higher-energy collision dissociation (EThcD) and activated ion electron-transfer 

dissociation (AI-ETD) that combine orthogonal types of activation on the modified precursor 

ions [26–33]. However, neither of the above strategies can avoid the increased duty cycle of 

MS/MS analysis, which will compromise the number of MS/MS events and reduce the large-

scale profiling efficiency and overall coverage of modified peptides. Furthermore, MSn and 

electron-driven fragmentation capabilities are currently only available on a limited number of 

instruments. On the other hand, stepped-energy of higher-energy collision dissociation (stepped 

HCD or stepped NCE) approach, which combines the fragment ions from three different 

collision energies and records these fragments in a single MS/MS spectrum, was found to 

increase the diversity of the fragment ions without significantly increasing the MS analysis duty 

cycle or sacrificing the throughput, which benefits large scale PTM analysis. For instance, 

improved phospho site localization through increased sequence coverage on HEK 293T cell 

lysate was reported by applying a stepped HCD approach [34]. A recent application of stepped 

NCE to the human serum proteome also proved its capability to fully characterize intact 

glycopeptides on a large scale, while simultaneously yielding structural information of the 

peptides and the covalently linked glycans via high and low collision energies [35]. 

Despite the technical improvements to MS instruments, it is still challenging to analyze 

phosphorylated or glycosylated peptides by direct LC-MS without reducing sample complexity, 

due to the sub-stoichiometric level abundance of the two PTMs and poor ionization efficiency in 

positive ion mode MS derived from additional negative charges of these PTMs. Therefore, 
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numerous enrichment techniques have been developed targeting phosphorylated or glycosylated 

peptides, including metal oxide affinity chromatography (MOAC) such as TiO2 and 

ZrO2 enrichment [36, 37], immobilized metal affinity chromatography (IMAC) [38–42], lectin affinity 

chromatography-based enrichment [43, 44], hydrazide chemistry based SPE method [45–48], boronic 

acid enrichment method [49–51] and hydrophilic interaction chromatography (HILIC) [52–55]. Most 

of the methods listed above were designed to target phosphorylation or glycosylation alone and 

each has its own limitations. MOAC and IMAC suffer from non-specific binding of aspartic acid 

and glutamic acid rich peptides. Lectin affinity chromatography exhibits biases towards specific 

glycan structures. Hydrazide chemistry-based approaches can enrich N-glycopeptides with high 

specificity and efficiency, but the release of enriched analytes relies on enzymatic digestion that 

makes intact glycopeptide analysis impossible. In recent years, novel MOAC and IMAC 

materials were synthesized with optimized morphology, ligand selection and density of 

functional groups to increase the selectivity and enrichment efficiency of both phosphorylated 

and glycosylated peptides [56][57] [58]. However, most of the applications of those novel enrichment 

materials were limited to MALDI-MS validation on mixtures of several phosphorylated and 

glycosylated peptide standards, while the in-depth analysis of the modified proteome was limited 

by the availability of the custom synthesized material to biological labs. 

Ion exchange chromatography (IEX) such as strong cation exchange (SCX) or strong anion 

exchange (SAX) has been another widely used peptide and protein separation method in 

biological and analytical labs [59]. MS coupled with IEX separation has been successfully 

implemented in phosphorylated peptide analysis, due to the charge difference introduced by the 

phosphate group [60–62]. Electrostatic repulsion hydrophilic interaction chromatography (ERLIC) 

is a novel mode of separation utilizing IEX stationary phase with HILIC mobile phases (i.e. 
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analytes are eluted by decreasing organic solvent gradient), which was first introduced by Alpert 

[63]. In ERLIC, hydrophilic interaction and electrostatic interaction between analytes and 

stationary phase are superimposed; and one can manipulate the charge state of analytes by 

operating at optimal pH to maximize the electrostatic attraction between analytes of interest and 

charged stationary phase, while the electrostatic repulsion will antagonize the retention of 

interfering molecules that cannot be separated by conventional HILIC with neutral stationary 

phase [63]. Anion exchange-ERLIC can selectively separate phosphorylated peptides from non-

modified counterparts because of the increased hydrophilicity and additional negative charge 

introduced by a phosphate group at the operating pH [64]. Glycosylated peptide enrichment by its 

hydrophilicity is also compatible with ERLIC, and it has been reported that ERLIC outperforms 

HILIC by neutral stationary phases on isobaric labeled glycopeptide enrichment, which 

facilitated further PTM relative quantification [65, 66]. Furthermore, ERLIC by both SCX and 

WAX has been investigated for the simultaneous, selective isolation of both phosphopeptides 

and glycopeptides from tryptic digests [67–69]. Despite the plentiful application of ERLIC, the 

mobile phase constitution for simultaneous enrichment of multiple PTMs has not been 

thoroughly explored. 

In this work, we examined the potential of coupling ERLIC SPE with RPLC-MS to achieve 

large-scale phosphorylation and N-glycosylation analysis. Different mobile phase compositions, 

including organic phase proportion, ion pairing reagent, salt and pH, were tested and evaluated to 

maximize the enrichment performance of both N-glycosylated and phosphorylated tryptic 

peptides from MM.1S cell lysate (a model cell line for multiple myeloma) [70]. 

 

Experimental Section 
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Materials. 

Poly SAX LP™ bulk material (12μm, pore size 300Å) was obtained from PolyLC (Columbia, 

MD). 0.22 μm Millex-GV Hydrophilic Durapore (PVDF) Membrane filter units were purchased 

from Merck Millipore (Tullagreen, Ireland). Iodoacetamide (IAA), Roche protease inhibitor 

tablets and Roche PhosSTOP phosphatase inhibitor tablet were purchased from Sigma-Aldrich 

(St. Louis, MO). Phosphoric acid, ammonium acetate, tris base, urea, potassium phosphate 

monobasic, sodium chloride and calcium chloride were purchased from Fisher Scientific 

(Pittsburgh, PA). C18 SepPak cartridges were purchased from Waters (Milford, MA). C18 

OMIX tips were purchased from Agilent (Santa Clara, CA). Dithiothreitol (DTT) and sequencing 

grade trypsin were purchased from Promega (Madison, WI). Protein and peptide BCA assays 

were purchased from Pierce (Rockford, IL). 

Cell Culture. 

MM.1S cells were cultured in RPMI-1640 medium (Corning) supplemented with 10% FBS, 

1% sodium pyruvate, 1% penicillin/streptomycin and 10mM HEPES at 37 °C in humidified 

atmosphere with 5% CO2. When the MM.1S cells were confluent, they were harvested and then 

washed once with PBS to remove remaining media content. Resulting cell pellet(s) were stored 

under −80 °C until use. 

Cell Lysis. 

MM.1S cell pellets were homogenized in lysis buffer (8M urea, 50 mM Tris, pH=8, 5 mM 

CaCl2, 20 mM NaCl, 1 EDTA-free Roche protease inhibitor tablet and 1 Roche PhosSTOP 

phosphatase inhibitor tablet) with a probe sonicator for 3 pulses at 60W, 20 kHz for 15 s, each 

followed by a 30 s pause period for cooling at 4ºC. Crude lysates were then centrifuged at 14000 
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xg for 5 min, after which the supernatant was collected and protein concentrations were 

measured by Pierce BCA Protein Assay according to the manufacturer’s protocol. 

Trypsin Digestion. 

Lysate containing 2 mg protein was reduced in 5 mM DTT at room temperature for 1h, 

followed by alkylation in 15 mM IAA for 30 min in the dark. Alkylation was quenched by 

adding DTT to 5 mM. The resulting solution was then diluted with Tris buffer (pH=8) to 0.9 M 

urea and proteins were digested with trypsin at 1:50 enzyme to protein ratio at 37 ºC for 18 

hours. Digestion was quenched by adding trifluoroacetic acid (TFA) to a final concentration of 

0.3% and desalted with C18 SepPak cartridges. Digested peptide concentration was measured by 

Pierce Peptide BCA assay, peptides were aliquoted to 100 μg/tube and dried under vacuum 

before enrichment. 

ERLIC Enrichment. 

ERLIC enrichment of phospho- and N-glyco- peptides from MM.1S cell digest was performed 

in the custom packed spin-tips [71, 72]. As Figure 1B illustrates, 3mg of cotton wool was inserted 

into a 200 μL pipette tip. SAX LP bulk material was dispersed in 0.1% TFA as a 10 mg/ 200 μL 

slurry and activated for 15 min under vigorous vortexing. After activation, 60 μL slurry was 

added to the spin-tip. Solvent was removed by centrifugation at 1200 rpm for 2 min, leaving the 

SAX material packed above the cotton wool. The stationary phase was then conditioned by 150 

μL ACN, 100 mM ammonium acetate, 1% TFA and the loading buffers, each repeated 3 times. 

100 μg MM.1S cell digest was dissolved in 150 μL of the corresponding loading buffer and 

loaded onto the tips by centrifugation at 1200 rpm for 2 min, the flow-through was collected and 

loaded again to ensure complete retention. The tips were then washed with 150 μL loading 

buffers 6 times, after which four fractions were eluted with 300 μL 50/50 ACN/Water with 0.1% 
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formic acid (FA), 0.1% FA in water, 0.1% TFA in water and 300 mM KH2PO4 (pH = 2) and 

were collected in four separate centrifuge tubes. Each fraction was filtered by a 0.22 μm Millex-

GV Hydrophilic Durapore (PVDF) Membrane filter unit, the KH2PO4 fractions were desalted by 

C18 OMIX tips according to manufacturer’s protocol, after which all fractions were dried under 

vacuum before MS analysis. 

NanoLC-MS/MS Analysis. 

Peptides in each fraction were reconstituted in 0.1% FA, 3% ACN and subjected to reversed 

phase LC-MS/MS analysis with a Q-Exactive HF orbitrap mass spectrometer (Thermo Fisher 

Scientific, San Jose, CA) interfaced with a Dionex Ultimate 3000 UPLC system (Thermo Fisher 

Scientific, San Jose, CA). Peptides were loaded onto a 75 μm i.d. microcapillary column custom-

packed with 15 cm of BEH C18 particles (1.7 μm, 130 Å, Waters). Peptides were separated with 

a 90 min gradient from 3% to 30% ACN with 0.1% FA, followed by 10 min to 75% ACN and 

then 10 min to 95% ACN. After that, the column was re-equilibrated with 3% ACN for 15 min to 

prepare for the next injection. 

The mass spectrometer was operated in a top 15 data-dependent acquisition mode. Survey 

scans of peptide precursors from m/z 300 to 2000 were performed at a resolving power of 60K 

and an AGC target of 2×105 with a maximum injection time of 150 ms. The top 15 intense 

precursor ions were selected and subjected to the stepped HCD fragmentation at normalized 

collision energy of 22, 30, and 38% followed by tandem MS acquisition at a resolving power of 

30K and an AGC target of 5×104, with a maximum injection time of 250 ms. Precursors were 

subjected to a dynamic exclusion of 15s with a 10 ppm mass tolerance. 

    Data Analysis 
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Raw files were processed with the Byonic search engine (Protein Metrics Inc, San Carlos, CA) 

embedded within Proteome Discoverer 2.1 (Thermo Fisher Scientific, San Jose, CA). Spectra 

were searched against the UniProt Homo sapiens proteome database (April 12, 2016; 16764 

entries) with trypsin as the specific digestion enzyme and maximum two missed cleavages. The 

parent mass error tolerance was set to be 50 ppm and fragment mass tolerance was 0.02 Da. 

Fixed modifications are specified as carbamidomethylation on cysteine residues (+57.02146 Da). 

Dynamic modifications included oxidation of methionine residues (+15.99492 Da), 

phosphorylation on S, Y, and T, and N-glycosylation. It is reported that ERLIC can enrich for O- 

glycopeptides [73], but in this work, we only analyzed N-glycopeptides from each enrichment. 

Glycan modifications were specified as the common mammalian N-glycome (default N-glycome 

database in Byonic with removal of sodium mass, which contains overall 309 N-glycans), 

expanded with typical mannose-6-phosphate glycans including HexNAc (2)-Hex (4–9)-Phospho 

(1–2), HexNAc (3–4)-Hex (4–9)-Phospho (1–2), HexNAc (2) Hex (3–4) Phospho (1) and 

HexNAc (3) Hex (3–4) Phospho (1). Identifications were filtered at 1% false discovery rate 

(FDR). 

 

Results and Discussion 

 

Because multiple interactions such as hydrophilic interaction and electrostatic interaction are 

superimposed while operating ERLIC, selecting the best mobile phase is not straightforward. 

Here, we aim to examine the impact of organic phase proportion, ion pairing reagent, pH and salt 

content on the retention and elution of phospho- and N-glyco- peptides in ERLIC-RP-MS 

utilizing the new PolySAX LP material [64]. This work will benefit studies of the mechanism of 
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ERLIC and broaden its application to simultaneous phosphorylation and N-glycosylation 

analysis on a large scale. 

 

Loading buffer affects enrichment efficiency. 

To evaluate the impact of mobile phase composition on the retention of modified peptides, 10 

different loading buffers were compared according to Table 1. Since HILIC was named and 

defined in 1990 [74], its mechanism of retention has aroused the interest of many scientists, 

among whom the partitioning theory is the most supported. In this theory, a water-rich layer is 

immobilized on the stationary phase due to the high density of hydrophilic functional groups, 

then the retention of solutes was equilibrated by the partition between the bulk eluent and the 

water-rich layer, which is different from conventional normal phase chromatography where the 

retention is predominantly governed by surface adsorption [75]. According to the empirical 

observations, mobile phase with a higher content of aqueous phase serves as a stronger eluent. 

Most of the pioneering studies utilizing ERLIC SPE for N-glycopeptide enrichment used 95% 

ACN for loading and washing without thorough justification [65, 66]. However, we found this 

condition to be too retentive in that many non-modified peptides with minimal hydrophilicity 

were co-retained with the modified peptides of interest. In Figure 2, the loading buffers with high 

(95%) ACN (group c, d and e) generally retain more total peptides than the low (80%) ACN 

buffer conditions, where the difference in peptide retention is as high as 10 times greater with the 

95% ACN combinations (except for combination f, with 1% FA added), but the LC-MS 

identified significantly fewer modified peptides in high organic phase loading conditions. The 

identification of phosphorylated or N-glycosylated peptides was largely suppressed by the 

numerous co-eluting and co-fragmenting non-modified tryptic peptides that ionized better or 
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were more abundant. On the other hand, mobile phase with 80% ACN was adequate to retain the 

majority of the modified peptides while the non-modified peptides were removed during the 

washing step. By modulating the organic phase proportion in the mobile phase, the ERLIC 

enrichment specificity was greatly increased, benefiting the MS identification of peptides with 

phosphorylation and N-glycosylation. 

Ion pairing has been reported as an effective strategy to increase the specificity in HILIC 

based enrichment of glycosylated peptides, and ion pairing HILIC has been successfully applied 

to mammalian and plant glycoproteomics in various forms including SPE and HPLC [52, 76–78]. 

Wimley-White water/octanol free energy scale of amino acids has shown theoretical evidence 

that peptides with charged moieties have lower hydrophobicity than their uncharged forms [77, 79], 

which is consistent with the experimental results in ion-pairing normal phase LC that the 

hydrophobicity of charged non-glycopeptides increase and the separation between glycopeptides 

and non-glycopeptides were achieved when efficient ion pairing reagents were added [77]. Ion 

pairing reagents such as monovalent salt ions including NaCl, LiCl and KCl or acids including 

acetic acid, formic acid and TFA will “neutralize” the charges of peptides by forming ion-pairs 

with the positively charged groups such as the N-termini, lysine and arginine residues, and the 

negatively charged groups including C-termini, aspartate and glutamate residues. With the non-

modified peptides’ charges neutralized, their hydrophilicity is largely reduced, and the 

glycopeptide enrichment specificity is improved because the hydrophilic retention of analytes 

will predominantly depend on the existing glycans whose hydrophilicity is moderately affected 

by ion pairing reagents [52, 77, 78]. Moreover, a recent study systematically evaluated the impact of 

different salts on the retention of HILIC and ERLIC, where they found well-hydrated 

counterions of charged analytes usually increase the hydrophilic retention while poorly-hydrated 



 

 

128 

counterions decrease it [80]. The similar concept of counterion pairing was adapted to ERLIC 

here, with the choice of the poorly-hydrated TFA and weakly-hydrated FA as the ion pairing 

reagents being compared. On the other hand, the two acid modifiers resulted in different pH of 

the mobile phase and shifted the protonation-dissociation equilibrium of phosphate and other 

functional groups with acidic protons in the analytes, which would potentially influence the 

electrostatic interaction-based retention. As the most hydrophilic group in peptides except for 

basic residues, charged phosphate groups can increase the hydrophilicity of tryptic peptides [74], 

However, the phosphate group alone does not suffice to permit the separation of 

phosphopeptides from nonphosphopeptides as a set in HILIC. In ERLIC, the concurrent 

electrostatic interaction plays a significant role in phosphopeptide retention. Phosphate has a 

pKa1 of 2.15, which is lower than aspartic and glutamic residues and the C-terminus. With an 

appropriate pH in between them, the majority of peptides with acidic residues can be uncharged 

while the charged phosphopeptides can be strongly attracted by the positively charged SAX 

stationary phase. Thus the enrichment selectivity of phosphopeptides and highly hydrophilic 

glycopeptides over non-modified peptides can be enhanced with the selection of pH at 2–3. 

As Figure 2B indicates, TFA serves as the best ion pairing reagent for selective N-glycosylated 

peptide retention, where use of loading buffer combinations of a, b, i and j, containing either 1% 

or 0.1% TFA resulted in more than 300 N-glycopeptide identifications. For phosphorylated 

peptides, the retention depends on hydrophilic interaction and electrostatic interaction 

synergistically. At high organic phase loading conditions, most of the phosphorylated peptides 

can be retained and identified regardless of the TFA content, because the strong hydrophilic 

interaction plays a predominate role. At low organic phase and stronger hydrophilic eluent 

loading conditions as in groups a, b and g-j, the electrostatic interaction became a more 
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significant component of the mechanism of phosphopeptide retention. At lower TFA or FA 

concentration, pH was higher and phosphate groups were more highly deprotonated and better 

attracted by the SAX resin. For example, in group b, 165 phosphopeptides were identified with 

high confidence whereas there were only 54 phospphopeptides identified in group a. Group h 

with even higher pH of 3 of 0.1% FA also showed great phosphopeptide retention where 171 

phosphopeptides were identified in the total four fractions. 

Conditioning is an essential preparation step before operating SAX resins. A highly 

concentrated salt buffer such as triethylammonium acetate is usually used to flush SAX resin for 

various reasons [65, 66]. Some of the main reasons include: (1) It can wash off the byproducts that 

came from SAX resin synthesis before the first time usage; (2) Well-hydrated counter ions can 

partition into the immobilized aqueous layer on the stationary phase and pulls the charged solutes 

into the aqueous layer thus increase the HILIC retention, while poorly hydrated counter ions 

have the opposite effect [80]. To prove the concept, we incorporated a control group i without 

flushing with salt in the experimental procedure before sample loading. Surprisingly, we found 

both N-glycosylated and phosphorylated peptide identifications from group i actually had a 

moderate increase over group a, which could arise from the more well-hydrated counterions that 

PolySAX LP has from manufacturer actually outperform acetate. It is worth mentioning that a 

large amount of 1% FA as the mobile phase modifier in groups f and g resulted in largely 

reduced retention of both modified and non-modified peptides comparing to groups e and h. We 

hypothesize that high concentration of FA partitioned in the immobilized aqueous layer can 

compete the electrostatic interaction between charged analytes and stationary phase to a large 

extent, while the retention of hydrophilic peptides is reduced by “salt out” effect [80]. In contrast, 

these effects are not observed with 1% TFA groups a, c and j, which is because TFA tends to 
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partition mostly into the organic mobile phase of ERLIC. Figure 2C shows the proportion of 

identified N-glycosylated or phosphorylated peptides within the total identified peptides for each 

combination. Group b is the optimal combination among the ten tested, with enrichment 

specificity of 24.8 % and 11.0 % for N-glycosylated and phosphorylated peptides, respectively. 

Eluting profile reveals the key retention mechanism. 

To further separate the modified peptides and simplify the MS based analysis, four crude 

elution fractions were collected with mobile phase conditions as indicated in Table 2. The 

peptide spectral matches (PSMs) of each modification-containing peptide are counted and the 

distributions of the PSMs among the eluting fractions are shown in Figure 3. Figure 

3A summarizes total PSM distribution in four fractions. Figures 3B shows that the majority of N-

glycosylated peptides elute in the first two fractions with the decreasing gradient of organic 

phase, indicating the retention mechanism for N-glycopeptides is predominately by hydrophilic 

interaction. On the other hand, in Figure 3C, phosphopeptides aggregate in the fractions 3 and 4, 

where the pH is lowered and the competitive salt is added to reduce the column interaction with 

the SAX resin. The results show that ERLIC can separate peptides with the two types of PTMs, 

which improves MS analysis and minimizes interference between peptides with the two 

modifications. Sialic acid containing N-glycopeptides have additional acidic groups of which the 

pKa is 2.6. According to Figure 3D, the elution profiles of sialylated N-glycopeptides are 

consistent with those of the bulk N-glycopeptides from each condition in Figure 3B. The results 

indicate the predominant mechanism for ERLIC to retain sialic acid containing N-glycopeptides 

at pH 1~3 is through hydrophilic interaction. We hypothesize that if pH were further increased 

to >3, the electrostatic interaction would have more contribution. 
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Furthermore, we manually checked some PSMs of N-glyco-, phospho-, and sialylated N-

glycopeptides from the Byonic search engine output. Figure 4 shows three representative spectra, 

where the HCD with stepped collisional energy of 22%, 30% and 38% resulted in sufficient 

peptide backbone fragments with clear modification site information and glycan fragments 

cleaved at the glycosidic linkage. The results support stepped HCD as being a highly efficient 

and simple MS fragmentation method for simultaneous profiling of multiple PTMs without 

tedious optimization when coupled with ERLIC fractionation and separation. 

 

Conclusions 

 

In this study, we demonstrated the great potential of ERLIC for simultaneous enrichment of 

phosphorylated and N-glycosylated peptides. Ten different loading buffer conditions were 

examined, thoroughly considering the factors of organic phase proportion, ion pairing reagents, 

pH and salt. While a high concentration of organic phase (95% ACN) has commonly been used 

in previous studies, it is outperformed here by 80% ACN in terms of hydrophilic interaction-

based enrichment’s selectivity and specificity for modified versus non-modified peptides. The 

use of a less well-hydrated ion pairing reagent benefits N-glycosylation enrichment by reducing 

non-specific retention. With weak hydrophilic eluent, phosphopeptides’ retention is independent 

of ion-pairing reagents; with intermediate hydrophilic eluent, the pH of mobile phase has a 

stronger impact on electrostatic interaction-based retention of phosphorylated peptide, where pH 

between 2–3 ensures a decent extent of phosphate group dissociation and phosphopeptide 

retention, while the majority of acidic peptides remains to be uncharged, which enhances the 

enrichment selectivity of phosphopeptides by ERLIC. With an inappropriate selection of 
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counterions before or during the enrichment, the retention of modified peptides of interest can be 

largely hampered by competitive binding to charged resins and “salting out” effect. In the future, 

it is worth exploring the types of salt modifier that benefit the selective retention of N-glyco- and 

phospho- peptides in ERLIC. 

The PSMs in the elution profiles of phosphorylated and N-glycosylated peptides showed a 

decent level of separation, where the majority of N-glycopeptides were eluted by disrupting 

hydrophilic interaction with decreasing organic phase gradient and most phosphopeptides were 

eluted by disrupting coulombic interaction with increased protonation and competitive salt 

content. The elution by multiple steps in the ERLIC SPE should be applicable to an HPLC 

system. We anticipate our optimized ERLIC SPE method will produce great resolution when 

adapted to HPLC and enable simultaneous enrichment and separation of N-glycosylated and 

phosphorylated peptides in complex mixtures, with improved coverage. 
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Table 1. ERLIC loading buffer composition 
 

Condition Organic phase Ion pairing regent pH Notes 
a 80% ACN 1% TFA 1  
b 80% ACN 0.1% TFA 2  
c 95% ACN 1% TFA 1  
d 95% ACN 0.1% TFA 2  
e 95% ACN 0.1% FA 2.7  
f 95% ACN 1% FA 2  
g 80% ACN 1% FA 2  
h 80% ACN 0.1% FA 2.7  
i 80% ACN 1% TFA 1 Without ammonium 

acetate conditioning 
j 80% ACN 1% TFA 1 Activated in 80% 

ACN 1% TFA 
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Figure 1. (A) Illustration of ERLIC enrichment and separation mechanism of phosphopeptides 
and glycopeptides; (B) Custom-made spin-tip composition; (C) Schematic workflow of spin-tip-
based ERLIC SPE coupled with LC-MS/MS analysis on MM.1S cell lysate digest. 
 



 

 

145 

 
 

Figure 2. Identification results of peptide modifications in 100 μg of MM.1S cell lysate by 
ERLIC fractionation. ERLIC loading buffer conditions are provided in Table 1. (A) Total 
peptide identification; (B) Glycopeptide and phosphopeptide identification; (C) % specificity of 
ERLIC enrichment for each condition, calculated by dividing the number of modified peptides 
identified divided by the total number of peptides. 
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Figure 3. PSM distribution of modifications among fractions. ERLIC loading buffer conditions 
are given in Table 1. Eluting buffer conditions are given in Table 2. (A) total PSMs; (B) 
glycopeptide PSMs; (C) phosphopeptide PSMs; (D) Sialic acid containing glycopeptide PSMs. 
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Figure 4. Representative stepped HCD MS/MS spectra with site-specific identifications of 
glycopeptides, phosphopeptides and those with sialic acid containing glycopeptides. (A) MS/MS 
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of N-glycopeptide TN[+876.32]STFVQALVEHVKEECDR (AA 214–232) from human 
prosaposin, spectra of +4 charged precursor at m/z 785.36; (B) MS/MS of phosphopeptide 
LQQGAGLESPQGQPEPGAAS[+79.97]PQR (AA 72–94) from human coiled-coil domain 
containing protein 86, spectra of +3 charged precursor at m/z 795.04; (C) MS/MS of sialylated 
glycopeptide AN[+2204.77]C[+57.02]SVYESC[+57.02]VDC[+57.02]VLAR (AA 495–510) 
from human semaphorin-4A, spectra of +4 charged precursor at m/z 1027.65; (I) m/z 150 to 410 
of (C) with oxonium ions and NeuAc reporter ions resolved; (II) 7-fold zoom-in of (C) 
at m/z 410 to 2000 with most of the peptide backbone fragment ions being detected and resolved. 
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Chapter 6 
 
 

Counterion Optimization Dramatically Improves Selectivity 
for Phosphopeptides and Glycopeptides in Electrostatic 

Repulsion-Hydrophilic Interaction Chromatography 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Adapted from: Cui, Y.; Tabang, D. N.; Zhang, Z.; Ma, M.; Alpert, A. J.; Li, L. Counterion 
Optimization Dramatically Improves Selectivity for Phosphopeptides and Glycopeptides in 
Electrostatic Repulsion-Hydrophilic Interaction Chromatography. Anal Chem 2021, 93 (22), 
7908–7916. https://doi.org/10.1021/acs.analchem.1c00615.  
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Abstract  

 

A well-hydrated counterion can selectively and dramatically increase retention of a charged 

analyte in hydrophilic interaction chromatography. The effect is enhanced if the column is 

charged, as in electrostatic repulsion-hydrophilic interaction chromatography (ERLIC). This 

combination was exploited in proteomics for the isolation of peptides with certain post-

translational modifications (PTMs). The best salt additive examined was magnesium 

trifluoroacetate. The well-hydrated Mg+2 ion promoted retention of peptides with functional 

groups that retained negative charge at low pH, while the poorly hydrated trifluoroacetate 

counterion tuned down the retention due to the basic residues. The result was an enhancement in 

selectivity ranging from 6- to 66-fold. These conditions were applied to a tryptic digest of mouse 

cortex. Gradient elution produced fractions enriched in peptides with phosphate, mannose-6-

phosphate, and N- and O-linked glycans. The numbers of such peptides identified either equaled 

or exceeded the numbers afforded by the best alternative methods. This method is a productive 

and convenient way to isolate peptides simultaneously that contain a number of different PTMs, 

facilitating study of proteins with “crosstalk” modifications. The fractions from the ERLIC 

column were desalted prior to C-18-reversed phase liquid chromatography–tandem mass 

spectrometry analysis. Between 47–100% of the peptides with more than one phosphate or sialyl 

residue or with a mannose-6 phosphate group were not retained by a C-18 cartridge but were 

retained by a cartridge of porous graphitic carbon. This finding implies that the abundance of 

such peptides may have been significantly underestimated in some past studies. 

 

Introduction  
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Advances in bottom-up proteomics depend on the identification of peptides with a variety of 

post-translational modifications (PTMs). Usually, an affinity chromatography method is used to 

isolate peptides with one type of PTM. Titanium dioxide or immobilized metal affinity 

chromatography (IMAC) is used for phosphopeptides, sometimes sequentially,(1,2) and can also 

be used for sialylated and phosphorylated glycopeptides.(3,4) Glycopeptides can be isolated using 

lectins or affinity materials based on boronic acids or esters.(5) These affinity methods all have 

shortcomings. Lectins and boronates only retain subsets of glycans. Titanium dioxide and IMAC 

also have difficulty either with retention or elution of all phosphopeptides and glycopeptides 

(especially regarding titanium dioxide and multiphosphorylated peptides). General-purpose 

methods tend to lack the selectivity necessary for effective identification of modified peptides of 

low abundance. Examples are attempts to isolate tryptic phosphopeptides using either 

conventional anion-exchange chromatography(6) or hydrophilic interaction chromatography 

(HILIC).(7) Neither method is selective enough to offer a satisfactory enrichment factor for 

phosphopeptides. An advance was introduced by Ding et al.(8) using trifluoroacetic acid (TFA) as 

an ion pairing agent in HILIC. Basic residues are normally the most hydrophilic residues in 

peptides.(9) TFA forms relatively hydrophobic ion pairs tenaciously with basic residues, which 

tunes down their contribution to retention in HILIC. The result is to render more important the 

contribution of the rest of the peptides to retention. In Ding’s case, this involved the glycan 

portion of glycopeptides. While the selectivity was appreciably lower than that associated with 

an affinity material, it was still good enough to produce a clean separation of glycopeptides from 

nonglycopeptides on a neutral HILIC column. The weakness of the affinity for the glycan 

portion is actually an advantage; because the affinity interaction does not dominate the 
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chromatography, there is a wide dynamic range in the selectivity window. A HILIC column can 

separate glycopeptides with high resolution.(10) 

The electrostatic repulsion-hydrophilic interaction chromatography (ERLIC) variation of 

HILIC was introduced in 2008.(11) In the case of peptide separation, this usually involves an 

anion-exchange column being operated under HILIC conditions at a pH low enough to uncharge 

the carboxyl-residues of Asp and Glu residues. Peptides then have a net positive charge and are 

repelled by the stationary phase electrostatically. With sufficient organic solvents, the 

hydrophilic interaction can balance the repulsion, causing the peptides to elute in or near the void 

volume. An exception occurs with peptides containing groups that retain some negative charge at 

the low pH. This includes phosphate groups (pKa ∼2.1), sialyl groups (pKa ∼2.6), and isoaspartyl 

groups (pKa ∼3.1) resulting from deamidation of Asn. These groups confer electrostatic 

attraction in addition to the hydrophilic interaction, and peptides containing these groups can be 

pulled away from the rest of the peptides in a complex mixture, such as a digest. ERLIC being a 

variant of HILIC, peptides that lack PTMs but that are particularly polar will also be well 

retained. This applies as well for nonsialylated glycopeptides. While ERLIC was initially used 

for selective isolation of phosphopeptides, the well-retained fractions were soon found to be 

enriched in both phosphopeptides and glycopeptides.(12−15) Both glycosylation and 

phosphorylation of proteins have been implicated in various human diseases, including diabetes, 

Alzheimer’s disease (AD), autoimmunity, and cancer. There is complex crosstalk between the 

two PTMs, including competitive or noncompetitive occupancy of the same or proximal sites, 

glycosylation of kinases, and phosphorylation of glycosylation-related enzymes. The 

simultaneous identification of peptides with different PTMs provides an opportunity to identify 

those crosstalk interactions, in which toggling between two (or more) modifications on nearby 
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residues controls physiological responses.(3,16,17) Other PTMs have been implicated in crosstalk 

as well, including acetylation, methylation, and SUMOylation.(18,19) 

A recent study(20) has demonstrated that the hydration of counterions plays a key role in the 

retention of charged analytes in HILIC. This permits manipulation of retention and selectivity by 

the choice of the salt used in the mobile phase (MP). The effect is even more extreme in ERLIC. 

Retention and selectivity for peptides with negatively charged groups, such as phosphopeptides, 

increase several fold when Na+ or NH4+ is replaced by the well-hydrated Mg+2 in ERLIC. In the 

present study, this increase in the retention of peptides with negatively charged PTMs is 

combined with the use of the poorly hydrated trifluoroacetate anion to tune down retention due 

to the rest of the peptide, as per Ding et al. The result is an unprecedented increase in selectivity 

for peptides with a number of important PTMs, to a degree that compares favorably with or 

exceeds the enrichment factors conferred by other methods in the literature, providing a 

convenient tool for PTM crosstalk analysis. 

 

Experimental Section 

 

Offline ERLIC Fractionation 

    Sample preparation followed previously described protocols with moderate 

adjustments.(14) The details of chromatography materials, MP preparation, cortex tryptic digest 

preparation, and liquid chromatography–tandem mass spectrometry (LC–MS/MS) analysis are 

provided in the Supporting Information. 

Mouse cortex tryptic digest (1 mg) was fractionated using either a PolyWAX LP or PolySAX LP 

column (200 mm × 2.1 mm, 5 μm, 300 Å; PolyLC, Columbia, MD). Three sets of binary MP 
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combinations were used in a total of six fractionation experiments: (1) MP A1: 20 mM sodium 

methylphosphonate with 80% ACN, pH = 2.5; MP B1: 300 mM triethylammonium phosphate 

with 10% ACN, pH = 2.5; (2) MP A2: 20 mM magnesium trifluoroacetate with 80% ACN, pH = 

2.5; MP B2: 300 mM triethylammonium trifluoroacetate with 10% ACN, pH = 2.5; and (3) MP 

A3: 20 mM ethylenediamine trifluoroacetate with 80% ACN, pH = 2.5; MP B3: 300 mM 

ammonium trifluoroacetate, 10% ACN, pH = 2.5. The gradient was as follows: 0–5 min, 0% B; 

5–48 min, 0–100% B; 48–53 min, 100% B. The column was re-equilibrated at 100% A for 15 

min between runs. The eluent was collected with a FC-4 fraction collector (Rainin Dynamax) at 

1 min intervals as initial fractions. Between 6–30 min (MP1) and 7–30 min (MP2 and MP3), 

adjacent 2 min eluents were pooled into the first 12 fractions. Eluents between 30–42 min and 

42–53 min were pooled into the last two fractions 13 and 14. Each fraction was dried under 

vacuum. 

    Solid-Phase Extraction (SPE)/Desalting 

    Every peptide fraction from the six experiments was desalted with OMIX C18 tips (Agilent, 

Santa Clara, CA). For the PTM crosstalk analysis using MP combination 2, C18 SPE flow-

through was collected and run through an additional HyperCarb SPE (TopTips; PolyLC) 

procedure as per the manufacturer’s instructions. Eluates from SPE were dried and stored at 

−80 °C prior to mass spectrometry (MS) analysis. 

    Data Analysis 

    Raw files were processed with the Byonic search engine (Protein Metrics Inc., San Carlos, 

CA) embedded within Proteome Discoverer 2.1 (Thermo Fisher Scientific, San Jose, CA). 

Spectra were searched against the SwissProt Mus musculus proteome database (August 13, 2016; 

24,903 entries). Trypsin digestion-missed cleavages were set at <3. The parent mass error 
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tolerance was 10 ppm, and fragment mass tolerance was 0.01 Da. Fixed modifications were 

specified as carbamidomethylation (+57.02146 Da) on C residues. Dynamic modifications 

included oxidation of M (+15.99492 Da, rare1), deamidation (+0.984016 Da, rare1) of N or Q, 

N-glycosylation (common1), O-glycosylation (common1), and phosphorylation (common4). 

Glycan modifications were specified as the Byonic embedded mammalian N-glycan database 

(309 entries) expanded with typical mannose-6-phosphate glycans including HexNAc (2) Hex 

(4-9) Phospho (1-2) modification, HexNAc (3-4) Hex (4-9) Phospho (1-2), HexNAc (2) Hex (3-

4) Phospho (1), and HexNAc (3) Hex (3-4) Phospho (1)). Identifications were filtered to 1% 

protein false discovery rate (FDR). Similarly, O-glycosylation (Byonic embedded mammalian O-

glycan database with 89 O-glycans) was set as a common dynamic modification and searched 

separately.  

Confident crosstalk interaction analysis relies on confident identification of PTM sites. To 

minimize false discoveries of modified peptides, post-Byonic search filtering was applied with 

in-house written scripts. Briefly, identifications were filtered to 1% PSM FDR. For method 

comparison, a Byonic score cutoff >100 was used. More stringent filtering of N-glycopeptides 

and phosphopeptides used a Byonic score cutoff >300, delta Byonic score >50, and |log10 

Prob| >4 (the absolute value of the log10 posterior error probability). For the glycan–protein 

network, N-glycopeptides were exclusively categorized into six glycan type categories based on 

the glycan composition: (1) mannose-6-phosphate (containing phosphate on the glycan), (2) 

sialic acid (containing NeuAc/NeuGc), (3) fucose (containing fucose), (4) complex/hybrid (>2 

HexNAc), (5) high-mannose (2 HexNAc and >5 Hex), and (6) paucimannose (2 HexNAc and <5 

Hex). Figures were created in R 3.6.0 using ggplot2, igraph, networkD3, and ggnetwork library. 
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Results 

 

Method Development with Peptide Standards 

Figure S1 depicts the partitioning of a tryptic phosphopeptide and an unmodified tryptic 

peptide into the semi-immobilized aqueous layer in HILIC. A well-hydrated cation, such as 

Mg+2, promotes retention of peptides through negatively charged counterions such as phosphate. 

A well-hydrated anion—here, methylphosphonate—does the same through the positively 

charged residues. Figure S2 depicts the situation when a poorly hydrated anion such as 

trifluoroacetate is used in place of methylphosphonate. While the phosphopeptide remains well 

retained via the association with the Mg+2 ion, no counterion confers similar retention upon the 

unmodified peptide. Figure 1A compares retention of synthetic peptides, with sequences similar 

to peptides resulting from digestion with trypsin, using various salt additives in the ERLIC mode. 

Substitution of magnesium trifluoroacetate for magnesium methylphosphonate results in a 

modest decrease in retention of the singly phosphorylated peptide but a much more dramatic 

decrease in retention of the unmodified peptide. The result is an increase in the selectivity ratio 

from 3.5:1 to 13:1 (the ratio of retention of a phosphopeptide to retention of the corresponding 

peptide with an Asp residue in place of the pSer). Ethylenediamine is perhaps the most 

hydrophilic volatile amine,(21) and so it was substituted for Mg+2 to implement the separation 

with a volatile MP. The result was a decrease in the selectivity ratio to 9:1. Subsequent study 

determined that ethylenediammonium trifluoroacetate was insufficiently volatile for use in MS. 

In retrospect, this is not surprising, since triethylammonium trifluoroacetate is an ionic liquid.(22) 

In two chromatograms shown in Figure 1A, positional isomers were separated that had the 

phosphate group on different serine residues [the order of elution was the same in both runs]. 
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With three of the isomers, the further the phosphate group was from the C-terminus, the earlier 

the elution. This is consistent with an earlier study(23) that showed that tryptic peptides tend to be 

oriented on an anion-exchange material with the C-terminus facing the stationary phase and the 

N-terminus facing away. Thus, the more remote the location of a phosphate group from the C-

terminus, the less it can interact with the stationary phase, reducing its contribution to retention. 

The least well-retained positional isomer is an exception to this trend. In this case, the 

phosphoserine followed a proline residue in the primary sequence and was probably sequestered 

by it. 

Figure 1B compares the separation of these peptide standards by both ERLIC and HILIC. 

ERLIC clearly affords better retention and selectivity of phosphopeptides than HILIC. It is also 

more sensitive to positional isomers, because HILIC does not feature the high degree of 

orientation of peptides that can be conferred by their interaction with a charged surface. 

Complex tryptic digests contain a significant number of peptides with three or more Asp and 

Glu residues. Phosphopeptides are of much lower abundance. They must be physically separated 

from the peptides with three or more ordinary acidic residues, which would otherwise tend to 

suppress their ionization in MS.(6)Figure 2 shows that the conditions being introduced here have 

the necessary selectivity. Even the least well-retained singly phosphorylated peptide standard is 

separated from an analogous peptide in which the four serine residues have all been replaced by 

Asp residues. This comfortable separation of singly phosphorylated peptides from unmodified 

acidic peptides helps to address potential concerns about the utility of ERLIC.(24) A gradient to 

1% unbuffered TFA and 30% ACN tunes down both the electrostatic attraction and hydrophilic 

interaction and permits the elution of peptides with two, three, or four phosphate residues. 
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The excellent selectivity for phosphopeptides enabled by ERLIC motivated us to compare it 

with the selectivity conferred by affinity materials. SPE cartridges of titanium dioxide are 

frequently used for isolation of phosphopeptides from complex digests. We packed a high-

performance liquid chromatography (HPLC) column with titanium dioxide and evaluated it with 

gradient elution of our peptide standards. The results are shown in Figure S3. A peptide standard 

with no acidic residues was not retained. Addition of a single Asp residue resulted in a modest 

degree of retention with elution in a broad peak, because carboxyl-groups are weak Lewis bases 

and so interact weakly with titanium dioxide. The interaction of titanium dioxide with phosphate 

groups is much stronger because they are strong Lewis bases. It was necessary to run a gradient 

to ammonium hydroxide to elute any phosphopeptides. Both singly phosphorylated isomeric 

peptide standards then coeluted, along with the peptide standards with two, three, or four Asp 

residues. With continuation of the gradient, a peptide standard with two phosphate groups was 

resolved from the other acidic peptides. The interaction of titanium dioxide with Lewis bases is 

so strong that it blinds the material to any other aspect of the peptide’s composition. These 

results are consistent with those from the only paper we could find in the literature where a 

titanium dioxide HPLC column was used with a similar gradient for peptides.(25) Peptides eluted 

in very wide peaks, and the best-retained peptides were difficult to elute at all. This accounts to 

some extent for the “lossy” nature of titanium dioxide regarding multiply phosphorylated 

peptides, as shown in Figure 2. Titanium dioxide has also been shown to be inferior to HILIC for 

isolation and identification of N-glycopeptides.(26,27) Phosphopeptides eluted more cleanly from 

an HPLC column packed with an Fe-IMAC material, but all in a single sharp peak within the 

gradient.(25) 

    Application of ERLIC Fractionation to the Mouse Cortex Phospho- and Glycoproteome 
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    Proteins were extracted from mouse cortex and digested with trypsin, as described in 

the Experimental Section. The digest was fractionated via ERLIC using gradients with three 

alternative MP combinations: 

• MP 1: Sodium methylphosphonate to triethylammonium (TEA) phosphate (TEAP). 

• MP 2: Magnesium trifluoroacetate (Mg-TFA) to TEA-TFA. 

• MP 3: Ethylenediammonium-TFA (EDA-TFA) to ammonium-TFA. 

MP 1 was introduced in ref (11) and has since been widely used for the isolation of phospho- and 

glycopeptides. In ref (20), it was demonstrated that substitution of the Na+ ion by the better-

hydrated Mg+2 ion as a counterion to phosphate groups resulted in much better retention of 

phosphopeptides in HILIC or ERLIC, while substitution with the nonhydrated 

tetramethylammonium ion resulted in a significant decrease in retention of phosphopeptides. 

This informed about the composition of MP 2, where combining Mg+2 and trifluoroacetate 

maximizes ERLIC selectivity for phospho- and glycopeptides over nonmodified counterparts. 

MP 3 was an attempt to develop a totally volatile MP that would permit direct ERLIC-MS 

analysis of peptides. In addition to the salt gradients, all three MPs featured a decreasing gradient 

of acetonitrile to tune down hydrophilic interaction. 

    Figure S4 compares the chromatograms obtained from 1 mg of mouse cortex digest with the 

three MPs. Ideally, in ERLIC the unmodified peptides elute in or near the void volume while the 

modified peptides are well retained and elute during the gradient. The profile associated with MP 

2 appears to be the most promising in that regard. This seems to be substantiated in Figure 3, 

which compares the number of unmodified peptides identified using all three MPs with both the 

PolyWAX LP and PolySAX LP columns. With PolyWAX LP, the fewest identifications of 

unmodified tryptic peptides were obtained using MP 2. If most of the unmodified peptides do 
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elute in the same early fractions, then they would interfere with each other’s ionization at the MS 

stage, reducing identifications. 

    Figure 3 also compares the two column materials and three MP combinations with peptides 

with PTMs. With MP 2 or 3, 5-6× more N- and O-linked glycopeptides were identified than with 

the MP 1 that has routinely been used with ERLIC. With phosphorylated peptides, a similar 6-

fold increase in identifications was obtained when comparing MP2 to MP1 but not MP3. For 

peptides with mannose-6-PO4 (M-6-P) groups, the number of identifications using MP 2 was 66-

fold greater than with MP 1, a remarkable increase. In most cases, PolyWAX LP outperformed 

PolySAX LP. In view of these data, all further studies were performed using a PolyWAX LP 

column and MP 2. Redundant identifications of the same peptide in more than one fraction were 

deleted from the totals unless stated otherwise. 

Figure S5B shows the distribution of modified and unmodified peptides among the 14 

fractions collected during the gradient with the PolyWAX LP column. The tallies of peptides of a 

given type from all 14 segments are numbers larger than those in Figure 3. This is because the 

numbers are the combined totals of the C-18 desalted and porous graphitic carbon (PGC)-

desalted peptide sets. Peptides identified in both sets were only counted once. The uniform 

distribution of peptides among the fractions in Figure S5B is an advantage of 

ERLIC.(12)Figure 4 focuses on the number of peptides with a given number of phosphate or sialyl 

residues, or an M-6-P group, in each fraction. Peptides with more phosphate and sialyl residues 

tend to elute later, as expected in HILIC in general. Also, this being a variant of HILIC, then in 

addition to peptides with PTMs, the latter fractions also contain a number of nonmodified 

peptides with numerous polar residues. These include 
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SGGNGGGGGGGGGGGGGYGGSGGGGGGAGVPSEGAAK, 

SAAGSEKEEEPEEEEEEEEEYDEEEEEEDDDRPPK, and other extreme sequences. 

Virtues of PGC 

PGC retains particularly small or polar peptides that are poorly retained by C-18 material.(28) It 

has also been shown to retain some tryptic phosphopeptides that are not retained by C-18 

material.(29) Accordingly, when the ERLIC fractions were individually desalted with C-18 

cartridges, the filtrates were also collected and passed through PGC cartridges. This resulted in a 

significant increase in peptide identifications. Figure 4 shows the number and distribution of 

peptides with various modifications among the 14 fractions, with peptides identified from the C-

18-desalted fractions tallied in separate graphs from peptides identified from PGC-desalted 

fractions. Peptides with M-6-P groups are an exception, being compared in the same graph in 

stacked segments. Surprisingly, almost half of the peptides with this PTM were not retained by 

C-18 and so were identified from the PGC-desalted fractions. Most of these peptides eluted in 

later fractions in ERLIC. This suggests that they were unusually polar, which could account for 

the lack of retention by the C-18 material. Similarly, peptides with >1 phosphate and >1 sialyl 

residue tended to elute in later fractions, with about half retained only by PGC. The relative 

distribution is shown in more detail in Figure S5A. This is consistent with ref (30), which 

showed separation of sialic acid isomers using PGC-LC–MS. 

In a search for properties that might account for some of these trends, the average number of 

residues per peptide was graphed for each ERLIC fraction. An interesting trend of note (Figure 

S6) was that peptides retained only by PGC tended to be three–six residues shorter than peptides 

that were retained from the same fraction by C-18. 

PTM Crosstalk 
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Because the salt-enhanced ERLIC method described here enables simultaneous detection of 

peptides with four different types of PTMs with good coverage, then one can search for crosstalk 

between different modifications. MP2 provides the best performance in terms of PTM selectivity 

and coverage, and PGC enrichment complements C-18 for PTM identification. The crosstalk 

analysis is based on data acquired with ERLIC fractionation using MP2, followed by 

postfractionation desalting and enrichment with both C-18 and PGC materials. With this method 

and with a Byonic score cutoff of 100, we have identified 12,492 nonredundant phosphopeptides, 

10,218 phosphorylation sites in 3078 proteins, 3819 N-glycopeptides, 1246 N-glycosylation sites 

in 788 proteins, 2730 O-glycopeptides, and 1979 O-glycosylation sites in 1033 proteins. M6P 

peptide PSMs were manually inspected, and spectra without phospho-oxonium ions were 

filtered, after which 145 unique M6P peptides were identified. Figure S11A shows the 

distribution of phospho-oxonium ion containing M6P peptide PSMs. In Figure S7, 46% of the 

phosphorylation sites identified have been reported in the Uniprot database while the rest are 

novel. 50% of the N-glycosylation sites identified here have been annotated in Uniprot. 

However, few of the O-glycosylation sites are listed in Uniprot; 99% of them are novel. Among 

the 4697 Uniprot-annotated phosphosites, most (67%) were assigned using “combinatorial 

evidence”, which comes from large-scale proteomics data or protein 3D structure data without 

manual curation; 32% were assigned using “sequence similarity”, which means that the evidence 

is propagated from related proteins with similar sequences. For 627 annotated N-glycosites, 77% 

were only assigned via “sequence analysis”, which means that the glycosites were predicted from 

the presence of the N-X-S/T sequon rather than by experimental observation. This study has 

provided substantiating experimental evidence for those annotated sites, as well as the novel 

PTM sites not annotated in Uniprot. We present one example: Neural cell adhesion molecule 
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1. Figure 5A displays the complex PTM profile of this protein, depicting the PTMs this study 

identified in the protein as well as the ones already listed in Uniprot. Compared with the PTM 

sites reported in Uniprot, (a) Four out of six reported N-glycosylation sites were detected here; 

(b) 7 out of 11 reported phosphorylation sites were detected here (S890, T929, T1001, and 

T1030 were not detected). The following modifications were also detected, which have not been 

reported in Uniprot: (a) An O-glycosylation site; (b) Eight additional phosphorylation sites 

(S788, S884, S885, S886, S950, S952, S1016, and S1113); (c) A novel mannose-6-phosphate 

site. 

    With such extensive PTM data available at the proteome level from the same sample, this 

method will be valuable in dissecting PTM characteristics and their interplay efficiently. Site-

specific microheterogeneity is an important aspect of glycosylation and significantly complicates 

the analysis of glycoproteins.(31,32) This information is lost when glycans and deglycosylated 

peptides are analyzed separately but is retained in the present method because the glycopeptides 

are analyzed intact. For example, 384 proteins identified here as O-glycosylated contained more 

than one O-glycosite on the protein, with 331 O-glycosites modified by two or more alternative 

glycans. Similarly, 233 N-glycoproteins were ascertained to have more than one N-glycosite, 

with 592 N-glycosites being modified with two or more alternative glycans. According to the 

simple linear regression model in Figure S8A, N-glycosylation has a higher degree of 

microheterogeneity than O-glycosylation, with an average of three alternative N-glycans per site. 

Recently, Riley et al. reported a visualization method for large-scale proteomics data.(24) Here, an 

N-glycan-protein network is plotted in Figure S8B, which maps different types of glycans 

attached to identified glycoproteins. Sialylated glycans comprise the largest fraction of the N-

glycans identified. The network also shows that sialylated, fucosylated, and complex/hybrid 
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glycans occur more frequently on proteins with multiple glycosylation sites, while high-

mannose, paucimannose, and M-6-P glycans are more uniformly distributed. Figure 5B plots the 

overlap of protein substrates of phosphorylation and glycosylation. Five hundred seventy-four 

proteins contain both phosphorylation and N-glycosylation sites, 453 proteins contain 

phosphorylation and O-glycosylation, 271 proteins contain both N- and O-glycosylation, and 167 

proteins contain all three PTMs. Among the comodified proteins, there is positive correlation 

between phosphorylation and O-glycosylation sites and between N- and O-glycosylation sites 

per protein. However, such correlation was not observed between phosphorylation and N-

glycosylation, as in the heatmap of Figure 5C. Figure 5D,E visualizes the site numbers of 

different PTMs on the same protein directly, with some hypermodified proteins’ accessions 

labeled. 

PTMs are known to alter protein functions. When there are multiple PTMs on the same 

protein, then their interplay can be quite complex. Crosstalk between O-glycosylation and 

phosphorylation has been reported, because they both target protein S/T residues.(17,33) In 

general, Wang et al. described four potential categories of crosstalk between O-GlcNAcylation 

and phosphorylation.(34) Canvassing the present data for these four categories (Figure 6): 

 (1) Direct competition for occupancy of a single site. In the present study, 154 O-

glycosylation sites were also found to be phosphorylated; 

 (2) Competition via steric hindrance by reciprocal modification at proximal sites in a 

polypeptide. Considering sites within ±10 amino acid residues as proximal, then in this study 

4728 (46%) phosphorylation sites have proximal phosphorylation, 123 (1.2%) have proximal N-

glycosylation, and 331 (3.2%) have proximal O-glycosylation. Similarly, 73 (5.9%) N-

glycosylation sites have proximal phosphorylation, 55 (4.4%) have proximal N-glycosylation, 
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and 200 (16%) have proximal O-glycosylation. For O-glycosylation sites, the figures are 248 

(13%), 241 (12%), and 509 (26%) for proximal phosphorylation, N-glycosylation, and O-

glycosylation, respectively; 

(3) Regulation of O-glycosylation cycling enzymes by phosphorylation of their catalytic 

subunits or of their regulatory/targeting subunits; 

(4) Regulation of kinases or phosphatases by GlcNAcylation. 

Regarding categories (3) and (4), by querying the present data for gene ontology molecular 

function annotation, 226 phosphoproteins, 94 O-glycosylated proteins, and 52 N-glycosylated 

proteins were annotated with phosphatase activity, and 223 phosphoproteins, 64 O-glycosylated 

proteins, and 44 N-glycosylated proteins had kinase activity. This suggests that phosphorylation-

cycling enzymes can be self-phosphorylated or glycosylated. Conversely, 164 phosphoproteins, 

57 O-glycosylated proteins, and 35 N-glycosylated proteins were involved in protein 

glycosylation processes. 

Aberrant protein phosphorylation and glycosylation have been associated with 

neurodegenerative diseases.(35,36) Interestingly, 43 phosphoproteins, 29 O-glycosylated proteins, 

and 15 N-glycosylated proteins in the present data were annotated as related to AD by the KEGG 

database (Supporting Table S1). Those key modified proteins are potential targets for studying 

the role of PTM regulation in AD progression. 

Cutoff Score for the Byonic Filter 

It has been suggested that the cutoff score for the Byonic filter be set at 300 for nonmodified 

peptides and in the range 50–200 for N-glycopeptides as a compromise between accuracy and 

coverage.(37) A cutoff score of 150 was used in a recent study of the N-glycoproteome.(24) In the 

present study, the data in Figure 5 and Figure S6 were obtained using the stringent cutoff score 
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of 300, while a cutoff score of 100 was used in Figures 3 and 4, and Figure S5. To assess the 

impact of the stringency of the cutoff filter score, Figure S9 shows the number of peptides 

identified using Byonic cutoff scores of 0, 100, and 300. When a specific peptide was identified 

in more than one fraction (“redundancy”), then it was counted only once. A peptide was also 

counted only once if it was identified in oxidized or deamidated forms in addition to the original 

form. However, glycosylation variants of a peptide were counted individually. A change in the 

level of stringency tended to have the greatest effect on identification of peptides with the 

greatest number of modifications. Such peptides tend to be of low abundance and may also 

ionize less well compared to unmodified peptides. The impact was greatest on O-glycopeptides; 

identification of the nonsialylated peptides with Byonic scores >300 was only 14% of the 

unfiltered identifications. 

 

Discussion 

 

Attachment of phosphate and sialyl residues increases the polarity of peptides. PGC was more 

effective than a conventional C-18 material at capturing peptides decorated with more than one 

such residue. This raises the disturbing possibility that prior studies of peptides with these PTMs 

may have significantly underestimated the abundance of peptides with >1 phosphate residue, >1 

sialyl residue, or any mannose-6-phosphate residues if they involved a desalting step with the C-

18 material only. Supplementary Table 1 from ref (25) presents a relevant example. A tryptic 

digest of human epidermoid cells was desalted on a C-18 cartridge prior to affinity isolation of 

phosphopeptides and subsequent fractionation. Out of 5009 phosphopeptides identified, only 10 
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were triphosphopeptides. With our method, one might expect to identify 75–90 

triphosphopeptides from brain tissue extract from a phosphopeptide set of that size. 

If PGC complements the selectivity of the C-18 material for binding peptides, then why not 

mix both materials together in a single SPE desalting step? The answer is that while PGC binds 

many polar peptides that do not bind well to the C-18 material, it also binds many of the peptides 

that do bind to the C-18 material, and its affinity for such peptides may be greater than for the 

peptides with PTMs. This would saturate the binding capacity of the PGC, leaving it unable to 

bind the peptides that do not bind to the C-18 material. It is prudent to first deplete the sample of 

peptides that C-18 does bind. A similar situation was described in ref (1). There, a single IMAC 

cartridge bound mostly doubly phosphorylated peptides. The filtrate was then passed through an 

identical cartridge, and this time the singly phosphorylated peptides were bound because there 

were no multiply phosphorylated peptides to displace them. 

 

Conclusions 

 

The number of modified peptides identified in this study compares favorably with or exceeds 

the number reported using other methods. No specialized materials are required. This optimized 

version of ERLIC should be considered as a viable alternative to affinity enrichment methods 

involving titanium dioxide, IMAC, lectins, or boronic acids. Because peptides with different 

modifications can be enriched and identified simultaneously, this approach facilitates the study 

of PTM crosstalk and protein network interactions that are not convenient or possible to perform 

using the materials with higher degrees of affinity. 
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Supporting Information 

The Supporting Information is available free of charge 

at https://pubs.acs.org/doi/10.1021/acs.analchem.1c00615. 

Expanded experimental details of protein digestion and LC–MS/MS analysis; illustration of 

peptide retention with counterions added in HILIC; figures of chromatograms; figure of the 

distribution of modified peptides captured by C-18 material versus PGC material; figure of 

residue number per modified peptide analysis; figure of comparison of modification sites 

identified in this study and Uniprot reported evidence; figure of glycan heterogeneity analysis; 

figure of Byonic cutoff score optimization analysis; chromatogram before and after column 

passivation; figure of M6P peptide spectra manual inspection results; figure of reproducibility 

analysis; figure of literate comparisons; figure of example MS spectra; figure of EThcD O-

glycopeptide analysis; tables of identified modified peptide distribution in ERLIC fractions; 

tables of link sizes of Figure 9; and table of proteins associated with AD and their PTMs 

identified in this study (PDF) 
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Figure 1. (A) Effect of counterions on ERLIC of phosphopeptides. Column: PolyWAX LP, 100 
× 4.6-mm; 3-μm, 300-Å. MP: 20 mM salt as noted, pH 2.5, with 75% ACN. Flow rate: 1 
mL/min. Detection: 280 nm. The ratio refers to retention of the last phosphopeptide to retention 
of the Asp-peptide. (B) HILIC vs ERLIC of phosphopeptides. HILIC column: 
PolyHYDROXYETHYL A, 100 × 4.6-mm; 3-μm, 300-Å. Salt: EDA-TFA (concentration as 
noted). All other variables as in (A). 
 

 
 

Figure 2. ERLIC of phosphopeptides and acidic analogues. Column, flow rate, and detection: As 
in Figure 1A. MP (A) 20 mM EDA-TFA, pH 2.1, with 77.5% ACN. MP (B) 1% TFA with 30% 
ACN. Gradient: 12′ delay, then 0–100% B in 30′. 
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Figure 3. Peptide identification from 1 mg of mouse cortex after ERLIC fractionation and LC–
MS/MS. Number of (A) total peptides; (B) mannose-6-phosphate glycopeptides; (C) 
phosphopeptides; (D) N-glycopeptides; (E) O-glycopeptides. Only fractions desalted with C-18 
were analyzed, and redundant identifications were eliminated (i.e., if a peptide eluted in two 
adjacent fractions, then it was counted only once). The Byonic cutoff filter was 100. 
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Figure 4. Distribution of modified peptide identifications among ERLIC fractions using MP2. 
Results from fractions desalted with C18 and with PGC are graphed separately except for M-6-P 
peptides. Redundant identifications were eliminated within each material data set but not 
between the C-18 and PGC datasets, because the characteristic of interest was the overall elution 
pattern rather than the absolute numbers. The Byonic cutoff filter was 100. The figures for each 
segment are listed in Tables S1–S4. 
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Figure 5. (A) PTMs in neural cell adhesion molecule 1 (Uniprot identifier P13595) [Gene: 
Ncam1]. A Byonic filter score of 300 was used. (B) Venn diagram showing coexistence of 
phosphorylation, N-glycosylation, and O-glycosylation at the protein level; (C) heatmap of the 
correlation of number of PTM sites and number of different glycans by protein. Only comodified 
proteins were included (for example, row 5, column 3 means the correlation between number of 
N- and O-glycosites for proteins that are both N- and O-glycosylated is 0.36). (D, E) Scatterplots 
of the number of modified sites within proteins that contain the two PTMs. The accessions of 
hypermodified proteins are labeled. 
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Figure 6. Sankey diagram of the PTM crosstalk network at the modification site-level and 
protein level. Numbers in black represent node sizes; numbers in pink represent link sizes. The 
complete sizes (numbers) of nodes and links are summarized in Tables S5 and S6. Abbreviations 
include PhosP (phosphoprotein), OGP (O-glycoprotein), and NGP (N-glycoprotein). 
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Chapter 7 
 
 

Conclusions and Future Directions 
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In this dissertation, I developed numerous methodologies to improve the LC-MS/MS based 

proteomics analysis, including SPS-MS3 acquisition strategy, chemical labeling, and 

chromatography-based enrichment for PTM peptides.  

In Chapter 2, DiLeu labeling based proteomics quantification successfully identified the 

activation of key biosynthetic proteins within kyc gene cluster during the coculture of 

Micromonospora sp. and a Rhodococcus sp. Along with colorimetric assay results of keyicin 

product, transcriptomics and metabolomics studies, we concluded that the multi-omics 

regulations are attributed to the small molecule signaling between the two bacteria strains. The 

BGC activation at both transcriptomic and proteomic levels resulted in the biosynthesis of 

keyicin by the normally silent BGC kyc. 

Quantification accuracy of the DiLeu and DiAla labeling based quantification was improved 

by SPS-MS3 strategy as demonstrated in Chapter 3. Proteome regulation profile of the PCSK9 

targeting compound HX261 in HepG2 cells was obtained, where AhR pathway was found to be 

activated. On the other hand, the development and application of the chemoproteomics method 

with in situ photoaffinity labeling and click chemistry enabled affinity purification coupled with 

MS LFQ successfully identified 29 potential protein interactors of the HX3-037 probe. 

Functional analysis showed those interactors are involved in cholesterol and fatty acid 

metabolisms. To draw clearer links between the identified interactors with the PCSK9 inhibition 

effect of the compound, models targeting each individual interactor can be developed to 

investigate in the future. For example, with the knock-down HepG2 cell model of each 

interactor, if the PCSK9 expression level also decreases as with compound treatment, then there 

is additional evidence that the PCSK9 inhibition of HX261 and HX3-037 is modulated through 

binding to the direct interactor protein. 
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Chapters 4-6 describe the development of electrostatic repulsion-hydrophilic interaction 

chromatography coupled with orbitrap MS to facilitate the large scale PTM analysis qualitatively 

and quantitatively. In the first application, DiLeu labeled intact N-glycopeptides from two AT-1 

dysfunctional mouse models were enriched by ERLIC SPE and analyzed with EThcD hybrid 

fragmentation. Reproducible quantitation of 3-4 thousand intact N-glycopeptides was achieved 

across all brain regions and mouse models. The potential of using ERLIC to enrich peptides with 

phosphorylation and O-glycosylation was further explored. By utilization of counterions with 

different hydration numbers, the ERLIC retention of charged analytes can be modulated. We 

improved the selectivity of phosphopeptides, N- and O-glycopeptides in ERLIC by more than 5 

fold. The method has the capability of simultaneously identifying different types of protein 

PTMs with site-localization and high coverage, which can be used for large scale PTM cross talk 

analysis, such as in biomarker discovery studies and investigations into disease progression 

mechanism. A follow-up study involves the investigation of the proteomic, phosphoproteomic 

and glycoproteomic changes in the APP/PS1 mouse model. Alzheimer’s Disease (AD) is the 

leading cause of dementia globally. The neurological signaling cascade intrinsically involves 

extensive PTM regulations. PTMs such as phosphorylation and glycosylation might be key 

mediators that are altered in AD progression. Therefore, the comprehensive analysis of PTM 

regulations and crosstalk in AD brains might shed light on AD mechanism study and biomarker 

discovery. 
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