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Abstract 

Neuropeptides are diverse neuromodulators that originate in the neuroendocrine system 

and play important roles in many biochemical pathways. Copper toxicity is of particular 

interest as copper effluxes are increasing from pollution and copper is becoming more 

bioavailable due to ocean acidification. Characterizing neuropeptidomic changes can 

improve understanding of the neurochemical signaling pathways and biochemical 

processes involved in responding to environmental stress like copper toxicity. This 

dissertation explores different mass spectrometry (MS) strategies to characterize 

neuropeptides and related biomolecules in response to elevated copper levels with an 

emphasis on quantitative methods. This is performed in a crustacean model organism 

using custom N,N-dimethyl leucine isobaric tags (DiLeu). These tags have had extensive 

applications for bottom-up proteomics but have been much less explored for their 

application to neuropeptide quantitation due to inherent challenges in measuring these 

low-abundance analytes. Optimization of the MS acquisition parameters is performed to 

translate proteomic methods and facilitate neuropeptidomic experiments with higher 

throughput and broader coverage. Additionally, methods to quantify related copper-

binding proteins (e.g., metallothioneins) were also developed to provide a more 

comprehensive understanding and multi-omic view of the underlying biochemical 

processes involved in copper toxicity. Overall, the work presented in this dissertation 
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provides an improved framework for studying the functional roles of neuropeptides and 

proteins involved in the copper stress response. 

  



1 
 

Chapter 1 

 

 

 

 

 

 

 

Introduction and Research Summary 
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Introduction 

Neuropeptides are important signaling peptides with a range of functions within 

the neuroendocrine system. They are encoded as part of larger precursor proteins, or 

preprohormones, that are cleaved and modified to yield the mature, bioactive peptide.1 

These peptides can then exert their modulating effects both locally and as long-range 

circulating hormones.2 Prior research has shown neuropeptides to be involved in a 

variety of biological processes, including environmental stress,3,4 behavior,5 and 

neurological disorders.6 Discerning the exact roles of neuropeptides in these processes 

is difficult, however, as neuropeptide function is dependent upon many factors, such as 

location, concentration, and the presence of other co-modulating neuropeptides.2 It is 

therefore important to profile the entire suite of neuropeptides expressed to gain 

insights into their specific functions. This is challenging due to the structural diversity of 

neuropeptides, as well as their low in vivo abundance, and has resulted in ample 

opportunities for advances in the field of neuropeptidomics. 

 Crustacean model organisms have proven useful to improve our understanding 

of neuropeptides and the larger neuroendocrine system. The simple, well-characterized 

nervous system found in crustaceans has been the subject of many electrophysiology 

experiments and provides a relevant model for studying neuropeptide function as many 

crustacean neuropeptides have mammalian homologs.7 Although these models have 

enabled the study of neuropeptidomics for a variety of applications, advances in the 

analytical techniques to characterize neuropeptides have proven to be highly important 

and can be broadly transferred to the study of other model organisms. Through the 
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development of mass spectrometry (MS), neuropeptides are able to be identified by 

their sequence, characterized by post-translational modification (PTM) content, and 

quantified between samples.2 The employment of MS has facilitated thorough profiling 

of neuropeptides to help discern their roles in physiological processes. Additionally, MS 

has been extensively utilized to study other biomolecules of interest, such as proteins, 

lipids, and metabolites. This allows multi-omic workflows to be developed to provide a 

detailed picture of the biochemical changes that occur between experimental samples. 

 The overall aim of this research is to further develop quantitative MS techniques 

to study relative changes in neuropeptides and related biomolecules. The effectiveness 

of different labeling methods (both isobaric and isotopic) and MS acquisition settings 

are demonstrated in this work. The developed methods are then used to profile 

changes in a blue crab model organism, Callinectes sapidus, in response to 

environmental stress, specifically hypoxia and copper toxicity. 

 

Research Summary 

As neuropeptide function is dependent upon location, structure, concentration, and the 

presence of other neuropeptides, thorough profiling of the neuropeptidome is needed to 

discern the role of neuropeptides in different biological processes. Chapter 2 provides 

information on the background literature relevant to the study of neuropeptides.8 The 

importance of studying neuropeptides is presented along with the challenges currently 

facing the field. Analytical method development is discussed with an emphasis on 

quantitative mass spectrometric approaches. These include label-free quantitation 
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methods, isobaric labeling, and isotopic labeling. There have also been considerable 

advances in quantitative mass spectrometry imaging (MSI) that have led to enhanced 

localization of neuropeptides. Additionally, the multi-omic workflows are discussed in 

which proteomics and metabolomics can be used to inform neuropeptidomic research 

and help corroborate findings or generate new hypotheses. The chapter is concluded 

with an overview of the limitations still facing the field of neuropeptidomics and an 

outlook for future research in the field. 

 Profiling neuropeptides in a sample can be accomplished using different MS 

strategies, the simplest being a label-free strategy. Samples are analyzed separately, 

and quantitation of specific analytes is achieved by comparing signal intensities, spectral 

counts, or area under the curve of the chromatogram.9 These methods require fewer 

sample processing steps due to the omission of labeling but require more instrument 

time as samples cannot be analyzed together. This not only increases analysis time but 

also increases the potential for instrumental drift and run-to-run variability, 

necessitating more controls and normalization consideration. Conversely, a simple 

reductive dimethylation reaction can be used to quickly label neuropeptides at a modest 

cost. In Chapter 3, this labeling strategy is used to analyze four samples 

simultaneously.10 Isotopic formaldehyde and a reducing agent (borane pyridine) are 

used to incorporate different mass additions to the primary amines of neuropeptides 

from different samples. The labeled samples are then pooled together and able to be 

analyzed in a single liquid chromatography (LC)-MS. This enabled the relative 

quantitation of neuropeptide expression after exposure to three durations of hypoxia 
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compared to a control (unexposed to hypoxia). As the reductive dimethylation labeling 

creates a mass difference at the precursor mass level (MS1), matrix-assisted laser 

desorption and ionization (MALDI)-MS can be used in conjunction with electrospray 

ionization (ESI)-MS to provide complementary identifications and deeper coverage of 

the crustacean neuropeptidome. Using reductive dimethylation, significant changes 

were observed in many neuropeptides, with majority of peptides downregulated in 

response to hypoxia. This labeling strategy is effective; however, it is limited in its 

multiplexing abilities as each channel increases spectral complexity multiplicatively, 

resulting in fewer identifiable neuropeptides. 

 To address the limitations of an isotopic labeling strategy, such as reductive 

dimethylation, an isobaric labeling strategy can be used. By adding the same nominal 

mass regardless of channel, isobaric tags create no distinction at the precursor mass 

level. Upon fragmentation and tandem MS (MS/MS or MS2) analysis, however, unique 

reporter ions can be produced from each channel. This allows the spectral complexity at 

the MS1 level to be maintained and only adds complexity to the low mass region of the 

MS2 spectra which is indicative of relative abundance of each sample, and thereby 

enables higher orders of multiplexing.11 Isobaric tagging has had many applications 

with proteomics, but the low concentrations of neuropeptides present challenges. 

Isobaric tagging workflows rely on data-dependent acquisitions, in which a preset 

number of MS2 spectra are collected per MS1 spectrum. The low abundance of 

neuropeptides often results in them not being selected for MS2 analysis and therefore 

not identified or quantified. In Chapter 4, a systematic optimization strategy is used to 
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enable an isobaric tagging workflow while still maintaining high neuropeptidome 

coverage.12 Neuropeptides were labeled with custom tags developed in the Li Lab, N,N-

dimethyl leucine (DiLeu). The multiplexed samples were analyzed by LC-MS, and by 

modifying select data-dependent acquisition settings, the number of unique 

neuropeptides able to be identified and quantified in a single LC-MS run was increased 

by three-fold. This improvement enabled application of the 4-plex DiLeu labeling 

scheme to a biological study. 

 Copper plays important roles in protein structure and signal modulation but can 

quickly cause oxidative stress at elevated concentrations. Furthermore, copper toxicity 

is an increasing ecological concern as copper levels are increasing due to agricultural 

runoff, industrial pollution, and poorly managed wastewater.13 In aquatic ecosystems, 

copper poses higher toxicity as its bioavailability increases with the acidification of 

oceans. To better understand the response to copper toxicity in an organism, the 

methods developed in Chapter 4 were used to characterize the neuropeptidomic 

changes after 1, 2, and 4 hours of exposure in a blue crab model. Several significant 

changes were found throughout the brain, sinus glands (SGs), pericardial organs (POs), 

and thoracic ganglia (TG). In general, there was an increase in inhibitory peptides (e.g., 

allatostatin A- and B-type) in the pericardial organs. Additionally, an interesting pigment 

dispersing hormone (PDH) showed possible transport from the sinus glands to the 

brain. This exact same PDH displayed the same pattern in response to hypoxia 

(Chapter 3) as well, potentially indicating a general stress response factor. 
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 The initial 4-plex DiLeu labeling strategy used in Chapter 4 did prove effective 

but increasing the multiplexing capabilities is often advantageous as it improves 

throughput and can reduce run-to-run variability. The 4-plex DiLeu tags have been 

expanded to a 12-plex by taking advantages of the mDa mass differences that arise 

from the incorporation of 2H, 13C, and 15N (mass defects). These mass defects allow the 

initial 4 reporter ions to be “split” into a total of 12 with only a few mDa between some 

reporter ions.11 While this increases the total number of channels that can be analyzed 

simultaneously, it also requires a greater resolving power. This in turn increases the 

scan time, reducing the total number of spectra that can be collected in a single LC-MS 

run. To minimize trade-offs between throughput and the number of identifiable 

neuropeptides, the mass spectrometry acquisition parameters were further optimized. 

Unlike Chapter 4, however, a less systematic but faster design of experiments was 

used in Chapter 5 to optimize six parameters simultaneously. A single sample was 

analyzed by different combinations of parameters, dictated by an orthogonal array 

optimization strategy.14 This allowed for the evaluation of six parameters at three levels 

each in only 18 runs. The orthogonal array optimization resulted in an approximately 

2.5-fold increase in identifiable neuropeptides when comparing optimum vs unoptimized 

parameters. This demonstrates not only the effectiveness, but also the importance of 

method optimization for LC-MS analyses. The optimization of the 12-plex analyses will 

allow the methods to be used in future studies to study environmental stress (e.g., 

copper toxicity), but with a greater number of evaluable experimental conditions. A 
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detailed protocol and the overview of the methods described in Chapters 4 and 5 is 

provided in Chapter 6.15 

 Neuropeptidomics has the potential to provide much information on the signaling 

pathways involved in responding to stressors like copper toxicity. It is also important, 

however, to examine other biomolecules that may be involved in mediating 

environmental copper exposure. Metallothionein proteins are of particular interest as 

they are responsible for binding a variety of heavy metals, including copper, to maintain 

metal homeostasis.16 This small family of proteins helps chelate and transport metals so 

they can be metabolized or excreted, and their dysregulation has been implicated in 

many disease states, such as genetic disorders, neurological degeneration, and of 

course metal toxicity. Studying these proteins can be challenging as they are highly 

unique; they are low molecular weight (6-7 kDa), highly cysteine-rich (>30%), and 

have acetylated N-termini.17 Additionally, proteins within this family are structurally 

similar, but play roles in different biological processes. Analysis of these proteins has 

been achieved using bottom-up proteomics, but much information about conformation, 

PTMs, and metal-binding is lost during this process.18 Alternatively, in Chapter 7, 

methods are developed to not only analyze the intact metallothionein proteins (top-

down MS), but also quantify them using DiLeu isobaric tags. This is challenging due to 

the many cysteine residues (~20) that need to be alkylated to prevent side reactions 

with the amine-reactive DiLeu tags. Additionally, the blocked N-terminus (acetylated) 

inhibits labeling, leaving only the lysine residues able to be labeled. Modifying 

conventional reduction and alkylation protocols to use greater reagent concentrations 
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and longer incubation times have resulted in high alkylation efficiency.18 Differential 

labeling of alkylated products has shown reliable quantitation when comparing observed 

ratios to the known ratio in which the samples were pooled. Isolating the 

metallothionein proteins from tissue extracts has proven challenging as there is a 

complex matrix of both large proteins and small molecule metabolites that need to be 

removed. Work is being done to improve affinity-based extraction methods, such as 

immobilized metal affinity chromatography (IMAC), and size-based methods like 

molecular weight cutoff (MWCO) filtration.19 These challenges are discussed in more 

detail in the future directions section of this thesis (Chapter 9). Combining the 

extraction protocols with the developed labeling methods will allow for efficient 

quantitation of different metallothionein proteins, thereby providing insights into the 

roles of these proteins in responding to heavy metal toxicity. 

 An overview of this research is provided in Chapter 8 as part of a collaboration 

with the Wisconsin Institute for Scientific Literacy (WISL) and is intended to provide a 

description of the thesis to a broader audience without formal scientific training. The 

conclusions and findings from this thesis work are provided in Chapter 9, along with a 

description of the possible future directions of the projects presented here.  
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Structured Abstract: 

Introduction: 

Neuropeptides are signaling molecules originating in the neuroendocrine system that 

can act as neurotransmitters and hormones in many biochemical processes. Their exact 

function is difficult to characterize, however, due to dependence on concentration, post- 

translational modifications, and the presence of other comodulating neuropeptides. 

Mass spectrometry enables sensitive, accurate, and global peptidomic analyses that can 

profile neuropeptide expression changes to understand their roles in many biological 

problems, such as neurodegenerative disorders and metabolic function. 

Areas Covered:  

We provide a brief overview of the fundamentals of neuropeptidomic research, 

limitations of existing methods, and recent progress in the field. This review is focused 

on developments in mass spectrometry and encompasses labeling strategies, post-

translational modification analysis, mass spectrometry imaging, and integrated multi-

omic workflows, with discussion emphasizing quantitative advancements. 

Expert Opinion: 

Neuropeptidomics is critical for future clinical research with impacts in biomarker 

discovery, receptor identification, and drug design. While advancements are being 

made to improve sensitivity and accuracy, there is still room for improvement. Better 

quantitative strategies are required for clinical analyses, and these methods also need 

to be amenable to mass spectrometry imaging, post-translational modification analysis, 

and multi-omics to facilitate understanding and future treatment of many diseases. 
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Keywords: Imaging, Label-free, Mass Spectrometry, Multiplexing, Multi-omics, 

Neuropeptides, Peptidomics, PTMs, Quantitation, Stable Isotope Labeling 

 

Article Highlights: 

 

• Developments in quantitative mass spectrometry have enabled greater 

sensitivity, higher throughput, and more comprehensive analyses of 

neuropeptidomics, improving understanding of the signaling pathways involved 

in many diseases. 

• Both isotopic and isobaric labeling strategies have seen increased usage, 

especially as instrument advancements enable greater multiplexing, and label-

free neuropeptidomics remains common due to reduced sample loss and spectral 

complexity. Recent incorporation of data-independent acquisition strategy has 

benefits for both labeling and label-free methods. 

• Post-translational modification analysis remains challenging, but is in greater 

demand, especially with the discovery of glycosylated neuropeptides. These 

analyses have benefited from adapting glycoproteomics methods and 

improvements in instrumentation, such as the availability of ETD and EThcD for 

fragmentation. 

• Recent advances in normalization methods, matrix development, data analysis, 

etc., have enabled mass spectrometry imaging to not only be useful for 

localization, but also for quantitation of neuropeptides. 
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• Neuropeptides play roles in diverse signaling pathways that involved a suite of 

co-modulating neuropeptides, proteins, neurotransmitters, and metabolites, 

highlighting the need for multi-omic workflows. These methods have seen 

increased use in recent years, facilitated by developments in analyte extraction 

and separations, differential labeling, and instrumentation. 

 

1. Introduction: 

Regulation of the nervous system is a strictly controlled process influenced by a 

plethora of signaling peptides, neurotransmitters, hormones, and other modulating 

molecules.1,2 These neuromodulators are critical to behavior,3–5 stress responses,6–11 

maintaining homeostasis,12,13 and many other biological processes.14–16 Neuropeptides, 

signaling peptides originating in the neuroendocrine system, are of particular interest as 

they have highly diverse function and structure, dynamic expression, and many sites of 

action.1 Dysregulation of neuropeptides has been implicated in many diseases and 

biological states, including heavy metal toxicity,8 hypoxia,7 Alzheimer’s disease,17 

depression,18 and others. As a result, comprehensive characterization of neuropeptides 

could have many benefits such as discovering biomarkers or elucidating important 

biological pathways involved. However, such global analysis is challenging not only due 

to many neuropeptides having low in vivo abundance and high structural diversity, but 

also because neuropeptide function is influenced by many factors, such as location, 

post-translational modifications, and the presence of other co-modulating 

neuropeptides.1 
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This complexity inherent to all neuropeptidomic studies is exacerbated by the difficulties 

in determining possible neuropeptide sequences. Neuropeptides are produced by the 

select processing of precursor proteins (i.e., preprohormone) encoded within the 

genome.19 These preprohormones contain a signaling sequence and the remaining 

prohormone. After cleavage of the signaling sequence, the prohormone is selectively 

and specifically cleaved by endopeptidases, such as various prohormone convertases, to 

produce several peptide sequences from a single precursor protein.20 The peptides are 

then processed further and post-translationally modified to produce the bioactive 

neuropeptides.20 The intricate pathways from genome to active neuropeptide, splice 

variants, and diversity of post-translational modifications lead to many possible peptide 

forms that are difficult to predict from genomics or even transcriptomics alone. This 

compounded with the fact that many model organisms do not have a fully sequenced 

genome to use as a reliable starting point for predicting a full neuropeptide database 

makes neuropeptide studies even more challenging. 

 

Mass spectrometry (MS)-based approaches have led to enhanced workflows for 

detecting, characterizing, and quantifying neuropeptides in various samples. MS can 

provide detailed, high-accuracy information about the intact mass, sequence, 

modifications, and expression levels of a detected neuropeptide.1 Furthermore, MS 

analyses can profile many analytes (neuropeptides) from a sample in a single 

experiment without requiring extensive a priori knowledge. This unbiased, untargeted 
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method facilitates discovery-based neuropeptidomics. As neuropeptide function is 

influenced by the other neuropeptides present, methods to detect the suite of 

neuropeptides expressed in a sample are critical to understanding the underlying 

signaling mechanisms of neuropeptides.  

 

Using various labeling and label-free strategies, MS can further provide useful 

quantitative information that can be used to determine neuropeptide expression 

differences between samples.21 Alternative MS analysis methods, such as data-

independent acquisition (DIA) can enable greater depth of coverage for the 

neuropeptidome.22 These quantitative strategies can be applied not only to the 

detection and identification of neuropeptides, but also to identifying different forms of 

neuropeptides with post-translational modifications.23 Additionally, there have been 

many developments in the field of MS imaging (MSI) to enable the detection of 

neuropeptides in specific locations of a tissue or tissue section.13,24,25 This spatial 

distribution provides an additional level of information for quantitative 

neuropeptidomics. Furthermore, MS has applications in numerous -omics (e.g., 

proteomics, metabolomics), that can offer complementary information to the 

quantitative neuropeptidomic workflows. By combining the structure elucidation, 

quantitative information, spatial distribution, and analysis of correlated biomolecules, 

analysis by MS has greatly improved our understanding of neuropeptides and their roles 

in many biological processes. This review aims to highlight recent developments in the 

broader field of neuropeptidomics with an emphasis on quantitative strategies. 
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2. Quantitative Strategies: 

As neuropeptide function has some dependence on concentration,26 being able to 

reliably identify and quantify neuropeptides is necessary for understanding their 

function, especially as it relates to different biological states. A recent review has been 

published detailing mass spectrometry strategies applied to functional 

neuropeptidomics.27 These functional studies are challenging, however, due to the low 

concentrations (as low as femtomolar) in vivo26 of neuropeptides, highlighting the 

continual need for improved quantitative methods. Although MS is not inherently 

quantitative, its widespread application and growth in the -omic fields has led to the 

development of various strategies for accurate and sensitive quantitation. The 

quantification of neuropeptides has been achieved with label-free methods that allow 

analysis of the neuropeptides without modification and minimal sample loss;28 a variety 

of labeling strategies that facilitate more reliable quantitation and greater throughput 

analyses;29 and more recently, DIA workflows to increase reproducibility and enable 

detection of more low abundance analytes and thus deeper profiling of the 

neuropeptidome.22 These methods are of course not the only quantitative methods for 

neuropeptidomics and others have been reported and summarized in other reviews.30,31 

 

2.1 Label-free Quantitation: 

In MS workflows, certain steps, such as desalting, are crucial, but researchers will often 

forgo extraneous steps to reduce sample loss for low abundance species like many 
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neuropeptides. Label-free quantitation (LFQ) strategies may suffer from reduced 

throughput, but they often provide the least amount of sample processing (and fewer 

losses from it). In LFQ methods, samples are analyzed independently of each other, 

commonly using LC-MS or LC-MS/MS approaches.21,32 Quantitation is typically 

performed by comparing signal intensities (e.g., chromatographic peak area). By 

examining the extracted ion chromatogram (XIC) of analytes, quantitation is achieved 

by comparing peak areas between sample runs. Controlling for run-to-run variability is 

critical for reliable quantitation as samples are run separately.28 Software is typically 

used to align the XICs by retention time and filter data, such as ensuring the 

precursor/fragment ions and the charge states match between aligned peaks.33,34 

Additionally, normalization between analyses needs to be considered to facilitate more 

accurate comparisons between samples, as variations can arise from instrument 

calibration, sample preparation, and ambient temperature during analysis. Various 

methods and software packages for normalization exist and are systematically 

evaluated in a recent article by Välikangas et al.35 Ye et al. demonstrated the efficacy of 

LFQ to quantify neuropeptide expression changes as a result of feeding in a rat 

model.36 Anapindi, et al. similarly used XIC analysis to examine neuropeptide 

expression, but on a much larger scale; over 200 LC-MS runs were performed to 

identify and quantify over 1500 neuropeptides to examine their effect on chronic 

migraine and opioid-induced hyperalgesia.4 Targeted approaches have also proven 

useful; Salem et al. performed relative quantitation of surrogate neuropeptides and 

their fragments to characterize the processing of pro-neuropeptides to mature 
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neuropeptides.37 Frequently, targeted approaches will employ parallel reaction 

monitoring (PRM) in which a targeted precursor ion and subsequent fragment ion are 

analyzed. Similarly, multiple reaction monitoring (MRM) analyses a single precursor ion 

and multiple fragment ions from that precursor ion. As these approaches minimize 

interference from other matrix components, sensitivity and throughput are greatly 

enhanced.38 Although often used for measuring surrogate peptides from a targeted 

protein, MRM and PRM have seen use in peptidomics workflows, such as the analysis of 

orexin in mice cerebrospinal fluid39 and the identification of endogenous signaling 

peptides in insects.40 While MRM and PRM have high sensitivity, the simplicity of using 

XICs for quantitation allows it to be easily applied to novel and/or less developed MS 

workflows. Bianco et al., for example, used XICs to characterize differences between 

arginine and lysine vasopressin after analysis by Fourier transform ion cyclotron 

resonance (FTICR) MS with multiphoton dissociation.41 

 

LFQ workflows can also employ spectral counting for quantitation. Spectral counting 

assesses protein abundance by correlating concentration to the number of times a 

constituent peptide is identified, with the idea being that more abundant proteins will 

be identified more frequently in a single run.33 The protein abundance index (PAI) is 

calculated from the normalized level of observed peptides per protein and its 

exponential modification (emPAI) is used to estimate protein concentrations.42 In 

neuropeptidomic experiments, however, identifications are not made based on 

constituent peptides, as done in bottom-up proteomics, because the endogenous 
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neuropeptide is generally not digested prior to LC-MS analysis. This greatly reduces the 

applicability of spectral counting in neuropeptidomic experiments, but it still has gained 

some use, typically with XIC information used for improved confidence. Southey et al. 

has shown that spectral counting and spectral indexing (based upon the cumulative 

intensity of product ions) provide more informative characterization of neuropeptides in 

the rat suprachiasmatic nucleus over XIC.28 Other groups have published quantitative 

methods that utilize both XIC and spectral counting for characterizing endogenous 

peptides outside of the central nervous system. By comparing the peptidomes of 

patients with systemic juvenile idiopathic arthritis (SJIA) to healthy patients, LFQ 

methods enabled the detection of 17 potential biomarkers for SJIA in urine.43 Similarly, 

Labas et al. used LFQ methods to characterize peptides in chicken semen to identify key 

peptides for phenotyping.44 Although these applications do not address neuropeptides 

specifically, the peptidomics workflow is translatable and provides future directions for 

neuropeptide analyses. Even as other quantitative methods are developed, the 

scalability and ease of using LFQ will likely ensure its continued use in the future. 

 

2.2 Label-based Strategies: 

Although label-free quantitation is adaptable, requires fewer sample processing steps, 

and is amenable to many samples, it often requires a greater number of LC-MS runs 

and can suffer from run-to-run variability. Conversely, many labeling strategies exist 

that allow samples to be run simultaneously, enabling accurate multiplex quantitation 

with fewer control samples required, reduced instrument time, and decreased effects 
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due to instrument variation.21 For neuropeptide applications, most labeling reactions 

occur post-extraction and create a mass difference between channels via stable isotope 

incorporation to differentially label samples. Reductive dimethylation is frequently used 

to label neuropeptides as it targets primary amines (N-termini and lysine residues), 

common to most neuropeptides. Additionally, this reaction is low cost and easily 

accessible, requiring only isotopic formaldehyde and a reducing agent such as borane 

pyridine or cyanoborohydride.45 Isotopic dimethylation has been used extensively in the 

Li lab to study neuropeptidomic changes in crustacean models.7,10,11,46,47 Moreover, the 

group has shown the method is compatible with both electrospray ionization (ESI) and 

matrix-assisted laser desorption/ionization (MALDI) methods to provide complementary 

coverage of neuropeptides in a single sample.7 Wilson et al. has developed an online 

dimethyl labeling system in which neuropeptides are derivatized on-column with either 

light or heavy reagents.48 The Fricker lab has also published several articles using 

isotopic labeling for quantitative peptidomics. They have expanded the reductive 

dimethyl labeling scheme to an impressive five channels while improving accuracy with 

isotopic correction calculations.45 Similarly, the lab has expanded the use of 

trimethylammoniumbutyryl (TMAB) chemical tags to a 4-plex.49,50 TMAB tags add a 

permanent positive charge via a quaternary amine to N-termini and lysine residues of 

peptides using an amine-reactive NHS ester. These tags have been widely used in 

peptidomics to study numerous biological processes, including peptide degradation,51 

prohormone processing,52 narcotic effects,53 and can be transferred to neuropeptidomic 

applications. These tags are effective, easily synthesized, and increase signal intensity 
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by incorporating a permanent positive charge. This permanent charge, coming from a 

charged quaternary amine, does make the peptide more prone to dissociation, thus 

increasing instability and limiting application.  

 

One of the major limitations with isotopic labeling, as evidenced by Buchberger et al.7 

and others,45 is the added spectral complexity with higher multiplexing. This can lead to 

difficulties in accurately calculating relative abundances, even with isotopic corrections. 

Additionally, given the wide dynamic range of neuropeptides, it is possible (and perhaps 

likely) that peaks corresponding to downregulated neuropeptides could be too low in 

intensity to be quantified or even be detected. Even analytes of high enough intensity 

might still not be selected for fragmentation and tandem MS analysis by commonly used 

data-dependent acquisition (DDA) settings, simply due to the greater number of 

precursor peaks that come with an isotopic labeling workflow. Isobaric tagging–where 

neuropeptides are labeled with isotopically encoded tags that add the same mass but 

produce unique reporter ions upon tandem MS analysis–can offer advantages over 

conventional isotopic labeling. Figure 1 depicts the differences between isotopic (1A) 

and isobaric tagging (1B). These methods are capable of significantly higher order 

multiplexing, such as 8-plex with iTRAQ,54 16-plex with TMTpro,55 or 21-plex with 

DiLeu,56 because only the MS2 spectra have added complexity due to the unique 

reporter ions. Moreover, the tags are strategically designed to create reporter ions in 

regions of the spectrum that do not contain other useful peaks. Isobaric tags have been 

used often for proteomics applications, but have had fewer applications with peptides, 
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especially neuropeptides. Dimethylated leucine (DiLeu), for example, has been used to 

quantify neuropeptides in lobster brains as a function of growth cycle,15 and also as part 

of a multi-omic profiling of the mouse hypothalamus,57 but the low abundance of many 

neuropeptides still presents challenges. As quantitation occurs at the MS2 level, isobaric 

tagging requires analytes be selected for fragmentation and subsequent tandem MS 

analysis. Low abundance analytes, like many neuropeptides, are often omitted from 

tandem MS analysis using conventional DDA strategies. Recently, Sauer and Li have 

shown that optimization of the DDA parameters can facilitate a greater depth of 

coverage in the crustacean neuropeptidome. This enabled the characterization of many 

neuropeptides dysregulated in response to copper toxicity.8 Similar optimization 

strategies have been used to improve proteomic coverage,58,59 highlighting a problem 

not unique to the field of neuropeptidomics. As instrumentation and analytical 

capabilities improve, it is likely that we will see an increased prevalence of isobaric and 

isotopic labeling methods reported for neuropeptides and other low abundance 

analytes. 

 

2.3 Data-Independent Acquisition: 

Conventional identification and quantitation of peptides and proteins by mass 

spectrometry typically involves DDA to trigger and obtain MS2 fragmentation spectra. 

Prioritizing fragmentation of the higher signal intensity ions, this acquisition method is 

biased towards higher abundance and more easily ionizable species. Fragmentation 

spectra are crucial to obtain confident identification of biomolecules. Neuropeptides are 
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often of low abundance compared to other biological and neurological matrix 

components;60 their analysis can benefit greatly by using a less biased fragmentation 

scheme. DIA methods were developed to overcome the limitations of DDA, by 

fragmenting all molecules within a desired m/z window, not only the highest signal 

intensity ions,61 demonstrated in Figure 2. During DIA MS, all molecules within a m/z 

isolation window of user-defined width are fragmented, without a precursor selection to 

trigger fragmentation. Fragmentation ion spectra are collected from different isolation 

windows in a cyclic manner, from the beginning of the defined m/z survey range to the 

end before repeating. MS1 spectra are collected every cycle, or however often is 

desired. The use of DIA enables the identification, and therefore potential quantitation, 

of more molecules compared to DDA,61–64 including lower abundance molecules such as 

neuropeptides.22 As a newer method, DIA MS does not have the breadth of application 

that DDA does and is not yet commonly applied to neuropeptide analyses. However, the 

field of neurobiology has seen great benefit from the adoption of quantitative DIA MS, 

as discussed in a recent review on its application to quantitatively analyze the brain 

proteome.65 

 

Although not all quantitative, a few MS analyses using DIA have recently been 

performed to better improve the characterization of neuropeptides. DIA MS was used in 

the untargeted quantification study of neuropeptide expression changes in response to 

feeding activity in crustacea.66 The authors were able to detect and quantify 137 

peptides directly from microdialysate with minimal sample preparation; no extraction or 
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precipitation steps were required, demonstrating the utility of DIA for the quantification 

of limited samples.66 While DIA MS is a powerful technique for untargeted quantification 

of neuropeptides, Saidi et al. demonstrated its limitations and higher variances during 

targeted quantification studies of neuropeptides found in animal spinal cord tissues.38 

Delaney and Li also evaluated the utility of DIA MS for the quantification of 

neuropeptides from crustacean neural tissue. While improving the technical and 

biological reproducibility of analysis and number of overall neuropeptides identified 

compared to DDA, the DIA method showed poor quantitative accuracy using a label 

free approach.22 To improve LFQ of peptide hormones using DIA MS, a method was 

developed using an internal standard peptide, enabling accurate quantitation.67 As the 

field of DIA MS quantification further develops, new strategies to improve its abilities to 

characterize neuropeptides will need to be developed. 

 

The utility of DIA searches using a spectral library-free approach and database searches 

generated from FASTA sequences has been demonstrated for analysis and quantitation. 

Model spectra generated from these methods are not always as reliable for 

neuropeptides as the algorithms are often developed for tryptic peptides. PTMs and 

structural diversity of endogenous peptides complicate these matters, making it difficult 

to obtain good results without high-quality spectral libraries. Although identification 

through spectral library searches have been shown to increase identification and 

quantitation reproducibility,68 spectral library generation, requiring high amounts of 

starting material, may not always be feasible due to the limited sample concentration of 
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neuropeptides. Database searching and spectral-free methods69–73 will likely be more 

beneficial to the future study of neuropeptides by DIA MS.  

 

Overall, DIA has been shown to improve sensitivity of analysis for both identification 

and LFQ,74 enabling consistent detection with up to a 10-fold increase in sensitivity 

compared to DDA, and improving the quantitative dynamic range of analysis.61,75 

Notably, the reproducibility and quantitative performance of DIA MS methods was 

evaluated by 11 sites worldwide, and reproducible quantitation of proteins was 

observed.75 Reproducibility is very important for the quantitation of samples; the same 

analytes must consistently be identified across all conditions for comparison. A large 

limitation to DIA analysis is the duty cycle for each scan and total time it takes to cycle 

through the entire desired m/z range. Careful consideration is required when choosing 

parameters such as maximum ion injection time, automatic gain control target, isolation 

window width, and full m/z range, among others, as this may cause analytes to not be 

fragmented during the appropriate window before fully eluting during the LC gradient.76 

This issue is further exacerbated during DIA MS for quantitation as accurate 

quantitation requires data to be collected at multiple points across a peak profile. 

Further complicating quantitation by DIA MS, multiplexed label-based methods increase 

spectral complexity, although such methods have recently been utilized in a few 

proteomics experiments.77–80 Additional information about the utility and considerations 

of DIA MS for neuropeptide analysis and quantitation, including software resources can 

be found in a recent comprehensive review detailing advances in the MS analysis of 
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neuropeptides [manuscript under review]. More general reviews for proteomics also 

exist.63,71,81–83 

 

DIA can also be beneficial for the analysis of heavily modified analytes where MS signal 

intensity is distributed across multiple proteoforms, as this increases the number of 

precursors needed to be selected for fragmentation using DDA. A limitation to this 

method is the deconvolution of data; multiple precursor ions are co-fragmented in MS2 

spectra and PTMs can further complicate fragmentation spectra. Although it has been 

shown to benefit the analysis of glycosylated proteins,84–86 this analysis has not yet 

been applied to the field of neuropeptidomics. Even with the limitations of DIA, it has 

been shown to successfully identify more peptides and neuropeptides, with improved 

reproducibly. With a limit of detection (LOD) in the amol range61 and improved 

quantitation capabilities,75 the field of neuropeptidomics would benefit greatly from the 

adoption of quantitative DIA MS workflows. 

 

3. Post-Translational Modifications: 

Neuropeptides and other bioactive peptides are formed after enzymatic cleavage of 

larger precursors by peptidases. Additional enzymes can alter these peptides with PTMs, 

altering their structure, function, and stability, among other effects, contributing to the 

vast diversity of neuropeptides. Neuropeptide modifications can include amidation, 

phosphorylation, acetylation, glycosylation, and sulfation, to name a few.87 Identifying 

and differentiating between these forms is crucial to understand molecular mechanisms 
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in neurobiology, and thus these modified neuropeptides are investigated using MS by a 

variety of labs,10,88–90 thoroughly summarized in a few recent reviews.91 The 

quantification of post-translationally modified neuropeptides faces additional challenges. 

Labeling approaches often target specific residues and moieties, so post-translational 

modification of these residues often inhibits quantitation via labeling. For example, 

many tags target primary amines and are therefore ineffective or less effective for 

peptides with acetylated N-termini. Further challenging analysis of modified peptides is 

the decreased ion signal intensity from distribution of already low abundance 

neuropeptides across the differentially modified forms. This leads to the need for 

targeted analyses and enrichment strategies to detect and quantify peptides with 

PTMs,92–94 especially for those modified by highly dynamic glycosylation.94–97 As MS 

considerations are more prominent for peptides modified by glycosylation,93,98,99 we will 

focus on the discussion of glycosylated peptides. 

 

Estimated to modify potentially 33% of all known human peptide hormones, changes in 

glycosylation have a large impact on the role and efficacy of neuropeptides and other 

bioactive peptides.100–103 It is therefore of interest to improve quantification abilities for 

these lower abundance peptides with decreased ionization efficiency compared to their 

non-modified counterpart.96 During a targeted analysis to characterize insulin and other 

signaling peptides in pancreatic islets, Yu et al. discovered insulin to be glycosylated 

and found this form to be differentially regulated in mouse models of diabetes.104 This 

demonstrates the need for more attention to be given to the analysis and quantification 
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of modified signaling molecules. To this goal, Hansen et al. investigated the potential 

presence of glycans on atrial natriuretic peptide (ANP), a peptide hormone with its 

proteolytic degradation and potency being regulated by glycosylation. They 

characterized and quantified glycosylated ANPs using a targeted MS approach and 

demonstrated glycosylation on ANP to impact its stability, circulation time, and receptor 

activation in rats.105 

 

To improve the characterization of glycosylated neuropeptides, sensitive and accurate 

MS methods must be developed. Several dissociation methods have been investigated 

to better identify glycopeptides, namely collision-based106–109 and electron-

based106,108,109 dissociation methods. Hybrid methods have also been developed to 

improve glycopeptide analysis such as electron-transfer/higher-energy collision 

dissociation (EThcD),109 higher energy collision dissociation (HCD) product ion-triggered 

electron transfer dissociation,110 and HCD product ion-triggered EThcD.104 EThcD has 

also been shown to be valuable for quantitative proteomics of phosphorylated 

biomolecules as well.111 The type of fragmentation scheme used is important to 

consider during glycopeptide analysis. Riley et al. demonstrated the need for optimizing 

dissociation methods, finding peptides modified by N-glycans and O-glycans require 

different dissociation methods for optimal fragmentation.112 The information-rich 

fragment ion spectra generated from EThcD, shown in Figure 3, is vital for the 

confident localization of O-glycans. To characterize glycosylated neuropeptides in 

crustaceans, Cao et al. utilized HCD triggered EThcD.23 This study demonstrates the 
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method’s utility for sensitive glyconeuropeptide analysis. Though not applied to 

endogenous peptides, Zhu et al. describe a three-part workflow for the in-depth 

investigation of proteins and glycoproteins in the central nervous system.113 More broad 

strategies for the quantification of glycosylated proteins and digested peptides have 

been discussed thoroughly in a recent review.114 Although glycoproteomics and its 

quantification is of great interest to the scientific community, we can see that there has 

been a disproportional amount of investigation into glycosylated neuropeptides, and 

even less with quantitative approaches applied. This is an underdeveloped field but as 

glycoproteomic strategies improve in the future, we expect to see them applied to the 

field of neurobiology towards quantifying endogenous peptides more readily. 

 

4. Mass Spectrometry Imaging: 

As various modes of MS are being applied to neuropeptide discovery, there has been an 

increased emphasis in determining the biological relevance through localizing 

neuropeptides. MSI has been preferentially implemented in these studies due to the 

unique advantage of permitting targeted and untargeted detection of analytes within a 

tissue or cell while still providing spatial information.115,116 To achieve this, many 

researchers often use MALDI, where the surface area of a tissue is portioned into data-

attainable units (pixels) and imaged through several laser ablations. Quantitative MSI of 

neuropeptides can be achieved in different ways including absolute quantification using 

labels to create a calibration curve and semiquantitative spiking with an internal 
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standard.115 Here we discuss recent advances in MSI that enable quantitative and 

semiquantitative analysis of neuropeptides. 

 

Within the field of neuropeptidomics, relative quantitation is widely practiced due to 

easier sample preparation and reduced costs. Information obtained by these relative 

quantitation methods can be increased through biological means such as 

immunohistology assays and Nissl staining.117,118 These techniques are applied to tissue 

after MSI to normalize neuropeptide quantities with respect to number of nerves and 

free amines present. The relative abundance and spatial information from MSI is 

valuable, but still comes with challenges such as localized ion suppression, availability of 

software, duration of data collection, and having a sufficient MSI analyzer.119–122 These 

issues are exacerbated by the low concentration of neuropeptides in tissue. There have, 

however, been advances in desorption electrospray ionization (DESI) and liquid 

extraction surface analysis (LESA) MSI in lipidomics that may help mitigate these 

issues.123–125 Zemaitis et al. demonstrates an increased signal intensity in DESI-MSI 

compared to MALDI-MSI, leading to higher resolving power for lipids.123 This can likely 

be attributed to a lack of matrix clusters, which in MALDI, contribute to a pattern of low 

ionization efficiency.123,124 Some imaging techniques seek to circumnavigate these 

issues by performing DESI and MALDI on the same tissue, permitting both 

proteomic/peptidomic and metabolomic analyses.125 The use of LESA shows increased 

signal intensity due to larger sampling size, making this method faster and more 

sensitive at the sacrifice of spatial resolution.125 Both LESA and DESI come at the 
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expense of spatial resolution; where MALDI can often distinguish sub-micron distances, 

DESI is limited to 50-100 micron and LESA images often have pixel sizes of 1000 

microns. These techniques can be coupled with subsequent LC-MS/MS to verify trends 

of relative abundances seen in imaging experiments or XIC for LFQ.116,126 

 

Practices are being explored in drug MSI for better absolute quantitation using more 

sensitive mass analyzers, such as FTICR, coupled with an increased number of internal 

standards as well as adjusting calibration curves to pixel deviation.122,127 Techniques 

under development work to decrease the LOD such as those discussed in metabolomics 

works implementing surface-assisted laser desorption/ionization (SALDI)128 and other 

matrix-free MSI methods where nanoparticles are used to coat the tissue to enhance 

ionization efficiency as well as spatial resolutions (Figure 4).129,130 These methods 

incorporate metals and have been found to retain spatial resolution of MALDI (~2-5 

microns) while increasing ionization efficiency for small molecules. They are, however, 

presently limited to small molecules like drugs and metabolites. Such relative 

abundance techniques, combined with LFQ via LC-MS/MS back-correlation and software 

development, could greatly improve the accuracy and performance of quantitative MSI 

studies. The many forms of MSI complement the diversity of biological problems being 

studied, and advancements in MSI of neuropeptides will provide insights into the 

anatomy and physiology of neurological function and regulation. This in turn will help 

clinicians and other researchers identify and treat various health conditions. 
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5. Multi-omics: 

The exact roles of neuropeptides are often difficult to discern when strictly observing 

only neuropeptides. Their receptors are typically proteins, such as G protein-coupled 

receptors (GPCRs);131 they regulate biochemical pathways with downstream metabolite 

products;132 and are often co-expressed and co-released with small molecule 

neurotransmitters.133 Multi-omic workflows have emerged in which elements of 

proteomic, peptidomic, metabolomic, etc. experiments are integrated to provide more 

comprehensive information.134–136 As a result, multi-omic experiments have seen 

increased popularity in neuropeptide experiments in recent years. 

 

5.1 Small Molecule Studies: 

Characterizing neuropeptides and relevant small molecules in a single experiment is 

difficult due to stark differences in extraction efficiencies, solubilities, ionization 

efficiencies, fragmentation patterns, and subsequent data analysis. Specific applications 

have further constraints, such as matrix compatibilities for MSI. Nevertheless, 

researchers have made recent advances in combining neuropeptidomics with small 

molecule analyses (e.g., lipidomics and metabolomics), typically by processing the two 

separately, then co-analyzing the data. Keller et al. addressed the extraction issues 

using both acidified methanol and methanol/water/chloroform extractions to efficiently 

recover proteins, peptides, and metabolites. Two molecular weight cut-off (MWCO) 

filters were used to separate metabolites (<3 kDa), peptides (3-30 kDa), and proteins 

(>30 kDa).136 Although not specifically studying neuropeptides, the reported extraction 
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methods (i.e., acidified methanol), have been used previously for neuropeptides.7,8,22,46 

Gutierrez et al. reported a similar strategy in which an acetone/chloroform precipitation 

was used to separate proteins and metabolites.135 This method, dubbed SPOT (sample 

preparation for multi-omic technologies), is not described for the study of endogenous 

peptides, but could be adapted by adding a MWCO step similar to Keller et al. For some 

approaches, neuropeptides do not necessarily need to be isolated from metabolites 

prior to LC-MS analysis. Chen et al. used atmospheric pressure (AP) MALDI to study 

neuropeptides, lipids, and other biomolecules from the same tissue section, but 

incorporated different ionization methods.137 This niche strategy eliminates issues with 

extraction and ionization efficiency differences by collecting data directly from the tissue 

section. The lack of tandem MS data, however, does require researchers to rely on 

accurate mass matching, possibly losing confidence in data interpretation 

 

Often co-expressed and released with neuropeptides, neurotransmitters are another 

target for multi-omics. Wojnicz et al. report a method that combines short 

neuropeptides (4 residues) and metabolite analyses to study bovine cells without the 

need for separate extractions. Using synthetic standards, they created a calibration 

curve that allowed absolute quantitation of both neuropeptides and 

neurotransmitters.132 These methods would likely have limited applicability to larger 

neuropeptides but are important in establishing multi-omic strategies. Similarly, 

zwitterion exchange has been used for online separation prior to LC-MS to quantify 

neurotransmitters and select neuropeptides (oxytocin and vasopressin) simultaneously 
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from blood.138 Alternative separation and sampling methods, like microdialysis coupled 

to LC-MS, have offered sensitive assays for quantifying both neuropeptides and 

neurotransmitters, summarized in a review by Zestos and Kennedy.139 

 

5.2 Proteomics: 

Although similar in structure to proteins, neuropeptides require different analytical 

workflow than proteins largely due to size differences. Most multi-omic workflows that 

combine proteomics with the study of endogenous peptides like neuropeptides analyze 

the two separately and interpret the combined data. For example, Liu et al. describes 

the use of label-free neuropeptidomics with multiplex DiLeu-labeled neuroproteomics, 

workflow highlighted in Figure 5, to profile changes in the mouse hypothalamus 

resulting from the gut microbiome.57 This study demonstrated the impact of the gut 

microbiome on neurochemical processes.57 Similarly, Chen et al. combined label-free 

and labeled data to interrogate proteomic, metabolomic, and peptidomic (translatable 

to neuropeptides) dysregulation in metabolic diseases.134 Neuroproteomics has also 

revealed dysregulation of neuropeptide and neurotransmitter release with impacts in 

neuropsychiatric diseases, such as addiction, using LFQ MS.140 Conversely, Hook et al. 

characterizes neuropeptide variants to inform neuroproteomics and precursor protein 

analysis to better understand proteolytic processing and how it relates to cell-cell 

signaling.87 The study of endogenous peptides outside of the neuroendocrine system 

can also provide translatable methods for multi-omic neuropeptide studies. For 

example, Labas et al. do not specifically study neuropeptides, but report a LFQ assay to 
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combine proteomic and peptidomic data to phenotype chicken semen in a multi-omic 

experiment using spectral counting and XICs from LC-MS data.44 By omitting the 

digestion step typically used to study proteins (bottom-up proteomics), Li et al., 

describe the use of top-down MS methods to study microproteins and endogenous 

peptides in mouse brain tissue extracts.141 Top-down MS methods like these are crucial 

for studying different protein and peptide forms but need adaptation to studying larger 

proteins and neuropeptides simultaneously.  

 

While several advances have been made to address MS concerns when studying classes 

of molecules with distinct chemical properties, such as sequential extractions, methods 

employing simultaneous co-analysis are far from being common. To fully understand 

the interplay between different types of biomolecules, improvements into interpreting 

large amounts of data is also required. As investigations into complicated multi-

interaction diseases and biological functions are increasingly being pursued by the 

scientific community, we expect to see more extensive multi-omics experiments 

adopted into future workflows. 

 

6. Conclusion: 

The field of neuropeptidomics is constantly evolving and recent improvements have led 

to enhanced detection and quantitation of neuropeptides. Their low in vivo abundance, 

complex functions, and structural diversity make their analysis challenging, but MS 

analyses have mitigated many of these difficulties.142 Isotopic labeling strategies, such 
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as dimethyl labeling45 and TMAB labeling,49 differentiate neuropeptides at the precursor 

ion level but are only used to compare a few experimental conditions. Enhanced 

multiplexing can be achieved with the incorporation of isobaric tagging because it does 

not significantly increase spectral complexity.8 Labeling strategies do enable higher 

throughput and typically more reliable quantitation, but additional sample processing 

steps often cause sample loss which is detrimental for low abundance analytes like 

many neuropeptides. As a result LFQ methods are still common.140 These methods are 

also more compatible with DIA methods, facilitating greater sensitivity and 

neuropeptidome coverage.22 Quantitative strategies are also employed in imaging 

workflows to provide spatial distribution, utilizing a variety of normalization methods to 

ensure quantitation is accurate, summarized nicely in a review by Tobias and 

Hummon.115 Analysis of PTMs, especially glycosylation, has greatly benefited from 

improvements in hybrid MS fragmentation method, such as the use of HCD-triggered 

EThcD to improve fragmentation of glycopeptides (and glyconeuropeptides).23 As 

neuropeptidomic workflows become more common and accessible, their findings can be 

incorporated into larger multi-omic workflows.57 There is still much room for 

improvement in terms of technology and method development, but recent advances in 

neuropeptidomics have provided much insight into the complex signaling pathways 

involving neuropeptides, with impacts in the fields of biomarker discovery and drug 

development. 

 

7. Expert Opinion: 
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The field of neuropeptidomics is instrumental to our understanding of neuromodulation 

and signaling. This in turn has applications in clinical settings in the areas of biomarker 

discovery, drug discovery, and drug action.131,133,143 Neuropeptide dysregulation has 

been linked to many biological problems and diseases, such as Alzheimer’s disease,144 

obesity,145 cancer,146 and depression.147 The advances in neuropeptidomics have 

enabled researchers to better understand many of these conditions and the related 

signaling pathways. This can facilitate the discovery of new, more reliable biomarkers. 

Additionally, knowledge gained from these signaling pathways may provide new drug 

action sites or possibly even modifying neuropeptides to act as drugs themselves.  

 

Adoption of neuropeptidomics in a clinical setting does still present challenges, 

however. As neurochemistry is incredibly complex, most studies are performed in 

organisms with simpler neuroendocrine systems, including some mammals like mice 

and rats,148 and many invertebrates, such as crustaceans149 and nematodes.150 

Translation from these models to humans is difficult and, at the very least, will require 

more sophisticated, less invasive sampling methods (e.g., microdialysis). Clinical 

research involving humans also has the added complexity of genetic diversity. 

Biomarker discovery and genetic risk score assessments have historically been biased, 

and more and more research is demonstrating the importance of clinical research that 

accounts for sex, age, and racial diversity.151–158 Additionally, MS analyses of 

neuropeptides, while sensitive, accurate, and quantitative, may not offer high enough 

throughput for clinical applications. Multiplexing techniques, such as the 
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aforementioned DiLeu tags,8,56,159 can greatly improve throughput, but are not 

commercially available. Conversely, the tags that are commercially available (e.g., 

TMT)55 are expensive and do not offer as high a degree of multiplexing. Furthermore, 

clinical applications could necessitate absolute quantitation, often requiring expensive 

isotopic peptide standards. The Li Lab has developed chemical tags that enable low 

cost, absolute quantitation. These isotopic DiLeu (iDiLeu) tags are used to create a 

calibration curve from a synthesized peptide and compare the target peptide to the 

calibration curve.160 Methods like this still require synthetic peptides, albeit much 

cheaper as the isotopes are incorporated via chemical labeling, not during the synthesis 

of peptides. When the iDiLeu tags are combined with multiplex isobaric tagging 

reagents, the throughput of absolute quantification can be greatly enhanced, which 

could be highly beneficial for absolute quantification and biomarker validation with large 

cohort of clinical specimens.  

 

Advances in quantitation are often aided by chemical labeling methods, but 

improvements in sample analysis are other avenues to consider. As mass spectrometers 

become more sophisticated, neuropeptidomic analyses are greatly enhanced. For 

example, increased scan times enable greater depth of coverage, especially for low 

level analytes like neuropeptides. Increased resolving power can help differentiate 

between neuropeptides with similar masses, and can facilitate greater multiplexing, as 

seen by the incorporation of mass defects in DiLeu 12- and 21-plex tags.56,159 Newer 

instruments are also capable of performing alternative fragmentation methods, such as 
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ETD and EThcD, to provide more detailed MS2 data. This is especially beneficial for 

analysis of PTMs like glycosylation.23 DIA experiments have also offered many 

improvements, especially for low concentration analytes that normally are missed by 

DDA settings (e.g., neuropeptides)22, despite being a relatively new method. These 

benefits are certain to increase as DIA sees more popularity and data 

analysis/deconvolution software improves. Advances in MALDI-MS have given rise to 

instruments with high acquisition rates and decreased laser size to generate MSI data 

with high spatial resolution without requiring extra time.161 Further improvements in 

instrumentation will undoubtedly enable more robust neuropeptidomic experiments. 

 

We speculate the field of neuropeptidomics to continue thrive on its current trajectory, 

but with increased prevalence, informing many biological studies. This is largely due to 

recent advances in quantitation and the many possibilities of its application for 

quantitative neuropeptidomics. As instrumentation enables faster analyses, either 

through increased scan times, or faster separation modes like capillary 

electrophoresis,162 LFQ could see increased use as throughput improves. Conversely, 

these advances could also lead to an increase in the use of labeling techniques as 

instruments are able to resolve miniscule mass differences to enable more accurate and 

sensitive analyses of neuropeptides. Ultimately these methods will both see continued 

use depending on application, but it will be interesting to see how they are incorporated 

into larger experiments. As neuropeptides have profound impacts on many biochemical 

and physiological processes, their study will undoubtedly be important in larger 
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proteomic and metabolomic experiments, and we predict an increase in multi-omic 

studies, even at the single-cell level with continued improvements in instrumentation 

and microscale sample preparation. Advances in neuropeptide analyses are also not 

limited to quantitation. Spatial distribution information gained from MSI can be used to 

characterize neuropeptide function, receptors, etc.117 Additionally, ion mobility MS (IM-

MS) is routinely used to provide structural information that can be used to distinguish 

isobaric neuropeptides and better understand neuropeptide conformation and possibly 

functional roles dependent on its tertiary/quaternary structure.95,163 As IM-MS and MSI 

methods are further developed, our understanding of neuropeptides will greatly 

improve. Combining the structural and quantitative aspects of mass spectrometry will 

provide richer characterization of neuropeptides, and thus has the power to lead to 

better biomarkers and drug design to help combat neurological disorders, obesity, and 

other common health concerns. 
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Figures: 

 

 

 

 

Figure 1: Comparison between isotopic (A) and isobaric (B) labeling. In isotopic 

labeling strategies, analytes are differentiated at the precursor mass level due to the 

incorporation of light and heavy tags. Isobaric workflows result in no differentiation at 

the precursor mass level, but upon fragmentation, unique reporter ions for each 

channel form, giving rise to quantitation based on relative intensities of reporter ions. 
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Figure 2: Depiction of differences between DDA and DIA. In DDA, a single m/z is 

selected at a time for MS/MS. In DIA, several analytes are selected for simultaneous 

MS/MS across a wide m/z window and the composite mass spectrum is deconvoluted 

during data analysis to discern constituent analytes.  
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Figure 3: Sample spectra from mouse insulin. Using EThcD (A) and charge 

deconvolution (C) resulted in high sequence coverage due to production of both b/y- 

and c/z-ions. The spectrum in D highlights the glycan localization, and the low mass 

region is shown enlarged in (B). Figure reprinted with permission from Yu, et al. 104. 
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Figure 4: MSI enhancements from application of gold nanoparticles. Comparison of 

images from extracted neurotransmitters (b-d) to the optical image (a) shows 

differential expression based on grey/white matter regions of the brain. Image reprinted 

with permission from McLaughlin et al. 130 
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Figure 5: Multi-omic workflow for studying neuropeptides and proteins. Neuropeptides 

were extracted from the hypothalamus of germ-free (GF) and conventionally raised 

(ConvR) mice and analyzed using LFQ. Proteins were pelleted, digested, and 

differentially labeled with 10-plex DiLeu isobaric tags. The differentially labeled samples 

were pooled together and analyzed simultaneously to perform relative quantitation 

based on reporter ion intensities. Adapted from Liu et al. [53] with permission. 
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Abstract 

 Hypoxia (i.e., low oxygen (O2) levels) is a common environmental challenge for 

several aquatic species, including fish and invertebrates. To survive or escape these 

conditions, these animals have developed novel biological mechanisms, some regulated 

by neuropeptides. By utilizing mass spectrometry, this study aims to provide a global 

perspective of neuropeptides in the blue crab, Callinectes sapidus, and their changes 

over time (0, 1, 4, and 8 hours) due to acute, severe hypoxia (~10% O2 water 

saturation) stress using a 4-plex reductive dimethylation strategy to increase 

throughput. Using both electrospray ionization and matrix-assisted laser 

desorption/ionization provided complementary coverage– 88 neuropeptides were 

identified. Interesting trends include (1) an overall decrease in neuropeptide expression 

due to hypoxia exposure, (2) a return to basal levels after 4 or 8 hours of exposure 

following an initial response, (3) changes only after 4+ hours exposure, and (4) an 

oscillating pattern. Overall, this study boosts the power of multiplexed quantitation to 

understand the large-scale changes due to severe hypoxia stress over time.  

 

Keywords: Callinectes sapidus, Quantitative peptidomics, Neuropeptide, Hypoxia, 

Reductive dimethylation, isotopic labeling 
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Introduction 

Estuaries and coastal ecosystems are increasingly threatened by climate change, poorly 

managed wastewater, and agricultural and industrial runoff.1 These factors often lead 

to eutrophication of coastal waters, causing large algal blooms and subsequent hypoxic 

(i.e., low oxygen (O2)) episodes that can last for hours to days.2 Aquatic hypoxia also 

occurs naturally from a multitude of hydrodynamic and meteorological effects.3 During 

hypoxic episodes, the dissolved O2 in the water greatly decreases, causing massive 

dead zones and a reduction in biodiversity as organisms are deprived of oxygen. 

Environmental hypoxia occurs most frequently in the spring and summer and can last 

for months.3 As commercially-fished species rapidly perish during these times, the 

repercussions of hypoxia become economic as well as environmental.4  

Although many aquatic organisms are affected by hypoxia, the blue crab, Callinectes 

sapidus, is of particular interest. The blue crab possesses both environmental and 

economic relevance as it is frequently fished from estuaries plagued by eutrophication 

and hypoxia.2 In the literature, hypoxia has been shown to cause decreased rates of 

reproduction, growth, and feeding, and increased mortality rates in aquatic species.5 

Due to the adverse effects of hypoxia, the blue crab has developed interesting ways of 

surviving the low levels of dissolved O2. Prior studies have observed hypoxia-initiated 

defensive behaviors, including inactivity, self-burying, and migration towards shallower, 

more O2-rich waters.5 Additionally, the composition of hemocyanin (i.e., O2 transport 

protein analogous to hemoglobin) has been shown to change in response to hypoxia,6, 7 

demonstrating physiological defensive mechanisms as well.  
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The variable behavioral and physiological changes in C. sapidus suggest the presence of 

complex signaling pathways involved in survival. Neuropeptides are short amino acid 

chains that act as signaling molecules within the nervous and neuroendocrine system. 

Previously, neuropeptides have been implicated in a range of environmental stress 

responses, including temperature8 and salinity fluctuations.9 They can have highly 

diverse effects within the body while also maintaining low in vivo concentrations.10 Prior 

research has shown that the crustacean hyperglycemic hormone (CHH) is a 

neuropeptide involved in regulating the response to hypoxia in the blue crab,11 while 

global dynamic changes of neuropeptides during acute hypoxia have not been 

systematically evaluated. By examining the neuropeptide expression changes in the 

blue crab, their role in survival can be better understood.  

Unfortunately, the high chemical diversity, low in vivo concentrations, and rapid 

degradation of neuropeptides makes their study challenging. Mass spectrometry (MS)–

using both matrix-assisted laser desorption/ionization (MALDI) and electrospray 

ionization (ESI)–has proven to be an effective method of analyzing neuropeptides as it 

offers high sensitivity, high specificity, and can provide both quantitative and sequence 

information. Additionally, because it requires no prior knowledge of the analyte, MS is 

ideal for discovering novel neuropeptides involved in response to hypoxia. Relative 

quantitation of neuropeptides by MS is typically achieved by employing either MS1-

based labeling strategies (e.g., reductive dimethylation (also known as dimethyl 

labeling), iDiLeu, and mTRAQ),12-14 or tandem MS (MS/MS or MS2-based) labels (e.g., 

iTRAQ, TMT, and DiLeu).15-17 MS/MS reporters require the neuropeptide be selected for 
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fragmentation to be quantified. The low abundance of many neuropeptides, however, 

makes their selection for MS/MS less likely. For this reason, MS1-based labeling 

strategies are often selected for neuropeptide quantitative analyses.  

Previously, experiments have utilized duplex reductive dimethylation to analyze 

neuropeptidomic changes in crustaceans.8, 9 Stable isotopes, supplied by isotopic 

formaldehyde, are added to the N-termini and lysine side chains of peptides by 

reductive dimethylation, adding two methyl groups, which add either 28.03130 or 

32.05641 Daltons (Da) to each primary amine, depending on the stable isotopes being 

incorporated. The heavy- and light-labeled samples are analyzed simultaneously to 

provide relative quantitation information between experimental and control conditions. 

Though effective, duplex labeling requires an individual control sample for each 

experimental sample. Expanding the multiplexing capabilities of reductive dimethylation 

strategies greatly reduces the number of samples needed as multiple samples can be 

compared to a single control. Simultaneous analysis of the differentially labeled samples 

also reduces the instrument time required and the run-to-run variability. A 4-plex 

reductive dimethylation method is achieved by selecting formaldehyde with different 

combinations of 12C/13C and H/D, providing four distinct mass additions (+28.03130, 

+30.03801, +32.05641, and +34.06312 Da) that can be incorporated at the N-termini 

and lysine residues via reductive dimethylation.18-20 This is a cost-effective approach to 

increase both throughput and quantitative abilities. 

In this study, 4-plex reductive dimethylation was used to quantify the relative changes 

in expression of neuropeptides in Callinectes sapidus after 1, 4, and 8 hours of hypoxia 
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exposure. These exposure durations are reflective of hypoxia exposure before blue 

crabs manage to escape hypoxic episodes and have been studied previously.5 The 

multiplexed samples were analyzed by both MALDI- and ESI-MS to provide enhanced, 

complementary coverage of the crustacean neuropeptidome.21 In fact, 88 identified 

neuropeptides were found using both ESI- and MALDI-MS analyses. Several trends 

were revealed in this time course study, including an oscillating expression pattern. A 

qualitative approach was also taken to investigate neuropeptides that only expressed 

themselves after hypoxia stress. 

 

Materials and Methods 

Methanol (MeOH), acetonitrile (ACN), glacial acetic acid (GAA), ammonium bicarbonate, 

and all crab saline components (see below) were purchased from Fisher Scientific 

(Pittsburgh, PA). Formaldehyde (CH2O), 13C-formaldehyde (13CH2O), D2-formaldehyde 

(CD2O), 13CD2-formaldehyde (13CD2O), and borane pyridine complex (~8M BH3) were 

acquired from Sigma-Aldrich (St. Louis, MO). 2,5-dihydroxybenzoic acid (DHB) was 

obtained from Acros Organics (Morris, New Jersey), and formic acid (FA) was purchased 

from Fluka (Mexico City, Mexico). All water (H2O) used in this study was either HPLC 

grade or doubly distilled on a Millipore filtration system (Burlington, MA), and C18 

Ziptips were purchased from Millipore (Burlington, MA). All LC solvents were Fisher 

Optima Grade. 

Animals and Stress Experiment 
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All female blue crabs, Callinectes sapidus, were purchased from LA Crawfish Company 

(Natchitoches, LA). After transport, crabs were allowed to recover in artificial seawater 

made to be 35 parts per thousand (ppt) salinity, 17-18 °C, and 8-10 parts per million 

(ppm) (~80-100%) O2 for several days (>5) prior to being exposed. To mimic severe 

hypoxia (1 ppm, ~10% O2), a tank was sparged with N2 gas for 30-40 minutes to 

reduce the dissolved O2 to 1 ppm as measured by a Pinpoint II Oxygen Monitor. A 

plastic tarp was placed on top of the water’s surface to minimize water-air oxygen 

exchange during sparging. A crab was then placed in the tank for the desired amount of 

time (i.e., 1 hour, 4 hours, or 8 hours), anesthetized on ice for 20 minutes, and 

sacrificed for its organs of interest as previously described.22 All dissections were 

performed in chilled (~ 10 oC) physiological saline (composition: 440 mM NaCl; 11 mM 

KCl; 13 mM CaCl2; 26 mM MgCl2; 10 mM Trizma acid; pH 7.4 (adjusted with NaOH)). 

Sample Preparation  

For each bioreplicate, one set of each tissue of interest (i.e., sinus gland (SG) (2), brain, 

pericardial organ (PO) (2), commissarial ganglion (CoG) (2), and thoracic ganglion 

(TG)) was extracted with a Fisherbrand Model 120 probe sonicator/sonic dismembrator 

with chilled acidified MeOH (90:9:1 MeOH:H2O:GAA; volume (v):v:v). Each sample was 

sonicated three times for 8 seconds at 50% amplitude with a 15 second break in 

between each sonication. After centrifugation at 20,000 rpm for 20 minutes at 4 °C, the 

supernatant was collected and dried down in a Savant SCV100 Speedvac. All crude 

extracts were purified using C18 ZipTips following the manufacturer’s protocol. All 

samples were centrifuged at high speed (>10,000 rpm) briefly prior to purification. 
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Control and hypoxia-exposed samples were differentially labeled via reductive 

dimethylation using a previously published protocol18-20 with slight modifications. The 

samples were all differentially labeled as follows: (a) control (i.e, 0 hours) with 

formaldehyde (CH2O, +28.03130 Da), (b) 1 hr exposure with 13C-formaldehyde 

(13CH2O, +30.04391 Da), (c) 4 hr exposure with D2-formaldehyde (CD2O, +32.05641 

Da), and (d) 8 hr exposure with 13C, D2-formaldehyde (13CD2O, +34.06902 Da). Borane 

pyridine was the reducing agent. All samples were mixed 1:1:1:1 after being quenched 

with ammonium bicarbonate. The multiplexed samples were then processed two 

different ways: (a) spotted with 150 mg/mL DHB (in 50:50 MeOH:H2O with 0.1% FA) 

on a stainless-steel plate to be analyzed by a Thermo MALDI-LTQ-Orbitrap XL or (b) 

purified again with C18 ZipTips and analyzed by a Thermo Q Exactive (QE) coupled to a 

Waters nanoAquity system.  

MS Data Collection 

MALDI samples were spotted in triplicate and analyzed in the mass-to-charge ratio 

(m/z) 500-2000 range at a resolution of 60,000 on the MALDI-LTQ-Orbitrap XL. ESI 

samples were injected in triplicate onto a homemade C18 column (14-16 cm), from 

which the analytes were eluted using a 90-minute gradient (10% B to 35% B) with H2O 

(0.1% FA) (A) and ACN (0.1% FA) (B) and analyzed by the QE in a mass range of m/z 

200-2000 with a top 15 data-dependent acquisition method with high-energy collision 

dissociation. MS1 and MS/MS spectra were collected at a 70,000 and 17,500 mass 

resolution, respectively. All data collection parameters for MALDI- and ESI-MS are 

included in Tables S1 and S2, respectively. 
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Data Analysis 

Data collected by MALDI-MS was analyzed by exporting all the m/z values from Xcalibur 

and processed using a custom program written in Java by accurate mass matching (±5 

ppm) with an intensity threshold of 100. Neuropeptides were identified by matching 

their masses to an in-house database, accounting for the addition of +28.03130, 

+30.03801, +32.05641, and +34.06312 Da on the N-terminus from isotopic reductive 

dimethylation. Isotopic correction was performed manually post-extraction of the m/z 

intensities using previously published correction factors.19 ESI-MS raw data were 

imported into PEAKS 8.5 software for de novo sequencing and database matching. 

Database search results initially were filtered using a 1% false discovery rate. Isotopic 

corrections were performed automatically within the software prior to the database 

search. Peak areas were then extracted for corresponding tandem MS-identified 

neuropeptide peak sets if they were detected in at least 1 technical replicate (n=3), 3 

biological replicates (n=8 for brain, CoG, PO, and TG; n=7 for SG), were unique to that 

neuropeptide, and eluted within ± 2 minutes from each other. Dimethylation of both 

the N-terminus and lysine ε-aminos were considered for ESI data which has MS/MS 

data for validation; conversely, only labeling of one location (i.e., N-terminus or lysine 

ε-aminos) was considered for MALDI data (e.g., mass increase of one dimethyl group). 

Peptides known to be amidated (e.g., RFamide, RYamide, allatostatin) were only 

considered in this data if they were identified in their amidated form. All fragments of a 

neuropeptides identified by ESI-MS were equally weighted for the calculation ratios. For 

both MALDI- and ESI-MS analyses, all channels were normalized by taking individual 



84 
 

intensity or peak areas divided by the total intensity or peak area. Ratios were then 

calculated by dividing the normalized intensity of either the +30.03801, +32.05641, or 

+34.06312 channel by the +28.03130 channel’s normalized intensity. Statistical 

significance between experimental and control samples was determined by a Dunnett’s 

test, which is utilized for comparing multiple experimental conditions to a single 

control.23, 24 If only the control and one other time point were detected, a t-test was 

used to determine significance. All parameters used for data processing are included for 

MALDI- and ESI-MS in Table S1 and S3, respectively. 

 

Results and Discussion 

Method Development 

Hypoxia is rampant in coastal estuaries, and profiling the molecules (e.g., 

neuropeptides) that are implicated in the stress response, especially in crustaceans that 

tend to reside in these areas, is a priority.4, 25 In particular, a temporal component is 

important to consider more than just the immediate response to a stress. Short-term 

changes could be due to hyperarousal, and long-term exposure could reveal an 

alternative, possibly novel mechanism for surviving these stressful conditions until the 

hypoxic episode ends, which could be a few hours to days.26 In order to examine four 

time points (i.e., 0, 1, 4, and 8 hours), a multiplexing strategy was implemented using 

reductive dimethylation. In the literature, this technique has been utilized in a 2-plex, 3-

plex, and 5-plex form, but a 4-plex version has not been investigated further.9, 12, 18, 27-30 

To utilize a 4-plex version of reductive dimethylation, deuterium is not required to be 
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present in the reducing agent, unlike the 3- and 5-plex. Thus, a borane pyridine 

complex is used as a reducing agent, which has already been proven to be successful 

for the 2-plex reductive dimethylation model (Figure 1).8, 9, 20, 30 One concern for 

multiplexing beyond 2-plex is isotopic overlap, and formulas have been derived to 

handle this issue specifically for 5-plex reductive methylation.19 These published 

corrections values were used for the processing of the MALDI data but was unnecessary 

for ESI data as the pre-processing performed in PEAKS automatically includes correcting 

the raw data for isotopic interferences.  

Figure 2a shows an example spectrum of allatostatin B-type VPNDWAHRFGSWamide 

(m/z 1470.703) found in the PO from the 4-plex labeled experimental data set. As 

expected, four distinct peaks in the spectra that were separated by ~2 Da are seen. In 

this spectrum, a dynamic, overall increase in neuropeptide expression due to increased 

time exposure of hypoxia stress is also observed. To test the quantitative accuracy of 

this system a 1:1:1:1 labeling experiment was performed, and the average abundance 

ratios were all within 15% of the expected ratio (+30/+28: 0.89; +32/+28: 0.93; 

+34/+28: 0.99). Compared to 2-plex reductive dimethylation, which traditionally has 

been used for crustacean neuropeptidomic studies,8, 9, 30 one particular challenge is 

identifying all channels due to spectral complexity, as seen in Tables S4-7. It is 

important to note that detecting the control channel is imperative for quantitative 

analysis, but there is value in also investigating those neuropeptides that are not 

expressed in the control channel (see Qualitative Analysis) (Table S8). 
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Overall, in this study, 88 neuropeptides across five different tissues (i.e., SG, brain, PO, 

CoG, and TG) were identified using both MALDI- and ESI-MS, with a majority of the 

identifications coming from ESI-MS only (~60%) (Figure 3). This small overlap is likely 

due to 3 factors: (1) Different neuropeptide masses that can be identified between ESI- 

and MALDI-MS. MALDI-MS is known to primarily produce singly-charged ions, which 

limits the instrument’s ability to analyze neuropeptides with m/z 2000 or lower (i.e., due 

to our mass range being m/z 500-2000). Compared to MALDI-MS, ESI-MS has the 

inherent advantage of producing multiply charged ions, allowing for the identification of 

larger neuropeptides. (2) MALDI- and ESI-MS have different identification strategies. No 

MS/MS is performed during MALDI-MS analysis; only accurate mass matching (±5 ppm) 

is done to identified neuropeptides. On the other hand, ESI-MS relies upon MS/MS 

fragmentation to de novo sequence the MS/MS spectra and then match to a provided 

database. This translates to point (3). Accurate mass matching limits the identifications 

to only full-length neuropeptides. Since ESI-MS relies upon de novo sequencing, 

truncated fragments of the neuropeptides can be identified as well. Taking all this into 

consideration, it is not surprising that only 5 neuropeptides were found in common. The 

five neuropeptides that overlapped included (1) RFamide SMPTLRLRFamide (m/z 

1119.646), (2) orcomyotropin FDAFTTGRGHS (m/z 1186.516), (3) orcokinin 

NFDEIDRSGFA (m/z 1198.549), (4) orcokinin NFDEIDRSGFA (m/z 1270.570), and (5) 

allatostatin B-type VPNDWAHFRGSWamide (m/z 1470.703). Although they may overlap, 

in some cases they were identified in different tissues (i.e., orcomyotropin 

FDAFTTGRGHS (m/z 1186.516)) or were identified in different channels (i.e., RFamide 
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SMPTLRLRFamide (m/z 1119.646)), boasting the power of using complementary 

methodology to improve the understanding of the temporal effects of hypoxia stress.  

Quantitative Analysis 

Neuropeptides identified in the ESI- and MALDI-MS datasets in at least three biological 

replicates are shown in Tables S4 -S7. All neuropeptides that had a statistically 

significant change at in multiple time points during the hypoxia exposure time course 

are highlighted in Figures 4 and 5. From these results, several trends were revealed: 

(1) Of the neuropeptides quantified, the bulk majority are decreased in expression in 

response to hypoxia. This could be interpreted as a decrease in overall activity to 

conserve energy to try to outlive the hypoxic episode. This is substantiated by prior 

publications demonstrating decreased gene expression in response to hypoxia.31 (2) 

Although an initial response was observed at 1 hour of exposure, after 4 or 8 hours of 

exposure the neuropeptide expression was no longer significantly different than the 

control (i.e., basal levels). This suggests a hyperarousal response and is seen in the 

allatostatin A-type SKSPYSFGLamide, RFamide SENRNFLRFamide, and the RYamide 

GFVSNRYamide. The dysregulation of these neuropeptides could provide an initial 

survival mechanism for short bouts of hypoxia. For example, in crustaceans, allatostatin 

A-type neuropeptides are well documented for being inhibitory neuro/myomodulators,32 

so their expression changes could serve to protect the crab from hypoxia by decreasing 

heart rate. (3) Some neuropeptides were only increased or decreased after a certain 

duration of hypoxia exposure (i.e., after 4 or 8 hours). This trend was observed across 

different tissue types but most notably in the PO. Four allatostatin A-type neuropeptides 
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(i.e., SNPYSFGLamide, AGPYSFGLamide, SDMYSFGLamide, and SGNYNFGLamide) and 

two orcokinins (i.e., NFDEIDRSSFGFV and NFDEIDRSGFGFV) showed significant 

decreases after 8 hours of hypoxia exposure. The down regulation of these 

neuropeptides could suggest a survival mechanism better suited to longer hypoxia 

exposure (as opposed to those in trend 2). Alternatively, the hypoxia-exposed crab 

could be approaching death after 8 hours of severe hypoxia, so the downregulation of 

these neuropeptides could be a result of that process. (4) An oscillating expression 

pattern was observed. After 1 hour of exposure, there was a significant change in the 

neuropeptide content, followed by a return to the basal level at the 4-hour time point. 

Finally, after eight hours of exposure, the expression levels are similar to what was 

observed at the 1-hour time point. This trend is most prevalent in the SG, with both up 

and downregulation observed. Moreover, the change is not limited to specific 

neuropeptide families and was seen in the allatostatin A-type TPHTYSFGLamide, 

allatostatin B-type neuropeptides AWSNLGQAWamide and STNWSSLRSAWamide, CHH-

precursor related peptide SLKSDTVTPLLG, orcokinin NFDEIDRSGFG, and orcomyotropin 

FDAFTTGFGHS.  The variety of neuropeptides and families suggests that, in general, 

the crab may be going in and out of either escape or coma-like activities in order to 

survive the harsh, hypoxic environment.  

 Of interest are also neuropeptides that do not have statistically significant 

change, especially those that do not change across the entire time course. When 

looking through both the ESI- and MALDI-MS data, the bulk of neuropeptides identified 

did not have any significant change at any point in the time course (20/35 and 31/58 
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neuropeptides for MALDI- and ESI-MS data, respectively). This overall trend is not 

unique to any tissue, but many neuropeptide families, including calcitonin-like hormone, 

cryptocyanin, others, proctolin, pyrokinin, SIFamide, and RYamides, showed no 

significant change throughout the entire study, indicating that these families may 

contain neuropeptides whose expression levels were resistant to hypoxia stress-induced 

biochemical changes. These neuropeptide families have diverse or unknown functions; 

for example, protcolin has widespread modulatory function throughout the entire 

nervous system, while pyrokinin’s, SIFamides, and RYamide’s function has not been 

studied in the same detail, meaning little is known about their bioactivity.32  

Qualitative Analysis  

For relative quantitation of a neuropeptide, the neuropeptide must be identified in at 

least the control and one other channel. Unfortunately, this does not allow 

quantification of neuropeptides that were expressed only after hypoxia exposure or 

ceased to be expressed after hypoxia exposure. Table S8 provides a representative 

sample of those neuropeptides that were unable to be quantified. All tissues except the 

TG had neuropeptides that were only measurable in the control condition, such as 

allatostatin A-type GPYSFGLamide (m/z 739.377) in the brain, CoG, and PO. This could 

indicate these neuropeptides were released from the tissue into the hemolymph or 

degraded after hypoxia exposure. Similar to trend 3 (see Quantitative Analysis), there 

were several examples of neuropeptides only appearing after hypoxia exposure. Some 

neuropeptides were detected over the entire time course (e.g., allatostatin A-type 

TPHTYSFGLamide (m/z 1021.510) in the PO and crypotocyanin KIFEPLRDKN (m/z 
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1259.711) in the SG), while others may only appeared at specific time points. For 

example, allatostatin A-type AGPYAFGLamide (m/z 794.420) in the PO and RFamide 

LAPQRNFLRFamide (m/z 1260.732) in the SG were only detected after 1 hour of severe 

hypoxia exposure but were not detected in the other channels. Overall, due to the 

variable neuropeptide families, their functions, and various tissues, it is difficult to 

discern the true physiological implications of each of these trends. It is clear, however, 

that they all play distinct roles in how the crustacean survives both short- and long-term 

hypoxia stress.32  

Of particular interest to hypoxia stress are RFamides, RYamides, and tachykinins, 

because their mammalian homologs, neuropeptide Y (NPY) and substance P (SP), have 

been implicated in hypoxia stress.33-39 All three families are known for their dynamic 

functional roles in the nervous system, and it is expected that they will have a diverse 

response due to stress, including hypoxia stress.32 In the brain, PO, and SG, several 

RFamide and RYamide isoforms consistently appeared only after hypoxia stress. Many 

of these were highlighted in the trends above, including RFamide AYNRSFLRFamide 

(m/z 1172.632) in the brain, RFamide DPSFLRFamide (m/z 853.409) in the PO, 

RFamide SGRNFLRFamide (m/z 995.553) in the SG, RYamide LGRVSNRYamide (m/z 

954.516) in the PO, and RYamide LSSRFVGGSRYamide (m/z 1227.659) in the PO. The 

range of changes observed in RFamides and RYamides, which are homologs to NPY,37, 

38 emphasizes the importance of analyzing isoforms due to their possible different 

functions within the body, especially in understanding stress. It should also be noted 

that two tachykinin family neuropeptides (i.e., APSGFLGMRG (m/z 992.498) in the brain 
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and SGFLGMRamide (m/z 766.403) in the CoG), which are homologous to SP,40 were 

identified only after exposure to severe hypoxia. Either way, validation studies with 

hemolymph analysis are of interest to truly characterize if these neuropeptides were 

being released after hypoxia exposure (in cases where the neuropeptides were only 

detected in the control condition) or were already present in the hemolymph to target 

these tissues after exposure to hypoxia stress (in cases where they appear only after 

hypoxia stress). 

 

Conclusions and Future Directions 

Neuropeptidomic studies offer new possibilities in untangling complex signaling 

pathways involved in a wide range of biological processes, such as environmental stress 

response. Characterization of neuropeptides, however, presents many challenges as 

these signaling molecules are highly diverse and the analysis is often sample-limited. By 

utilizing isotopic reductive dimethylation, the efficacy of using multiplex labeling to 

quantify neuropeptidomic changes in the blue crab, Callinectes sapidus after exposure 

to different durations of severe hypoxia is demonstrated. Several statistically significant 

changes were observed in both the MALDI- and ESI-MS data sets. Complementing the 

data presented here and offering further validation of the results, analyzing the spatial 

distribution of neuropeptides using MS imaging would allow observation of changes that 

would otherwise be missed by analyzing only abundance changes. Furthermore, 

analysis of the crustacean circulating fluid (i.e., hemolymph) could demonstrate the 

secretion and transport of specific signaling molecules. 



92 
 

 

Supporting Information 

 

The following supporting information is available free of charge at ACS website 

http://pubs.acs.org.  

 

Supporting Tables S1-8. 

 

Table S1. MALDI-MS instrument acquisition and data analysis settings. 

Table S2. Chromatography and ESI-MS instrument acquisition. 

Table S3. ESI-MS data analysis settings. 

Table S4. Ratios (stressed/control) of neuropeptides that were detected in at least 

three biological replicates in the MALDI-MS results. 

Table S5. Ratios (stressed/control) of neuropeptides that were detected in at least 

three biological replicates for the brain, CoG, and TG in the ESI-MS results. 

Table S6. Ratios (stressed/control) of neuropeptides that were detected in at least 

three biological replicates for the PO in the ESI-MS results. 

Table S7. Ratios (stressed/control) of neuropeptides that were detected in at least 

three biological replicates for the SG in the ESI-MS results. 

Table S8. Select neuropeptides that were unquantifiable due to no detection in either 

the control tissue or the hypoxia-stressed tissue. 
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Data deposition 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE [1] partner repository with the dataset identifier PXD014688. 
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Figures 

 

Figure 1. Reaction scheme for each channel of the 4-plex reductive dimethylation 

utilized in this study. 13C and D  were the only isotopes utilized.  
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Figure 2. Sample spectrum of 4-plex reductive dimethylation. Each label is spaced by 

~2 (2.0126 Da to be exact). The representative neuropeptide is allatostatin B-type 

VPNDWAHRFGSWamide (m/z 1470.703) found in the PO. The accurate mass increases 

are described in Figure 1 and as follows: +28=+28.0313 Da, +30=+30.0439 Da; +32 

=+32.0564 Da; +34=34.0690 Da.   
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Figure 3. A Venn diagram depicting the neuropeptide overlap (regardless of expression 

changes) between ESI- and MALDI-MS. Only neuropeptides that were found in at least 

3 biological replicates in both the control and at least one other channel in the SG, 

brain, PO, CoG, or TG were included. The five neuropeptides that overlapped included 

(1) RFamide SMPTLRLRFamide (m/z 1119.646), (2) orcomyotropin FDAFTTGRGHS (m/z 

1186.516), (3) orcokinin NFDEIDRSGFA (m/z 1198.549), (4) orcokinin NFDEIDRSGFA 

(m/z 1270.570), and (5) allatostatin B-type VPNDWAHFRGSWamide (m/z 1470.703). 
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Figure 4. A bar graph of the ratios of all neuropeptides found to have significant 

differences between a control and at least two of the three time points (i.e., 1 hour 

(yellow), 4 hour (orange), and 8 hour (pink)) for severe (i.e., 1 ppm O2) hypoxia 

exposure identified by MALDI-MS. Neuropeptides were found in the brain (Br), CoG, PO, 

and SG. The x-axis shows the neuropeptides’ sequences, and the y-axis represents the 

log10 ratio of hypoxia-stressed to a control. The asterisk (*) represents statistical 

significance determined by a Dunnett’s test. The error bars reflect the standard error of 

the mean (SEM). 
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Figure 5. Bar graphs of the ratios of all neuropeptides found to have significant 

differences between a control and at least two of the three time points (i.e., 1 hour 

(yellow), 4 hour (orange), and 8 hour (pink)) for severe (i.e., 1 ppm O2) hypoxia 

exposure identified by ESI-MS. (A) Neuropeptides found in the brain (Br), CoG, and PO. 

(B) Neuropeptides found in the SG and TG. The x-axis shows the neuropeptides’ 

sequences, while the y-axis represents the log (to the power of 10) ratio of hypoxia-

stressed to a control. The asterisk (*) represents statistical significance determined by a 

Dunnett’s test. The error bars represent standard error of the mean (SEM). Bursicon 

(PO) refers to the sequence 

DECSLRPVIHILSYPGCTSKPIPSFACQGRCTSYVQVSGSKLWQTERSMCCQESGEREAAITLNCP

KPRPGEPKEKKVLTRAPIDCMCRPCTDVEEGTVLAQKIANFIQDSMPDSVPFLK. PDH #1 (SG) 

and PDH # 2 (SG) refer to neuropeptides  

QELKYQEREMVAELAQQIYRVAQAPWAAAVGPHKRNSELINSILGLPKVMNDAamide and 

QEDLKYFEREVVSELAAQILRVAQGPSAFVAGPHKRNSELINSLLGIPKVMNDAamide found in 

the pigment dispersing hormone family. 
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Table S1. MALDI-MS instrument acquisition and data analysis settings. 

MALDI-MS Instrument Acquisition and Data Analysis Settings 

Mass Spectrometer Thermo  
MALDI-LTQ-Orbitrap XL 

Resolution 60,000 @ m/z 400 

Laser 60 Hz 337 nm N2 Spectrum Processing Xcalibur 2.2 (Thermo) 

Laser Energy 15.00 µJ Spectral Analysis Custom Java Program 
(written by K. DeLaney) 

Number of Laser 
Pulses 

200 Peptide Identification Accurate Mass Matching 

Microscans 50 Mass Accuracy 5 ppm 

Ion Trap AGC Target 3.0e4 Minimum Intensity 
Threshold 

100 

FTMS AGC Target 1.0e6 Isotopic Correction Manual; JASMS 29(5):866-
878. 

Mass Range m/z 500-2000 Hypothesis Test ANOVA/Dunnet’s Test/t-test 

 

Table S2. Chromatography and ESI-MS instrument acquisition. 

Chromatography and ESI-MS Instrument Acquisition 

Sample Volume 2 uL  Isolation Window 2.0 m/z 

Stationary Phase 

Hand-Packed C18 column 
75µm ID x 360 µm OD 
~15 cm  
3.0 µm cap; 1.7 µm particles 

MS2 AGC Target 2e5 

LC Solvent A 
100% H2O 
0.1% formic acid 

MS2 Maximum IT 120 ms 

LC Solvent B 
100% acetonitrile, 
0.1% formic acid 

Normalized Collision 
Energy 

30 

Gradient Ramp and 
Duration 
Flow Rate 

10-35% B in 90 minutes 
3.0 µL/min 

Minimum Intensity Req. 1.7e3 

Mass Spectrometer Thermo Q Exactive Dynamic Exclusion 30 s 

Spray Voltage 1.9 kV MS2 acquisition Data dependent, profile 

In-Source CID None MS2 Fragmentation HCD 

MS1 scan range m/z 200-2000 MS2 Detection Orbitrap 

MS1 resolution 70,000 @ m/z 400 MS2 fixed first mass m/z 100  

MS1 AGC Target 1e6 MS2 resolution  17,500 @ m/z 400 

MS1 Maximum IT 250 ms 
Advanced Precursor 
Determination 

N/A 
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Table S3. ESI-MS data analysis settings. 

ESI-MS Data Analysis Settings 

Platform PEAKS 8.5 Precursor Options Corrected 

Validation Decoy-fusion Charge Options No correction 

Database 
In-house  
crustacean neuropeptide 
database 

Filter Options No filter 

Digest None Process True 

Precursor Mass 
Tolerance 

20 ppm Quantitation Peak Area 

Fragment Mass 
Tolerance 

0.2 Da Normalization 
Peak area of individual 
neuropeptides divided 
by total peak area 

Precursor Mass 
Search Type 

Monoisotopic Scaling None 

Max Missed 
Cleavages 

100 Ratio Calculation Heavy/Light 

Non-specific Cleavage Both Hypothesis Test ANOVA/Dunnet’s Test 

Static Modifications None FDR Estimation Enabled 

Max Variable PTM Per 
Peptide 

3 Target FDR 0.01 

Dynamic 
Modifications 

Amidation, Oxidation (M), 
Dehydration, Pyro-glu from E, 
Pyro-glu from Q,  
Dimethylation  
(N-term+K): 28.03,  
Dimethylation-13CH2  

(N-term+K): 30.04, 
Dimethylation-C2H2  

(N-term+K):32.06, 
DiMethylation-13C2H2 

(N-term+K): 34.06 

Export Settings 

Project View → Project 
Name → PEAKS 
(database search 
results) → FDR → 1% 
→ Apply → Export → 
Text Formats → DB 
search peptides 
(peptides.csv) 
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Table S4. Ratios (stressed/control) of neuropeptides that were detected in at least 

three biological replicates in the MALDI-MS results. In column “Sig?”, the highlighted 

cells (yellow, orange, or pink) are those with significant changes based upon the 

Dunnett’s test. If only the control and one other time point were detected, a t-test was 

used to determine significance. Blacked-out cells are those that were identified in fewer 

than three biological replicates. AST-A: allatostatin type-A; AST-B: allatostatin type-B; 

CPRP: crustacean hyperglycemic hormone (CHH) precursor-related peptide; SEM: 

standard error of the mean; Y: yes; N: no. 

 

Tissue Family Sequence m/z Ratio SEM Sig? Ratio SEM Sig? Ratio SEM Sig?

 GRYSFGLamide 798.426 1.465 0.055 Y 1.892 0.045 Y 2.574 0.074 Y

 PRNYAFGLamide 936.505 1.544 0.092 N

 SGHYIFGLamide 892.468 1.963 0.080 Y

 SPRLTYFGLamide 1052.589 1.355 0.059 N 1.669 0.051 Y 1.751 0.070 Y

Pyrokinin  TNFAFSPRLamide 1051.568 1.460 0.023 N

 AYPSLRLRFamide 1121.658 0.941 0.008 N 0.792 0.042 N

 EFLRFamide 710.398 0.684 0.036 N 0.950 0.049 N

 GNRNFLRFamide 1022.565 1.066 0.042 N 0.651 0.105 N

 LNQPNFLRFamide 1147.637 0.295 0.052 Y 0.484 0.096 N

 LTNRNFLRFamide 1179.675 1.615 0.083 N 1.066 0.078 N

 SENRNFLRFamide 1181.617 7.340 0.459 Y 2.949 0.418 N

 SMPTLRLRFamide 1119.646 1.107 0.048 N 1.033 0.015 N 0.880 0.054 N

 APSGFLGMRamide 934.493 1.377 0.168 N 1.357 0.077 N 2.719 0.219 Y

 SGFLGMRamide 766.403 1.434 0.084 N 2.405 0.059 Y 3.189 0.146 Y

CoG AST-A  AGPYAFGLamide 794.420 2.858 0.138 Y 0.685 0.014 N

AST-A  NPYSFGLamide 796.399 2.943 0.588 N 0.950 0.177 N 1.297 0.351 N

AST-B  VPNDWAHFRGSWamide 1470.703 1.240 0.076 N 1.641 0.219 N

 KLLSSSNSPSSTP 1304.669 1.489 0.016 Y

 RSVEGASRMEKLL 1475.800 0.794 0.045 N

 TPLGFLSQDHSV 1300.653 0.693 0.080 N

Cryptocyanin  KIFEPLREDNL 1373.742 1.076 0.025 N

Proctolin  RYLPT 649.367 0.875 0.156 N 1.113 0.105 N 1.608 0.231 N

RFamide  GYGDRNFLRFamide 1243.633 0.285 0.035 Y

 GFVSNRYamide 841.432 1.630 0.059 Y 0.960 0.067 N

 SGFYANRYamide 976.464 1.442 0.073 N 0.828 0.182 N

Tachykinin  APSGFLGM 779.376 2.154 0.424 N 0.515 0.120 N 0.975 0.324 N

AST-A  PRNYAFGLamide 936.505 1.174 0.075 N

 ASLKSDTVTPLR 1287.727 1.517 0.048 Y

 RSAEGLGRMamide 975.515 1.847 0.144 N 1.045 0.128 N 1.702 0.063 N

 NFDEIDRSGFA 1270.570 1.659 0.092 N 1.080 0.062 N 1.754 0.339 N

 NFDEIDRSGFG 1256.554 1.857 0.168 N 1.232 0.128 N 2.303 0.242 Y

 NFDEIDRSSFGFV 1532.702 0.730 0.079 N 1.141 0.039 N

Orcomyotropin  FDAFTTGFGHS 1186.516 1.717 0.182 Y 1.064 0.056 N 1.584 0.098 N

Others  HL/IGSL/IYRamide 844.479 2.090 0.079 Y 1.148 0.036 N 1.729 0.079 N

RFamide  NQPNFLRFamide 1034.553 1.033 0.089 N 1.027 0.029 N

Tachykinin  APSGFLGMRamide 934.493 1.187 0.192 N 0.520 0.083 N 1.285 0.056 N

 KLLSSSNSPSSTP 1304.669 1.640 0.162 N

 TPLGFLSQDHSV 1300.653 0.980 0.027 N

RFamide  DENRNFLRFamide 1209.612 1.108 0.053 N 0.657 0.089 N 0.932 0.022 N

1 ppm O2, 8 Hour

AST-A

RFamide

Tachykinin

CPRP

1 ppm O2, 1 Hour 1 ppm O2, 4 Hour

RYamide

Brain

PO

SG

TG

CPRP

Orcokinin

CPRP
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Table S5. Ratios (stressed/control) of neuropeptides that were detected in at least 

three biological replicates for the brain, CoG, and TG in the ESI-MS results. In column 

“Sig?”, the highlighted cells (yellow, orange, or pink) are those were significant changes 

based upon the Dunnett’s test. If only the control and one other time point were 

detected, a t-test was used to determine significance. Blacked-out cells are those that 

were identified in fewer than three biological replicates. AST-A: allatostatin type-A; AST-

B: allatostatin type-B; PDH: pigment dispersing hormone; SEM: standard error of the 

mean; Y: yes, N: no. 

 

Tissue Family Sequence m/z Ratio SEM Sig? Ratio SEM Sig? Ratio SEM Sig?

AST-A TPHTYSFGLamide 1021.510 1.062 0.018 N

AWSNLGQAWamide 1031.506 0.888 0.062 N 0.956 0.082 N 0.922 0.040 N

NNNWTKFQGSWamide 1380.644 0.634 0.028 N 0.713 0.026 N

SGDWSSLRGAWamide 1220.581 0.908 0.055 N 0.886 0.018 N 1.078 0.056 N

TGWNKFQGSWamide 1209.580 0.931 0.041 N 1.491 0.049 N 1.264 0.048 N

VPNDWAHFRGSWamide 1470.703 0.991 0.049 N 0.777 0.049 N 1.050 0.066 N

TSWGKFQGSWamide 1182.569 0.932 0.058 N 1.391 0.047 N 0.982 0.038 N

STNWSSLRSAWamide 1293.633 0.782 0.046 N 0.829 0.016 N 0.818 0.061 N

NFDEIDRSGFA 1270.570 1.010 0.050 N 1.032 0.120 N

NFDEIDRSSFGF 1433.633 1.580 0.271 N 1.630 0.232 N

NFDEIDRSGFGFA 1474.660 0.963 0.029 N

NFDEIDRSSFGFN 1547.676 0.824 0.030 N 0.799 0.084 N

NFDEIDRSSFGFV 1532.702 0.971 0.031 N 0.991 0.020 N

NFDEIDRSGFGFV 1502.691 1.130 0.077 N 1.818 0.131 N

NFDEIDRSSFA 1300.580 0.627 0.046 N 0.890 0.030 N 0.829 0.161 N

Orcomyotropin FDAFTTGFGHS 1186.516 0.553 0.057 N 0.503 0.048 N 0.836 0.102 N

Others HL/IGSL/IYRamide 844.479 0.767 0.068 N 0.574 0.037 N 0.897 0.054 N

QELKYQEREMVAELAQQIYRVAQAPWAAAVG

PHKRNSELINSILGLPKVMNDAamide
5973.138 0.877 0.064 N 1.346 0.085 N 1.211 0.067 N

QREPTASKCQAATELAIQILQAVKGAHTGVAAG

PHKRNSELINSLLGLPKFMIDAamide
5792.122 0.902 0.060 N 0.742 0.039 N 0.565 0.053 N

GYSKNYLRFamide 1146.605 0.320 0.045 Y 0.567 0.034 Y

SMPTLRLRFamide 1119.646 0.888 0.037 N

QDLDHVFLRFamide 1288.680 0.878 0.018 N 0.829 0.057 N

KPDPSQLANMAEALKYLEQELDKYYSQVSRPRF

amide
3913.991 0.735 0.055 N 0.823 0.053 N 0.699 0.040 N

SIFamide GYRKPPFNGSIFamide 1381.738 0.770 0.026 N 0.850 0.051 N 0.901 0.053 N

AST-A TPHTYSFGLamide 1021.510 0.989 0.085 N 1.070 0.048 N 0.621 0.056 N

DFDEIDRSSFGFN 1548.660 1.078 0.053 N

NFDEIDRSGFA 1270.570 1.557 0.053 N 1.047 0.132 N 0.749 0.067 N

NFDEIDRSGFGFA 1474.660 0.972 0.089 N 0.785 0.061 N

NFDEIDRSSFGFN 1547.676 1.174 0.064 N 0.692 0.118 N 1.094 0.093 N

Orcomyotropin FDAFTTGFGHS 1186.516 0.913 0.038 N 0.959 0.024 N 0.499 0.019 Y

PDH
QEDLKYFEREVVSELAAQILRVAQGPSAFVAGPH

KRNSELINSLLGIPKVMNDAamide
5947.165 0.983 0.079 N 1.138 0.145 N 0.815 0.067 N

RFamide QDLDHVFLRFamide 1288.680 1.273 0.040 Y

TG Orcomyotropin FDAFTTGFGHS 1186.516 0.634 0.048 N 0.423 0.095 Y

Orcokinin

CoG

1 ppm O2, 1 Hour 1 ppm O2, 4 Hour 1 ppm O2, 8 Hour

Orcokinin

PDH

Brain

AST-B

RFamide
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Table S6. Ratios (stressed/control) of neuropeptides that were detected in at least 

three biological replicates for the PO in the ESI-MS results. The highlighted cells (e.g., 

yellow, orange, or pink) are those were significant changes based upon the Dunnett’s 

test. If only the control and one other time point were detected, a t-test was used to 

determine significance. Blacked-out cells are those that were identified in fewer than 

three biological replicates. AST-A: allatostatin type-A; AST-B: allatostatin type-B; AST: 

allatostatin; CPRP: CHH precursor-related peptide; SEM: standard error of the mean; Y: 

yes; N: no. 

 

Tissue Family Sequence m/z Ratio SEM Sig? Ratio SEM Sig? Ratio SEM Sig?

DGPYSFGLamide 854.404 1.241 0.103 N 1.100 0.201 N

DPYAFGLRHTSFVLYAFGLamide 2173.210 1.014 0.067 N 0.946 0.080 N 0.666 0.057 N

SKSPYSFGLamide 984.515 0.308 0.155 Y 0.428 0.048 N

SNPYSFGLamide 883.431 0.650 0.048 N 0.261 0.031 Y

AGPYSFGLamide 810.415 0.767 0.063 N 0.872 0.122 N 0.326 0.039 Y

SDMYSFGLamide 918.403 1.002 0.054 N 0.603 0.057 N 0.378 0.043 Y

SGNYNFGLamide 870.410 0.756 0.028 N 0.696 0.057 N 0.436 0.034 Y

AGWSSMRGAWamide 1107.533 0.022 0.002 Y 0.031 0.003 Y 0.422 0.012 Y

AWSNLGQAWamide 1031.506 1.400 0.047 N 0.618 0.068 N

LNNNWSKFQGSWamide 1479.713 0.947 0.060 N 1.345 0.084 N 0.707 0.061 N

NDWSKFGQSWamide 1253.570 1.019 0.063 N 1.006 0.070 N 0.728 0.067 N

NNNWTKFQGSWamide 1380.644 0.936 0.043 N 1.007 0.064 N 0.643 0.032 N

SGDWSSLRGAWamide 1220.581 13.672 1.335 N 20.610 1.747 Y 11.147 0.875 N

STDWSSLRSAWamide 1294.618 0.804 0.068 N 1.358 0.079 N

TGWNKFQGSWamide 1209.580 0.992 0.078 N 1.526 0.097 N 0.699 0.051 N

VPNDWAHFRGSWamide 1470.703 0.634 0.042 N 0.799 0.082 N 0.449 0.048 N

TSWGKFQGSWamide 1182.569 0.149 0.016 N 1.780 0.090 N 0.806 0.056 N

STNWSSLRSAWamide 1293.633 0.468 0.060 N 1.115 0.099 N 0.322 0.025 N

AST Combos GSGQYAFGLGKKAGGAYSFGLamide 2035.040 0.711 0.041 N 0.815 0.073 N 0.376 0.051 Y

Bursicon

DECSLRPVIHILSYPGCTSKPIPSFACQGRCTSYV

QVSGSKLWQTERSMCCQESGEREAAITLNCPKP

RPGEPKEKKVLTRAPIDCMCRPCTDVEEGTVLA

QKIANFIQDSMPDSVPFLK 13257.451

0.445 0.025 Y 0.715 0.072 N 0.491 0.095 N

CPRP
RSAEGLGRMGRLLASLKSDTVTPLRGFEGETGH

PLE 3838.003
1.888 0.145 N 1.559 0.093 N 0.420 0.039 N

DFDEIDRSGFA 1271.554 1.128 0.061 N 0.483 0.057 N

DFDEIDRSSFA 1301.564 0.579 0.040 N 0.572 0.041 N

DFDEIDRSSFGFN 1548.660 2.960 0.161 Y

NFDEIDRSGFA 1270.570 0.933 0.075 N 0.736 0.038 N 0.655 0.053 N

NFDEIDRSSFGF 1433.633 0.377 0.163 N 1.283 0.150 N 0.967 0.356 N

NFDEIDRSGFGFA 1474.660 2.015 0.131 N 0.954 0.225 N

NFDEIDRSSFGFN 1547.676 0.742 0.130 N 1.797 0.149 N 0.899 0.112 N

NFDEIDRSSFGFV 1532.702 1.063 0.084 N 1.245 0.020 N 0.503 0.071 Y

NFDEIDRSGFGFV 1502.691 0.808 0.032 N 0.825 0.073 N 0.456 0.059 Y

NFDEIDRSSFA 1300.580 0.992 0.095 N 0.912 0.056 N 0.621 0.081 N

Orcomyotropin FDAFTTGFGHS 1186.516 1.367 0.107 N 1.096 0.108 N 1.048 0.136 N

Others HL/IGSL/IYRamide 844.479 1.052 0.052 N 0.985 0.052 N 0.704 0.060 N

GYSKNYLRFamide 1146.605 Y 0.060 N

GYNRSFLRFamide 1158.617 Y 0.055 N

QDLDHVFLRFamide 1288.680 0.979 0.054 N 0.753 0.065 N 0.700 0.200 N

DGGRNFLRFamide 1080.570 0.732 0.077 N

LSGFYANRYamide 1089.548 0.803 0.043 N 0.354 0.075 N 0.476 0.024 N

QGFYSQRYamide 1030.474 1.152 0.166 N

SGFYADRYamide 977.448 0.781 0.040 N 0.436 0.056 N

PO

AST-A

AST-B

Orcokinin

RFamide

RYamide

1 ppm O2, 1 Hour 1 ppm O2, 4 Hour 1 ppm O2, 8 Hour
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Table S7. Ratios (stressed/control) of neuropeptides that were detected in at least 

three biological replicates for the SG in the ESI-MS results. The highlighted cells (e.g., 

yellow, orange, or pink) are those were significant changes based upon the Dunnett’s 

test. If only the control and one other time point were detected, a t-test was used to 

determine significance. Blacked out cells are those that were identified in fewer than 

three biological replicates. AST-A: allatostatin type-A; AST-B: allatostatin type-B; CLH: 

calcitonin-like hormone; CPRP: CHH precursor-related peptide; PDH: pigment dispersing 

hormone; SEM: standard error of the mean, Y: yes; N: no. 

 

Tissue Family Sequence m/z Ratio SEM Sig? Ratio SEM Sig? Ratio SEM Sig?

DGPYSFGLamide 854.404 0.696 0.038 Y

SKSPYSFGLamide 984.515 1.029 0.042 N

TPHTYSFGLamide 1021.510 0.697 0.037 Y 0.894 0.029 N 0.556 0.020 Y

SGNYNFGLamide 870.410 0.734 0.078 N 0.583 0.029 Y

AGWSSMRGAWamide 1107.533 0.659 0.036 N 0.739 0.040 N

AWSNLGQAWamide 1031.506 0.626 0.029 Y 0.638 0.031 Y

NNNWTKFQGSWamide 1380.644 0.714 0.044 N 0.714 0.030 N 0.722 0.025 N

SGDWSSLRGAWamide 1220.581 0.661 0.036 Y 0.707 0.043 N

TGWNKFQGSWamide 1209.580 1.552 0.191 N 3.125 0.233 N 2.772 0.281 N

VPNDWAHFRGSWamide 1470.703 0.561 0.022 Y

TSWGKFQGSWamide 1182.569 0.629 0.045 N 1.083 0.169 N 1.189 0.070 N

STNWSSLRSAWamide 1293.633 0.670 0.020 Y 0.764 0.059 N 0.601 0.037 Y

CLH
GLDLGLGRGFSGSQAAKHLMGLAAANFANFAG

GPamide 3272.675
1.763 0.169 N 0.607 0.058 N

RSAEGLGRMGRLLASLKSDTVTPLRGFEGETGH

PLE 3838.003
1.568 0.046 N 1.465 0.094 N 1.450 0.052 N

SLKSDTVTPLLG 1230.694 0.419 0.043 Y 0.674 0.076 N 0.325 0.046 Y

DFDEIDRSGFA 1271.554 0.786 0.106 N 1.206 0.079 N 0.367 0.054 N

DFDEIDRSGFGFA 1475.644 0.339 0.059 Y 0.801 0.043 N 0.614 0.056 N

DFDEIDRSGFGFV 1503.675 1.021 0.030 N 1.445 0.177 N 0.791 0.093 N

DFDEIDRSSFGFA 1505.654 0.689 0.048 N 0.975 0.048 N

DFDEIDRSSFGFN 1548.660 0.827 0.237 N 1.622 0.065 N 0.490 0.023 N

NFDEIDRSGFA 1270.570 0.745 0.038 N 0.963 0.043 N 0.546 0.065 N

NFDEIDRSGFGFA 1474.660 1.088 0.032 N

NFDEIDRSSFGFN 1547.676 0.858 0.108 N 1.158 0.101 N 0.720 0.042 N

NFDEIDRSGFGFV 1502.691 0.396 0.070 N 1.205 0.052 N 1.163 0.079 N

NFDEIDRSSFA 1300.580 0.675 0.043 N 0.686 0.042 N 0.389 0.056 Y

Orcomyotropin FDAFTTGFGHS 1186.516 0.890 0.079 N 0.854 0.050 N 0.778 0.044 N

Others HL/IGSL/IYRamide 844.479 0.831 0.039 N 0.926 0.048 N 1.496 0.078 N

NSGMINSILGIPRVMTEAamide 1901.994 0.807 0.044 N 0.703 0.059 N

QELKYQEREMVAELAQQIYRVAQAPWAAAVG

PHKRNSELINSILGLPKVMNDAamide 5973.138
0.714 0.033 N 0.644 0.023 N 0.590 0.017 Y

QELHVPEREAVANLAARILKIVHAPHDAAGVPH

KRNSELINSLLGISALMNEAamide 5712.103
1.177 0.074 N 1.116 0.062 N 0.851 0.082 N

QDLKYQEREMVAELAQQIYRVAQAPWAGAVG

PHKRNSELINSILGLPKVMNDAamide 5945.107
0.608 0.104 N

QREPTASKCQAATELAIQILQAVKGAHTGVAAG

PHKRNSELINSLLGLPKFMIDAamide
5792.122

1.725 0.102 N 0.762 0.314 N 0.405 0.037 N

QEDLKYFEREVVSELAAQILRVAQGPSAFVAGPH

KRNSELINSLLGIPKVMNDAamide 5947.165
0.420 0.027 Y 0.475 0.023 Y 0.427 0.032 Y

DARTAPLRLRFamide 1314.775 0.641 0.045 N 0.721 0.063 N

GAHKNYLRFamide 1104.606 1.381 0.055 N

GYNRSFLRFamide 1158.617 0.582 0.154 N 0.585 0.032 N 0.922 0.077 N

GYSKNYLRFamide 1146.605 0.659 0.086 N 0.668 0.062 N 0.762 0.064 N

QDLDHVFLRFamide 1288.680 0.822 0.055 N 0.675 0.047 N

DGGRNFLRFamide 1080.570 0.438 0.052 N 0.885 0.076 N

SIFamide GYRKPPFNGSIFamide 1381.738 0.703 0.043 N 0.646 0.072 N 0.691 0.049 N

Tachykinin APSGFLGMRG 992.498 0.603 0.062 Y 0.717 0.027 N

SG

AST-A

AST-B

CPRP

Orcokinin

PDH

RFamide

1 ppm O2, 1 Hour 1 ppm O2, 4 Hour 1 ppm O2, 8 Hour
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Table S8. Select neuropeptides that were unquantifiable due to no detection in either 

the control tissue or the hypoxia-stressed tissue. Only neuropeptides that appeared in 

over three biological replicates (light color) or 6 biological replicates (dark color) were 

selected. AST-A: allatostatin A-type; AST-B: allatostatin B-type; PDH: pigment 

dispersing hormone; CPRP: CHH precursor-related peptide; E: electrospray ionization 

(ESI); M: matrix-assisted laser desorption/ionization (MALDI). 

 

  

Tissue Family Sequence m/z E or M? Control 1 hour 4 hour 8 hour

AST-A  GPYSFGLamide 739.377 M X

AST-B AGWSSMRGAWamide 1107.533 E X X X

PDH

QEDLKYFEREVVSELAAQILRVAQG

PSAFVAGPHKRNSELINSLLGIPKVM

NDAamide

5947.165 E X X X

RFamide  AYNRSFLRFamide 1172.632 M X

Tachykinin APSGFLGMRG 992.498 E X X

AST-A  GPYSFGLamide 739.377 M X

AST-B TGWNKFQGSWamide 1209.580 E X X X

Tachykinin  SGFLGMRamide 766.403 M X X X

 AGPYAFGLamide 794.420 M X

 EPYEFGLamide 853.409 M X

 GPYSFGLamide 739.377 M X

 LKAYDFGLamide 925.514 M X

TPHTYSFGLamide 1021.510 E X X X

AST-B AGWSSTSRAWamide 1107.533 E X X

 DPSFLRFamide 853.409 M X

QDNDHVFLRFamide 1272.612 E X X

RYamide  FYSQRYamide 862.421 M X X

RYamide LSSRFVGGSRYamide 1227.659 E X X X

CPRP  RGFEGETGHPN 1200.539 M X

Cryptocyanin  KIFEPLRDKN 1259.711 M X X X

DFDEIDRSSFA 1301.564 E X X X

NFDEIDRSSFGF 1433.633 E X X

 NFDEIDRSGFGFA 1474.660 M X X X

NFDEIDRSSFGFV 1532.702 E X X X

SGRNFLRFamide 995.553 E X X X

SMPTLRLRFamide 1119.646 E X X

YAIAGRPRFamide 1049.600 E X X X

 HDLVQVFLRFamide/

 HPLSFVSALRFamide

 LAPQRNFLRFamide 1260.732 M X

 LAYNRSFLRFamide 1285.716 M X X

M X X X

Brain

CoG

PO

AST-A

1272.721
RFamide

SG

Orcokinin

RFamide
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Chapter 4 

 

 

 

 

 

 

 

Mass Spectrometric Profiling of Neuropeptides in Response to 

Copper Toxicity via Isobaric Tagging 

 

Adapted from: 

Sauer, C.S., Li, L. Mass Spectrometric Profiling of Neuropeptides in Response to 

Copper Toxicity via Isobaric Tagging. Chem. Res. Toxicol. 2021, 34, 1329-1336. 



116 
 

Abstract: 

Copper is a necessary nutrient but quickly becomes toxic at elevated levels. To properly 

handle environmental copper influxes and maintain metal homeostasis, organisms 

utilize various methods to chelate, excrete, and metabolize heavy metals. These 

mechanisms are believed to involve complex signaling pathways mediated by 

neuropeptides. This study incorporates custom N,N-dimethyl leucine isobaric tags to 

characterize the neuropeptidomic changes after different time points (1, 2, and 4 hours) 

of copper exposure in a model organism, blue crab, Callinectes sapidus. Using a 

modified simplex optimization strategy, the number of identifiable and quantifiable 

neuropeptides was increased three-fold to facilitate a deeper understanding of the 

signaling pathways involved in responding to heavy metal exposure. The time course 

exposure showed many interesting findings, including upregulation of inhibitory 

allatostatin peptides in the pericardial organs. Additionally, there was evidence of 

transport of a pigment dispersing hormone from the sinus glands to the brain. Overall, 

this study improves the multiplexing capabilities of neuropeptidomic studies to 

understand the temporal changes associated with copper toxicity. 

 

Keywords: Callinectes sapidus, Mass Spectrometry, Copper Toxicity, Neuropeptide, 

Quantitation, Isobaric Tags 
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Introduction: 

Neuropeptides represent a large, highly diverse class of signaling molecules within the 

nervous system. These signaling peptides have been shown to play physiological roles 

in many biochemical processes and can potentially serve as biomarkers for a variety of 

disease states, such as Alzheimer’s disease, cancers,1 and environmental stress.2–5 The 

exact function of a particular neuropeptide is difficult to study due to their function 

being dependent on location, concentration, and the presence of other co-modulating 

neurotransmitters or neuropeptides.6 As a result, thorough approaches to profile all 

neuropeptides in a sample is critical to characterize neuropeptidomic changes in a 

meaningful way. Global profiling of neuropeptides is challenging, however, due to their 

diverse structures and low in vivo concentrations. Mass spectrometry (MS) offers fast, 

highly sensitive analyses for probing many biomolecules at once, without needing to 

know the exact make-up of the sample. 

 Quantitative analysis of neuropeptides has been achieved using several different 

quantitative strategies. Label-free methods have been reported but suffer from low 

throughput and instrumental variability (i.e., signal drift).7 Reductive dimethylation and 

other isotopic labeling strategies, resulting in a differential mass shift at the MS1 level, 

have been used to provide relative expression changes in neuropeptidomic studies.3 

These methods enable multiple samples to be analyzed simultaneously, but they can 

also result in complex spectra that make data interpretation difficult. This limits the 

multiplexing potential of MS1-based labeling strategies. Alternatively, isobaric tags 

facilitate relative quantitation at the MS2 level by incorporating isotopically encoded tags 
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with the same nominal mass addition, but different reporter ions formed upon 

fragmentation. These tags do not increase spectral complexity, offering higher 

multiplexing capabilities. Additionally, they require less sample from a single channel. 

Commercially available isobaric tags, such as iTRAQ8 and TMT,9 can be expensive for 

academic lab settings. Instead, the Li Lab has developed N,N-dimethyl leucine (DiLeu) 

isobaric tags that label primary amines.10,11 These tags are readily synthesized and offer 

up to a 21-plex experiment,12 enabling a cost-effective experiment with reduced sample 

needs, required instrument time, and run-to-run variability. 

 Despite these advantages, the application of isobaric tags in neuropeptidomic 

analyses has been scarce.13 The low in vivo abundance of neuropeptides often results in 

a lack of selection for fragmentation through tandem MS analysis using typical data-

dependent acquisition settings. While this is a challenge for neuropeptidomics in 

general, it is especially problematic when using isobaric tags as quantitation is 

performed exclusively at the MS2 level. Optimization of various data acquisition 

parameters (e.g., resolution, number of MS2 scans events, and dynamic exclusion 

window) have been shown to facilitate deeper profiling in -omic studies by reducing 

redundant analyses and increasing the number of spectra corresponding to low-

abundance analytes, as well as reducing scan time to increase the total number of 

spectra acquired in a single LC-MS run.14,15 As there are numerous parameters affecting 

the data-dependent acquisition of spectra, it can be laborious to optimize all of them. 

This is exacerbated by the fact that many of the parameters are interconnected and 

need to be optimized simultaneously. Design of experiments (DoE) have been used to 
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discern and evaluate the influence of specific parameters on peptide identifications.16–18 

A multitude of designs exist, the simplest of which is the factorial DoE.19 In a factorial 

DoE a number of factors, x, are evaluated at a number of levels, y, leading to xy 

combinations to be tested. As the number of factors and levels increases, the number 

of tests required for optimization rapidly increases. As a result, factorial DoE are less 

useful when trying to determine a precise optimum. Advanced modeling and statistical 

analyses can be used to ascertain optimum conditions, but still require many tests for 

confident interpretation. 

In this work, the MS1 resolution, MS2 resolution, dynamic exclusion window, and 

number of MS2 scan events were selected for optimization due to their direct effect on 

instrument scan time, redundant analyses, and analysis of lower abundance analytes. 

These factors were evaluated at two levels with a simple factorial DoE to provide a 

rough evaluation of their effect on neuropeptide identifications. The dynamic exclusion 

window and MS2 scan events were then systematically optimized using a modified 

simplex algorithm.20 Using this approach, a set of conditions (i.e., a simplex) is 

evaluated. The conditions are then ranked, and the next set of conditions are in the 

geometrically opposed region from the point of worst performance. This simplex 

algorithm has been modified to include not only the geometric reflection, but also a 

contracted reflection, elongated reflection, and a reflection contracted in the direction of 

the low performance points. This modification allows the optimum (determined when 

additional simplexes provide no improvement) to be reached faster and with fewer 

points tested overall. Because the resolving power of the orbitrap instrument used in 
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this experiment is fixed at preset values, optimization is constrained and incompatible 

with the geometric reflections used in the simplex method. Using this modified simplex 

optimization strategy for the dynamic exclusion window and number of MS2 scan events 

resulted in a three-fold increase in the number of neuropeptides identified from the 

crustacean model organism, Callinectes sapidus. This performance improvement could 

further benefit from optimization of additional parameters (e.g., automatic gain control 

target, maximum injection time, and isolation window width) and is the subject of 

ongoing research. 

 These optimized parameters can be used to study neuropeptidomic changes 

under various experimental conditions. Herein, we use DiLeu isobaric tags to examine 

neuropeptide expression after exposure to environmental copper. Concerns over copper 

in the environment are growing due to increased prevalence of copper in agricultural 

runoff, industrial pollution, and poorly managed wastewater.21 Moreover, as 

atmospheric carbon dioxide increases, causing ocean acidification, copper becomes 

more bioavailable and therefore more toxic.22 Interestingly, although toxic at high 

levels, copper is also a necessary nutrient and plays roles in neuromodulation, protein 

structure, and enzymatic activity.23 This dichotomy of being a potent toxin and required 

nutrient suggests that interesting pathways are involved in handling large effluxes of 

copper in the environment. In this study, the blue crab is used as a model organism 

due to its relatively simple nervous system and relevance as it frequently inhabits 

coastal estuaries plagued by large copper effluxes. To better understand how copper 

affects neuropeptide expression, a 4-plex experiment was performed using DiLeu tags 
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to characterize expression changes after 1, 2, and 4 hours of exposure to 10 µM copper 

(Cu2+) relative to a control. Statistically significant changes were observed at all time 

points in four neuroendocrine tissues (brain, sinus glands, pericardial organs, and 

thoracic ganglia), demonstrating the feasibility and usefulness of DiLeu multiplex tags 

for quantifying endogenous expression of neuropeptides. 

 

 

Methods: 

Materials: 

Methanol (MeOH), acetonitrile (ACN), glacial acetic acid, crab saline components 

(described below) and LC-MS solvents were purchased from Fisher Scientific 

(Pittsburgh, PA). Isotopic leucines and formaldehyde, triethylammonium bicarbonate 

(TEAB), N,N-dimethylformamide (DMF), 4-(4,6-dimethoxy- 1,3,5-triazin-2-yl)-4-

methylmorpholinium tetrafluoroborate (DMTMM), ammonium formate, and copper (II) 

chloride were purchased from Sigma Aldrich (St. Louis, MO). N-methylmorpholine 

(NMM) was purchased from TCI America, (Tokyo, Japan). C18 ZipTips were purchased 

from Millipore (Burlington, MA). Strong cation exchange (SCX) spin tips were purchased 

from PolyLC (Columbia, MD). 

 

Animals and Copper Exposure Experiment: 

Female blue crabs, Callinectes sapidus, were purchased from a local grocery store 

(Midway Asian Markets, Madison, WI) and maintained in tanks with recirculating 
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artificial seawater (30 ppt salinity) and a 12 h:12 h light:dark cycle. Crabs exposed to 

copper were placed in a tank of 10 µM Cu2+ (from CuCl2) for 0 (control), 1, 2, or 4 h 

prior to sacrifice. All crabs, regardless of experimental conditions, were anesthetized on 

ice for 20 min before sacrificing for its organs as previously described.24 Neuropeptide-

rich tissues–brains, paired sinus glands (SG), paired pericardial organs (PO), and 

thoracic ganglia (TG)–were dissected in chilled saline (440 mM NaCl, 11 mM KCl, 13 mM 

CaCl2, 26 mM MgCl2, 11 mM trizma base, 5 mM maleic acid, adjusted to pH 7.45 with 

NaOH) and stored in acidified methanol (90:9:1 MeOH:H2O:glacial acetic acid). Tissues 

were stored at -80 °C until future processing. 

 

Neuropeptide Extraction: 

Neuropeptides were extracted via ultrasonication using a Fisherbrand 120 probe 

sonicator/sonic dismembrator. Tissues submerged in acidified methanol were sonicated 

at 50% amplitude for 8 s three times with 15 s rest between pulses. Samples were then 

centrifuged at 20,000 x g for 20 min at 4°C before collecting the supernatant. The 

supernatant was then dried down using a Savant SCV100 SpeedVac. Crude extracts 

were then purified using C18 ZipTips per the manufacturer’s protocol.  

 

Labeling: 

For the optimization experiments, neuropeptide extracts from several tissues were 

pooled together to create enough sample for multiple LC-MS injections. Four equal 

aliquots of this sample were then differentially labeled using DiLeu tags. For the copper 
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toxicity experiments, extracts were differentially labeled by exposure duration (control, 

1 h, 2 h, and 4 h). Each bioreplicate for the copper toxicity experiments had one crab at 

each time point with four crabs total for each multiplexed sample. A total of four 

biological replicates (n=4) were analyzed with three technical replicates (repeated LC-

MS injections).  The labeling procedure has been described previously along with the 

synthesis of the tags.11 Briefly, purified neuropeptide extracts were resuspended in a 

50:50 mixture of ACN:0.5 M triethylammonium bicarbonate. The isotopic dimethyl 

leucine tags were activated to a triazine ester form by the addition of 50 µL activation 

solution (15.5 mg DMTMM, 495 µL dry DMF, 5 µL NMM) per 1 mg dimethyl leucine. 

After being vortexed at room temperature for 30 min, the activated tag was added to 

the neuropeptide extracts at a 20:1 label-to-peptide ratio. The labeling reaction was 

quenched after 30 min by the addition of NH2OH for a final concentration of 0.25% 

NH2OH. The labeled neuropeptide extracts were then pooled together before drying 

down. Excess labeling reagents were removed using SCX spin tips. Multiplexed samples 

were loaded to the columns in 0.1% formic acid, 20% ACN, 80% water and excess 

label was washed away using the same buffer. The sample was eluted using 0.4 M 

ammonium formate, 20% ACN, 80% water. Multiplexed samples were then desalted 

once again using C18 ZipTips before being analyzed by LC-MS. 

 

MS Data Collection: 

Samples were analyzed in triplicate on a Thermo Q Exactive HF mass spectrometer 

coupled to a Dionex UltiMate3000 nanoLC system using a homemade C18 column (15 
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cm). Neuropeptides were eluted over a 90 min gradient from 10% B to 35% B (solvent 

A = 0.1% formic acid in water; solvent B = 0.1% formic acid in ACN). Spectra were 

collected at a m/z range of 200-2000 using HCD (high-energy collision dissociation) for 

fragmentation. The MS1 resolution, MS2 resolution, dynamic exclusion window, and 

number of MS2 scan events varied from run-to-run and are detailed below. More 

detailed information about the instrument parameters can be found in Table S1. 

 

Data Analysis: 

Raw files were processed using Proteome Discoverer 2.1 to identify neuropeptides from 

an in-house crustacean neuropeptide database. Static modifications included DiLeu 

labeling at the N-terminus and lysine residues, along with C-terminal amidation of 

known amidated neuropeptides (e.g., RFamide and RYamide peptides). Dynamic 

modifications included oxidation of Met, deamidation of Asn and Gln, methylation of 

Asp, Glu, His, Lys, Arg, Ser, and Thr, and dehydration of Ala, Asp, Glu, Ser, Thr, Tyr 

residues. Quantitation and normalization of reporter ions was also performed in 

Proteome Discoverer 2.1 and exported to Excel. Additional information for the data 

analysis is provided in Table S2. Neuropeptides described below as “identified” were 

present in at least two of three technical replicates, identified and quantified across all 

four channels, and for the copper toxicity experiments, present in at least three 

bioreplicates. The quantitative ratios were then tested using Dunnett’s test25,26 to 

determine statistical significance between experimental conditions and the control. 
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Results and Discussion: 

Factorial Design of Experiments 

An initial factorial DoE was performed to roughly evaluate the influence of the MS1 and 

MS2 resolution, dynamic exclusion window, and number of MS2 scan events. These 

factors were selected as they have a direct influence on the scan time, the total number 

of acquired spectra, and the ability to reduce redundant analyses. This DoE assessed 

combinations of high and low values for each of the four parameters for a total of 16 

unique sets of conditions. The combinatorial testing parameters and results are given in 

Figure 1. Overall, more identifications were achieved with reduced MS1 and MS2 

resolution and an increased number of MS2 scans events. As the resolution (both MS1 

and MS2) is decreased, the scan time with an orbitrap mass analyzer also decreases, 

allowing more spectra to be acquired. This in turn enables more MS2 scans per 

precursor scan to be collected to identify and quantify more unique neuropeptides. 

Analysis of the isolation interference between the experiments in which the resolving 

power was high compared to low showed the lower resolution not only resulted in more 

total peptide spectral matches (PSMs), but also that more of those PSMs were high 

enough quality for identification and quantitation of neuropeptides. More details can be 

found in the Supplemental Information (Figure S1). This observance could be 

attributed to the fact that there are simply more spectra to have peptides matched to, 

and that the spectral purity is more so affected by isolation window width, not 

resolution. The influence of the dynamic exclusion window was more variable, 

highlighting the need for a more systematic approach to optimization. As the dynamic 



126 
 

exclusion window widens, neuropeptides with high signal are less likely to dominate the 

acquired MS2 spectra. If the window is too wide, however, there is risk of losing 

identifications due to collecting MS2 spectra too early in the elution profile (where signal 

is often too low for meaningful results) and prohibiting future analyses across the peak 

width. It is also important to note that peptides have variable peak widths, so a reliable 

dynamic exclusion window cannot be easily predicted.  

 

Modified Simplex Optimization 

Many parameters show some degree of interplay and optimization needs to consider 

this. For example, the number of MS2 scan events affects the optimum dynamic 

exclusion window (and vice versa), compounding the challenges with efficiently 

optimizing these parameters. An approach that optimizes these parameters 

simultaneously is therefore required and can be accomplished via a modified simplex 

strategy. A comprehensive overview of the simplex optimization strategy has been 

published by Bezerra, M.A., et al.20 Initially, three sets of conditions (vertices of the 

graphical representation in Figure 2) were examined (V1, V2, and V3). The second 

simplex was geometrically reflected away from V2 (the worst performing condition) and 

additional points (e.g., R1, CR1, etc.) were evaluated. After four iterations, optimum 

parameters were reached, demonstrated by the fifth simplex showing no improvement 

over previous simplexes. In total 17 conditions were evaluated. Some conditions were 

omitted from later simplexes if there was already a set of conditions at or very close to 

that point. Figure 2 shows the results from these 17 conditions with the relative 
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number of neuropeptides identified as a heat map overlaid on the simplex optimization 

plot. The table in Figure 2 shows the neuropeptides identified for each vertex of the 

simplex optimization. A more sequential view of the data in Figure 2 is shown in 

Figure S2. The conditions near the optimum region (shown in red) offer over a three-

fold increase in the number of neuropeptides able to be identified, compared to the 

initial, unoptimized conditions (Simplex 1 from Figure 2). Although this performance 

increase is great, it could be further improved in the future by more systematically 

optimizing the resolving power and other MS parameters. 

 

As data-dependent acquisition is known to have limited reproducibility, three conditions 

(R2, CR3, and CW4) were tested again to determine the ideal parameters to use for 

later analyses. Vertices R2, CR3, and CW4 were selected based on neuropeptides 

identified and proximity to the optimum region shown in Figure 2. A separate 

neuropeptide-rich sample was then analyzed by the three conditions with five technical 

replicates each. There were 59, 60, and 51 neuropeptides identified across all 4 

channels in at least 2 technical replicates for R2, CR3, and CW4, respectively. Condition 

CR3 was selected for future analyses due to its greater number of neuropeptide 

identifications and higher reproducibility among technical replicates. It should be noted 

that R2 would likely be sufficient for most analyses, but CR3 had a slight advantage. 

The optimum dynamic exclusion window of 35 s appears to match with the 

chromatographic peak widths for neuropeptides. For the C18 RPLC separations used in 

this experiment, it was observed that most neuropeptides elute over 30-60 s, but some 
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elute in as little as 15 s and some over 90 s. The dynamic exclusion window seems 

skewed towards the low range of peak widths, but this could be due to some 

neuropeptides having similar masses and retention times. A lower dynamic exclusion 

might enable more of these similar neuropeptides to be differentiated at the MS2 level. 

The simplex data also showed that higher MS2 scan events facilitated deeper profiling. 

This is rather intuitive as it allows more low abundance ions to be selected for tandem 

MS, but 39 MS2 scan events is surprisingly higher than typical LC-MS experiments (often 

using a Top 5, Top 10, or Top 15 method). 

The optimized methods also showed high quantitative accuracy of reporter ion ratios. 

The differentially labeled samples used for optimization were pooled at a 1:1:1:1 ratio 

(DiLeu reporter ions 115:116:117:118) and the observed ratio (averaged for all 

identified neuropeptides) was 1:0.94:0.93:0.89, demonstrating suitable quantitative 

accuracy. The distribution of neuropeptides by family for the neuropeptides identified 

under the optimum conditions are shown in Figure 3. The diversity of neuropeptide 

families demonstrate that the methods are not biased towards a particular sequence 

motif. The quantitative accuracy and lack of bias will enable the methods to be used to 

collect meaningful neuropeptidomic data to study crustaceans under environmental 

stress. 

 

Copper Toxicity 

Using a DiLeu labeling strategy and the optimized acquisition settings, CR3 (low MS1 

and MS2 resolving power, 39 MS2 scan events, and a 35 s dynamic exclusion window), 
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this study demonstrates the feasibility of using isobaric tagging to study 

neuropeptidomic changes in response to acute copper toxicity. Neuropeptides have 

been shown to be involved in the stress response to many environmental stressors, 

such as salinity,4 pH,5 and hypoxia.3 Heavy metals can also act as potent environmental 

stressors by causing oxidative stress and dysregulating metal homeostasis within an 

organism. Copper is of particular interest as it is an important component of many 

proteins, such as hemocyanin (analogous to hemoglobin in humans),27,28 and 

dysregulation of copper homeostasis has been implicated in several diseases, including 

Alzheimer’s disease, anemia, and liver disease.23,29 

In this experiment, crabs were exposed to 10 µM copper (CuCl2) for 0 (control), 1, 2, 

and 4 hr. The extracted neuropeptides were differentially labeled with 4-plex DiLeu tags 

to provide relative quantitation of neuropeptides compared to a control sample. 

Figures 4 and 5 depict the significant neuropeptide expression changes in the TG and 

POs (Figure 4) and SGs and brain (Figure 5) as a ratio to the control after each 

exposure duration. These ratios are expressed as a log2 ratio for easier viewing 

(positive results show upregulation, negative show downregulation). Statistical 

significance was determined using Dunnett’s test (n = 4) and is denoted by a star in the 

bar graphs. More precise relative quantitative information for the neuropeptides shown 

in Figures 4 and 5 are given in Tables S3 and S4 along with the neuropeptides that 

did not show significant changes. 
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There are interesting dysregulation patterns in neuropeptides with significant changes 

observed resulting from copper toxicity. Within the POs, which act upon the cardiac 

system, upregulation of many allatostatin A-type and B-type (AST-A and AST-B, 

respectively) was observed. AST-A have been well-documented as being inhibitory 

neuromodulators that slow down a number of processes, including feeding/digestion 

and cardiac contractions.30,31 The initial burst in AST-A output seen after 1 hour in the 

POs suggests a hyperarousal signal to decrease cardiac output. Similarly, B-type 

allatostatin neuropeptides have been shown to act as myoinhibitors.31,32 There is a 

significant upregulation of AST-B neuropeptides after 2 hr exposure, suggesting the 

activation of signaling pathways to decrease muscle contractions in the cardiac system. 

These neuropeptides could also be secreted into the hemolymph (circulating fluid in 

crustaceans) to act as hormones (rather than locally in the cardiac system). Future 

experiments to analyze allatostatin neuropeptides in the hemolymph could demonstrate 

interesting hormonal signaling pathways but are not included in this study due to the 

challenges of analyzing trace-level neuropeptides in the complex matrix of hemolymph. 

Although similar in modulation behaviors, the AST-A and AST-B type families have 

unique structures and signaling pathways.30 The temporal shift in upregulation between 

these families further supports that distinct pathways are involved in their regulation. 

 

In the brain and SGs, there is an interesting pigment dispersing hormone (PDH) with 

sequence QELKYQEREMVAELAQQIYRVAQAPWAAAVGPHKRNSELINSILGLPKVMNDAamide 

that is significantly downregulated in the SGs and upregulated in the brain. This 
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sequence is highlighted in blue shade in Figure 5. As PDH is synthesized in the SGs,31 

this pattern is likely indicative of hormonal signaling from the SGs to the brain. 

Historically, pigment dispersing hormones were shown to primarily regulate the light-

adapting pigments in the eyestalks and were named accordingly.33,34 Though typically 

seen as a result of light-receptor activity, the PDH activity reported here is not believed 

to be the result of circadian rhythm. Exposures and dissections were not carried out at 

set times during the day and as a result, are independent of biological changes due to 

circadian rhythm. Moreover, the exact same neuropeptide has previously been shown 

by our lab to display the same temporal dysregulation in response to hypoxia (low 

levels of dissolved oxygen).3 The expression changes of this PDH could therefore be 

indicative of a general stress response, or perhaps more specifically related to 

respiratory distress as copper can also impair gill function by disrupting ion channels.27 

The insect ortholog for PDH, known as pigment dispersing factor (PDF),35 has been 

shown to play roles in many processes outside of circadian rhythm, including locomotor 

activity, courtship, and hormone biosynthesis.31 The findings here support the growing 

evidence for PDH also acting as a neurotransmitter and neuromodulator in the nervous 

system and having diverse functional behavior. 

 

There were also interesting general trends observed across the four tissue types. In the 

TG, there is significant upregulation of two orcokinin neuropeptides (NFDEIDRSGFA and 

NFDEIDRSSFA), but only after 4 hours of exposure. Conversely, a third orcokinin, 

NFDEIDRSGFGFA, shows upregulation after only 1 hour of exposure. The differences in 
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dysregulation of neuropeptides within the same family is seen in other tissue types as 

well (e.g., RFamide neuropeptides in the brain) and highlight the fact that even though 

they are structurally very similar, neuropeptides of the same family can have different 

functions, target receptors, degradation pathways, etc. Additionally, while some 

neuropeptides, like the RYamides in the pericardial organs, show a consistent pattern of 

up/downregulation over 4 hours, many others show a hyperarousal pattern. In these 

cases, the neuropeptide is increased or decreased at one time point and returns to 

baseline. These findings demonstrate the efficacy of multiplexed analyses as the 

increased throughput and reduced sample needs enables time course studies. Transient 

shifts in neuropeptide expression that would have gone unnoticed previously are now 

able to be observed with minimal added effort and cost. 

 

Conclusions and Future Directions: 

Quantitative neuropeptidomics can provide many insights into the complex signaling 

pathways involved in the response to environmental stress like heavy metal toxicity. 

The deployment of a custom isobaric tag, DiLeu, and systematic optimization of data-

dependent acquisition settings has enabled thorough, multiplexed analyses of 

neuropeptides. In this study, four parameters were examined with two selected for 

extensive optimization. Omission of MS1 and MS2 resolving power from further 

optimization reduced experimentation needs but is nonetheless a limitation of this 

study. Similarly, other optimizable parameters related to MS data acquisition have been 

shown to improve analyses and are the subject of future work within our lab. Despite 
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these limitations in optimization, a three-fold increase in quantifiable neuropeptides was 

still observed. The optimized parameters were used to study neuropeptides in response 

to acute copper toxicity. Several statistically significant trends were observed in key 

neuroendocrine tissues across different exposure durations. These findings represent 

the critical first steps in understanding the physiological effects of copper toxicity and 

the signaling pathways that may be involved in an organism surviving polluted 

ecosystems. Future work to characterize the neuropeptides in the hemolymph would 

offer more robust interpretation of the hormonal/paracrine signaling involved. 

Additionally, by incorporating isobaric tags with mDa mass differences resulting from 

mass defects, the Li Lab has expanded the DiLeu tagging protocol up to a 21-plex.12 

Using these tags in the future will allow more experimental conditions (e.g., different 

exposure durations or severities of exposure) to be evaluated, facilitating a more in-

depth understanding of copper toxicity in aquatic environments. 
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Figure 1: Results from factorial DoE. The data is shown as bar graphs on the left with 

each of the y-axes representing the deviation from the average number of 

neuropeptides identified across all 16 conditions. The 16 conditions are represented in 

each plot; the different plots are merely arranged by low/high (blue/green) values for 

the selected parameter to more quickly visualize how the number of neuropeptides 

identified changes when a selected parameter is low/high, regardless of the other 

parameters. The numeric values are provided in the table shown at right. The Total IDs 

column represents the total neuropeptides identified and the Relative IDs are the 

deviations from the average across the 16 conditions. 
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Figure 2: Modified simplex optimization. The optimization of the dynamic exclusion 

window and number of MS2 scan events is represented graphically with an overlaid 

heatmap to depict the relative number of identified neuropeptides under each condition. 

The initial vertices are denoted by V1, V2, and V3; the subsequent simplexes contain 

points reflected away from the point of worst performance (R), an elongated reflection 

(E), a contracted reflection (CR), and the contracted reflection closer to the direction of 

the worst point (CW). 
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Figure 3: Neuropeptide family distribution. The pie chart shows the distribution of 

neuropeptides belonging to select families. CHH = crustacean hyperglycemic hormone, 

CPRP = CHH precursor related peptide, PDH = pigment dispersing hormone.  
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Figure 4: Neuropeptidomic changes in the thoracic ganglia and pericardial organs. 

Neuropeptide sequences with at least one significant (denoted by star) change are 

listed across the x-axis and grouped by family. AST-A = allatostatin A-type, AST-B = 

allatostatin B-type, and AST-Combos = allatostatin combos. The ratio for the intensity 

of reporter ions for a stress condition (1, 2, or 4 hr copper exposure) relative to the 

control are depicted on the y-axis as a log2 ratio to clearly see up/downregulation of 

neuropeptides relative to the x-axis. The error bars denote the standard error of the 

mean (n=4). 
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Figure 5: Neuropeptidomic changes in the sinus glands and brain. Neuropeptide 

sequences with at least one significant (denoted by star) change are listed across the x-

axis and grouped by family. PDH = pigment dispersing hormone, RPCH = red pigment 

concentrating hormone. The PDH highlighted in blue is identical in sequence in both the 

sinus glands and brain. The ratio for the intensity of reporter ions for a stress condition 

(1, 2, or 4 hr copper exposure) relative to the control are depicted on the y-axis as a 

log2 ratio to clearly see up/downregulation of neuropeptides relative to the x-axis. The 

error bars denote the standard error of the mean (n=4). 
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Table S1: LC-MS instrument settings 

 

Table S2: Proteome Discoverer 2.1 data analysis settings 

 

*C-term amidation was selected as a static modification only for peptides known to be 

amidated, including, but not limited to, RFamide and RYamide neuropeptides. 

 

 

 

Chromatography and ESI-MS Instrument Acquisition 

Sample Volume 1.5 µL  Isolation Window 2.0 m/z 

Stationary Phase 

Hand-Packed C18 column 
75µm ID x 360 µm OD 
~15 cm  
3.0 µm cap; 1.7 µm particles 

MS2 AGC Target 1e5 

LC Solvent A 
100% H2O 
0.1% formic acid 

MS2 Maximum IT 250 ms 

LC Solvent B 
100% acetonitrile, 
0.1% formic acid 

Normalized Collision 
Energy 

27 

Gradient Ramp and 
Duration 
Flow Rate 

10-35% B in 120 minutes 
3.0 µL/min 

Minimum Intensity Req. 3.2e4 

Mass Spectrometer Thermo Q Exactive HF MS2 acquisition Data dependent, centroid 

Spray Voltage 2 kV MS2 Fragmentation HCD 

In-Source CID None MS2 Detection Orbitrap 

MS1 scan range m/z 200-2000 MS2 fixed first mass m/z 100  

MS1 AGC Target 5e5 
Advanced Precursor 
Determination 

N/A 

MS1 Maximum IT 150 ms   

 

Data Analysis Settings 

Min. Precursor Mass 350 Da Max. Modifications 3 

Max. Precursor Mass 5000 Da Static Modifications 
DiLeu @ N-term and K 
Amidated C-term* 

Precursor Mass 
Tolerance 

25 ppm 

Dynamic Modifications 
Deamidation @ N, Q 
Dehydration @ A, D, E, S, T, Y 
Methylation @ D, E, H, R, S, T 

Fragment Mass 
Tolerance 

0.02 Da 

Target FDR 1% 

Min. Peptide Length 5 

Quantitation 
Integration Tolerance 

20 ppm Co-isolation Threshold 50% 
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Table S3: All neuropeptides identified in the thoracic ganglia (TG) and pericardial 

organs (PO) in at least 3 biological replicates. Ratios are expressed as log2 ratios for 

consistency with the figures in the manuscript. The standard error of the mean (SEM) is 

reported as well. The “Sig?” column represents statistical significance determined by 

Dunnett’s test with N = no and Y = yes. CPRP: CHH precursor-related peptide (CHH: 

crustacean hyperglycemic hormone). 
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Table S4: All neuropeptides identified in the sinus glands (SG) and brain in at least 3 

biological replicates. Ratios are expressed as log2 ratios for consistency with the figures 

in the manuscript. The standard error of the mean (SEM) is reported as well. The “Sig?” 

column represents statistical significance determined by Dunnett’s test with N = no and 

Y = yes. CPRP: CHH precursor-related peptide (CHH: crustacean hyperglycemic 

hormone); PDH: pigment dispersing hormone; RPCH: red pigment concentrating 

hormone. 
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Figure S1: Sequential results from modified simplex algorithm. Solid lines show the 

original and subsequent simplexes. Dashed lines connect the simplexes to all evaluated 

points to show the progression during optimization. A. Initial vertices selected. B. 

Geometric reflection away from V2 across the midpoint of V1 and V3. C. Geometric 

reflection away from V3 across the midpoint of V1 and E1. D. Geometric Reflection 

away from V1 across the midpoint of R2 and E1. E. Geometric reflection away from E1 

across the midpoint of CR3 and R2. F. All points overlaid on a heatmap depicting the 

relative identifications of neuropeptides from different regions of the graph. In the 

graphs, points from Simplex 1 are given in black, Simplex 2 in blue, Simplex 3 in green, 

Simplex 4 in orange, and Simplex 5 in purple. The table below numerically depicts the 

same information given in the graphs. 
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Figure S2: Comparison of isolation interference between high and low resolving 

powers. The two histograms show the total number of PSMs that were used for 

quantitation that have a given isolation interference (determined by Proteome 

Discoverer). Experimental data is shown from the factorial design of experiments, with 

4 conditions having high MS1 and MS2 resolving power and 4 conditions having low 

resolving power. The final bin was set to “>45” as no PSMs with isolation interference 

above 50% were used for quantitation (controlled by the co-isolation threshold given in 

Table S2). When using the low MS1 and MS2 resolving power, not only were there 

more PSMs, but the isolation interference was lower. This resulted in a greater 

percentage of PSMs being used for identification and quantitation. For the low resolving 

power, there were 10,999 PSMs across the 4 experimental conditions where both MS1 

and MS2 resolving power were low, with 5,125 being used for quantification (46.6%). 

Conversely, for the high resolving power, there were only 5,512 PSMs across the 4 

experimental conditions where both MS1 and MS2 resolving power were high, with 1,991 

being used for quantification (36.1%).  
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Enhancing Neuropeptidomics Throughput via 12-plex DiLeu 

Isobaric Tags 
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Abstract 

 The study of neuropeptides presents many opportunities for improving the 

understanding of neuroendocrine signaling, and recently, isobaric tagging has enabled 

greater throughput analyses of neuropeptides. To further reduce analysis times, 

sampling needs, and run-to-run variation, an expanded 12-plex isobaric workflow is 

developed here for the application of neuropeptidomic analyses. To ensure low 

abundance neuropeptides are still identified, several mass spectrometry acquisition 

parameters were optimized. An orthogonal array optimization strategy reduced the total 

number of LC-MS injections required for optimization and allowed the impact of specific 

parameters to be estimated to inform future parameter selection. Top performing 

conditions were compared in a secondary experiment before deciding on optimal 

parameters. This work led to a 2.75-fold increase in identifiable neuropeptides 

compared to unoptimized parameters. Overall, this study demonstrates the importance 

of mass spectrometry method optimization and provides a workflow for future higher 

throughput quantitative neuropeptidomic studies. 

 

Introduction 

 Neuropeptides are a large, highly diverse group of signaling peptides that 

originate in the neuroendocrine system. They are potent signal modulators that act 

both locally and hormonally to influence many biological processes.1 As a result, 

neuropeptides have been shown to play roles in many biological problems of interest, 

including stress response,2–5 behavior,6 and diseases like Alzheimer’s disease and 



154 
 

cancers.7 They are the subject of ongoing research and have the potential to serve as 

biomarkers or even therapeutics. 

 Neuropeptidomics presents many challenges, however, due to the structural 

diversity of neuropeptides and their low in vivo abundance. Additionally, because 

neuropeptide function is dependent in part on the other co-expressed neuropeptides, 

analytical methods need to be capable of profiling all neuropeptides in a sample.1 Fast, 

sensitive methods like liquid chromatography coupled to mass spectrometry (LC-MS) 

have been demonstrated to be highly effective in characterizing these elusive signaling 

molecules, without requiring knowledge of the exact chemical composition of the 

sample. 

 Quantitation of neuropeptides can be readily achieved using label-free 

quantitation (LFQ) methods, requiring minimal sample processing. These methods, 

however, require samples be analyzed separately, limiting throughput and requiring 

robust normalization methods to account for instrumental drift.8 Isotopic labeling 

methods, like reductive dimethylation,9–11 are simple, but lack multiplexing capabilities 

due to spectral complexity. Alternatively, isobaric tagging approaches can be used to 

perform relative quantitation of many samples simultaneously while maintaining 

spectral complexity. In isobaric labeling workflows, the same nominal mass is added to 

each channel, creating no distinction between samples at the precursor mass level 

(MS1). Upon tandem MS (MS2) analysis, unique reporter ions form, enabling relative 

quantitation between samples based on the intensity of the corresponding reporter 

ions.12 
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Numerous isobaric tags exist, including commercially available options like 

isobaric tags for relative and absolute quantitation (iTRAQ)12 and tandem mass tags 

(TMT),13 along with a tag developed in the Li Lab, N,N-dimethyl leucine (DiLeu).14 

These tags have been shown to be effective in bottom-up proteomics workflows15–17 but 

have had limited application in the field of neuropeptidomics.18,19 Neuropeptides can be 

challenging to study using isobaric tags as their low abundance can often inhibit their 

selection for MS2 analyses, thereby preventing their identification and quantitation. 

Recently, the effectiveness of optimizing the data acquisition settings has been 

demonstrated in the analysis of DiLeu-labeled neuropeptides using 4-plex tags. By 

systematically optimizing the resolution, dynamic exclusion window, and number of MS2 

scan events, a threefold increase in neuropeptide identifications was achieved.20 

 To further improve throughput, the multiplexing capabilities of the DiLeu tags 

needed to be expanded. This was achieved through the incorporation of different stable 

isotopes in each tag. Despite 2H, 13C, and 15N each adding one neutron, different mass 

additions arise from differences in nuclear binding energies. These mass defects are on 

the mDa scale and allow for more tags with unique, distinguishable reporter ions. The 

initial 4-plex DiLeu tags can be synthesized using different combinations of isotopic 

leucine and isotopic formaldehyde to create an expanded 12-plex labeling scheme with 

additional peaks arising from mass defects between isotopes.21 This greatly improves 

throughput but requires a greater tandem mass spectrometry (MS2) resolving power to 

accurately resolve the mDa mass differences between adjacent reporter ions (Figure 

1).21 In turn, this increases the scan times and the total number of spectra acquired.  
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 To balance the trade-off between higher throughput 12-plex tags and the 

reduced identifications caused by higher resolutions, optimization of the DDA settings is 

once again performed. Systematic methods like a full factorial design of experiments 

(DoE)22–24 or simplex optimization19 are powerful, but require many experiments, 

limiting the number of parameters that can be analyzed and optimized. To optimize six 

parameters (MS1 resolution, MS2 resolution, MS2 scan events, dynamic exclusion 

window, maximum injection time, and automatic gain control (AGC) target) 

simultaneously and efficiently, an orthogonal array optimization (OAO) strategy is 

used.25 This design of experiments is similar to a factorial design in that combinations of 

parameters are evaluated based on desired performance (e.g., number of identified 

neuropeptides). The OAO, however, does not test every possible condition, but rather 

uses an orthogonal array to test the same sample space with fewer experiments.26,27 

This on-the-fly optimization method may not be as robust as a full factorial strategy, 

but it allows far fewer conditions to be evaluated, greatly expediting the process. The 

overall workflow is depicted in Figure 2. 

The orthogonal array used in this work (Table 1) is an L18(21 x 35) in which one 

factor (MS2 resolution) is evaluated at two levels and the other five factors are 

evaluated at three levels each, requiring 18 runs to evaluate the same sample space as 

a full factorial DoE requiring 486 runs. Increasing the MS2 resolution past 60k yields no 

improvement in quantitative accuracy (see Figure 1),21 so only low and medium values 

are evaluated. The OAO strategy also allows the impact of different factors to be 

estimated to inform further optimization and has led to an increase of 2.75-fold in the 
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number of identifiable and quantifiable neuropeptides in a single run. This work lays the 

foundation for studying neuropeptide expression changes in response to environmental 

stress with enhanced throughput. 

 

 

Experimental Methods 

Materials 

LC-MS solvents, methanol, and glacial acetic acid were purchased from Fisher 

Scientific (Pittsburgh, PA). Triethylammonium bicarbonate (TEAB), N,N-

dimethylformamide (DMF), ammonium formate, 4-(4,6-dimethoxy- 1,3,5-triazin-2-yl)-4-

methylmorpholinium tetrafluoroborate (DMTMM), and isotopic leucine and 

formaldehyde were purchased from Sigma-Aldrich (St. Louis, MO). N-methylmorpholine 

(NMM) was purchased from TCI America, (Tokyo, Japan). Strong cation exchange 

(SCX) spin tips were purchased from PolyLC (Columbia, MD). C18 ZipTips were 

purchased from Millipore (Burlington, MA). 

 

Neuropeptide Extraction 

 Neuroendocrine tissues including the brain, pericardial organs, sinus glands, and 

thoracic ganglia were dissected from blue crabs as previously described.28 Briefly, 

sacrificed crabs were anesthetized on ice for 15 min prior to dissection. Tissues were 

placed into acidified methanol (90/9/1 methanol/water/acetic acid) and stored at -80 °C 

prior to extraction. To generate a consistent sample to be used for all optimization 
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experiments, tissues from eight crabs were pooled together and extracted by 

ultrasonication using a Fisherbrand 120 probe sonicator. The pooled tissues were 

submerged in acidified methanol and sonicated at an amplitude of 50% for 8 s three 

times with 15 s rest between pulses. The homogenized tissues were centrifuged at 

20,000 x g for 20 min at 4 °C. The supernatant was collected and dried down by 

vacuum centrifugation. The crude extracts were then purified by manufacturer’s 

protocol using C18 ZipTips. 

 

DiLeu Labeling and Purification 

The tag synthesis and labeling protocol has been described previously.21 Briefly, 

12 equal aliquots of the extracted neuropeptides were resuspended in 50:50 ACN:0.5 M 

TEAB. The DiLeu tags were activated to their triazine ester form by the addition of 50 

µL activation solution (14.08 mg DMTMM in 495 µL dry DMF with 4.72 µL NMM) and 

vortexed for 30 min at room temperature. The activated DiLeu was added to the 

resuspended neuropeptides at a 20:1 label:peptide ratio by mass. After 1 hr the 

reaction was quenched by the adding 5% NH2OH to a final concentration of 0.25%. The 

labeled neuropeptides were pooled together before drying down by vacuum 

centrifugation. SCX spin tips were used to remove excess tagging reagents from the 

neuropeptides. Labeled samples were loaded and washed in 0.1% formic acid, 20% 

ACN, and then eluted with 0.4 M ammonium formate in 20% ACN. The addition of salt 

required one last desalting step, so the multiplexed samples were purified again using 

C18 ZipTips. 
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LC-MS Analysis 

Multiplexed samples were analyzed in duplicate with a Thermo Orbitrap Elite 

Mass Spectrometer coupled to a Waters nano Acquity using a homemade 15 cm C18 

column. Neuropeptides were eluted over a 60 min gradient from 5-35% solvent B 

(solvent A = 0.1% formic acid in water; solvent B = 0.1% formic acid in ACN). Spectra 

were collected with an m/z range of 200-2000 using high-energy collision dissociation. 

The resolution, MS2 scan events, dynamic exclusion window, maximum injection time, 

and AGC target were adjusted per the orthogonal array in Table 1. 

 

Data Analysis 

The raw files were processed using Proteome Discoverer 2.1. Neuropeptides 

were identified from an in-house crustacean database and quantified by reporter ion 

intensity. Files were searched with static DiLeu modification of N-termini and Lys and C-

terminal amidation of neuropeptides known to be amidated endogenously. Dynamic 

modifications included oxidation (Met), deamidation (Asn, Gln), methylation (Asp, Glu, 

His, Lys, Arg, Ser, Thr), and dehydration (Ala, Asp, Glu, Ser, Thr, Tyr). 

 

Results and Discussion 

 Previous work has shown that neuropeptide identifications can be significantly 

improved by altering the data-dependent acquisition (DDA) settings of a mass 

spectrometer.19 In a DDA experiment, a precursor scan is performed followed by a 
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preset number of MS2 scans of the most abundant species in the MS1 spectrum. Certain 

parameters have direct and indirect influence on the number of relevant spectra that 

can be acquired in an LC-MS analysis. By adjusting these DDA parameters, more unique 

neuropeptides can be selected for fragmentation and redundant, uninformative 

analyses can be reduced. 

 In this work, six parameters are evaluated: the MS1 resolution, MS2 resolution, 

MS2 scan events per precursor scan, the dynamic exclusion window (minimum amount 

of time between MS2 analyses of the same precursor ion), the AGC target (signal 

threshold that must be reached before ions are injected into the mass spectrometer), 

and the maximum injection time (maximum time ions are able to accumulate before 

reaching the AGC target). These parameters exert some influence on each other–for 

example, if the maximum injection time is not high enough, the AGC target cannot be 

reached–and therefore require simultaneous optimization. This is accomplished in a 

fast, on-the-fly method using an orthogonal array optimization strategy. The 18 

combinations of parameter values are given in Table 1, and the overall numbers of 

identified neuropeptides are shown in Figure 3. An average of 31.4 neuropeptides 

were identified across all 18 conditions, with the lowest performing point (Condition 18) 

yielding 17 identifications, and the highest performing point (Condition 17) yielding 47 

identifications. This reflects a 2.75-fold increase in identifications between optimal and 

unoptimized conditions, demonstrating the benefits and importance of optimizing the 

DDA settings.  
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The OAO strategy also allows the influence of specific parameters to be 

estimated.29 Figure 4 shows the average number of identified neuropeptides when a 

given parameter is low, medium, and high, summarized by the K1, K2, and K3 values 

respectively. Overall trends can be seen, such as there being minimal difference in the 

number of identifiable neuropeptides when either the MS1 or MS2 resolution is adjusted. 

This suggests that the increase in scan times with higher resolutions is less impactful 

than the effects of the other parameters. The other parameters did show more 

meaningful trends. For example, fewer identifications are observed with an increase in 

the number of MS2 scan events. This is likely because the additional MS2 scans are 

sampling species with too low abundance, thereby generating poor quality spectra from 

which to identify the neuropeptides. Simply decreasing the number of MS2 scan events 

is not necessarily a viable solution as setting it too low can result in fewer identifications 

as the total number of MS2 spectra decreases. Previous optimization work with DiLeu-

labeled neuropeptides has shown benefits from a high number of MS2 scan events19 but 

used a more sensitive instrument (Thermo QExactive HF vs the Thermo Orbitrap Elite 

used here). The more sensitive instrument can more reliably identify the low abundance 

species, so the number of MS2 scan events before uninformative precursor ions are 

selected is higher. This highlights the dependence of the instrumentation on 

optimization, and methods developed on one instrument may not be directly 

transferrable to another. 

The dynamic exclusion window is often correlated to the peak width of the 

analytes. This helps to avoid excess sampling of an analyte across its elution profile but 
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allows analytes with similar m/z but different retention times to still be analyzed and 

detected. The structural diversity of neuropeptides often leads to variable elution 

profiles, however, making it difficult to reliably predict the optimum dynamic exclusion 

window. Here, a shorter dynamic exclusion windows is favorable, and again, could be 

related to the sensitivity of the instrument. Low abundance analytes may be getting 

sampled too early in the peak when the signal intensity is lower and need to be 

analyzed again a short time later when the intensity is greater in order to be reliably 

identified. 

The maximum injection time and AGC target are directly related to each other; 

as the AGC target increases, the maximum injection time should also increase to give 

more time for ions to accumulate to reach the increased AGC target. It is, therefore, 

unsurprising that the two parameters would show similar trends. More impactful is that 

they show a clear trend towards greater identifications coming from a greater AGC 

target and maximum injection time. By increasing these parameters, the time for each 

scan is increased, but results in more reliable spectra from which to identify 

neuropeptides. This is especially beneficial for low abundance species that may have 

previously resulted in poor quality spectra, and increasing the AGC target and maximum 

injection time results in an overall increase in the number of neuropeptides identified in 

a single LC-MS run. 

Selecting optimal parameters is not as simple as looking at the trends in 

individual parameters and selecting conditions from there. Using the example of AGC 

target and maximum injection time, one could be inclined to set both at a high value. 
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Looking at the two conditions where this was the case (Conditions 3 and 5 in Table 1), 

the performance was above average, but not as high as some of the other conditions 

where the AGC target and maximum injection time were either high/low (Condition 17) 

or low/high (Condition 7). This highlights the fact that optimization must consider the 

influence of all parameters, and that interplay between parameters is not readily 

discernable or predictable. 

Further complicating matters is the fact that DDA workflows can often suffer 

from poor reproducibility due to variable ionization efficiency within a complex mixture. 

Methods like data-independent acquisition (DIA) have proven beneficial for expanding 

coverage of the neuropeptidome30,31 but are incompatible with isobaric tagging as the 

total reporter ion signal cannot be deconvoluted from the constituent analytes. To 

address the reproducibility of DDA methods and determine optimal parameters from the 

many conditions evaluated, the top four conditions from the initial OAO were 

reevaluated with a secondary sample. Additionally, two new sets of conditions informed 

from the initial OAO were selected for evaluation. These six conditions are given in 

Table 2. Analyzing the secondary samples with these six conditions yielded an average 

of 33.8 neuropeptides identified with a range of 17-49 identifications. The relative 

performance of these conditions is shown in Figure 5.  

From this secondary test, Conditions 2 and 5 showed the best performance and 

were comparable in terms of neuropeptides identified. Interestingly, there is minimal 

overlap in parameter values for these two conditions; only the number of MS2 scan 

events is similar. Conversely, Conditions 5 and 6 are very similar, differing only in the 
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AGC target and maximum injection time, but result in a difference of 29 neuropeptide 

identifications. These findings once again highlight the importance of optimization 

methods being capable of simultaneously optimizing parameters. For future analyses, 

Condition 5 will be used as the increased MS2 resolving power compared to Condition 2 

can resolve the reporter ion peaks from interference from isotopic impurities. This 

facilitates more accurate quantitation for biological applications. The optimized methods 

here allow many samples to be analyzed at once, greatly increasing throughput for the 

study of neuropeptidomics. These optimized parameters are tailored to a specific 

system, but the experimental workflow using the OAO can be translated to other 

studies and/or for the optimization of additional parameters. 

 

Conclusions 

 Advances in neuropeptide research have potential to improve understanding of 

many physiological processes, such as behavior,6 stress,2,5,19,32 and neurological 

disorders.33 Quantifying neuropeptide expression changes can provide information in 

the underlying mechanisms and signaling pathways involved in these processes. Using 

12-plex DiLeu isobaric tags allows for several experimental conditions to be compared 

to a control in a single LC-MS run. This greatly improves throughput and reduces 

sample requirements and run-to-run variability but requires optimization to ensure low 

abundance neuropeptides are still detected. Using an orthogonal array, six MS 

parameters were simultaneously optimized, with approximately 2.75 times as many 

identifications from optimized parameters compared to unoptimized. Some trends in 
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specific parameters were observed, but it was shown that the parameters need to be 

optimized simultaneously to consider interplay between parameters. The optimized 

methods developed in this work can be used to study many biological processes. 

Building on the 4-plex DiLeu-labeled neuropeptide work to study copper toxicity is of 

considerable interest as it would allow additional exposure durations and/or severities to 

be studied. 
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Figures 

 

 

Figure 1: Reporter ion peaks with varying resolution. The reporter ions for the 4-plex 

DiLeu tags have spacings of ~1 Da and are easily resolvable. The mDa mass differences 

in the 12-plex labeling scheme require 30k resolving power to achieve baseline resolution. 

Isotopic interference from neighboring peaks can affect quantitation but is resolved from 

the reporter ions with resolutions of 60k or greater. Figure reprinted with permission from 

Frost, D.C. et al (https://pubs.acs.org/doi/pdf/10.1021/ac503276z).21 
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Figure 2: Method workflow for optimizing neuropeptide analyses. Neuroendocrine 

tissues (sinus glands (SG), pericardial organs (PO), thoracic ganglia (TG), and brain) were 

collected from blue crabs. Neuropeptides were extracted via ultrasonication and purified 

by C18 ZipTips prior to differential labeling with DiLeu. The samples were then pooled, 

cleaned up by SCX spin tips and desalted once more. The final sample was then analyzed 

by mass spectrometry with varied acquisition parameters. Neuropeptides were identified 

and quantified using Proteome Discoverer 2.1. 
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Figure 3: Number of neuropeptides identified from each OAO run. The average number 

of neuropeptides identified across all runs was 31.4 and is denoted with a dashed line. 

The overall minimum number of identifications from the 18 conditions was 17 and the 

maximum was 47. 
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Figure 4: Average neuropeptide identifications when a given parameter is low, medium, 

or high. The averages are given in the table below the graphs with K1, K2, and K3 reflecting 

the averages when a parameter is low, medium, and high respectively. ∆K refers to the 

difference between Kmax and Kmin. 
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Figure 5: Relative number of neuropeptides identified using the top-performing 

conditions. An average of 33.8 neuropeptides were identified from the six conditions 

evaluated. The average is reflected in the x-axis and the deviation from this average is 

given on the y-axis for each condition. 
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Table 1: Orthogonal array optimization parameters. Low (L), medium (M), and high (H) 

values of each parameter are tested in different combinations. The parameter maintains 

orthogonality by ensuring each parameter couplet occurs the same number of times 

throughout the 18 total runs. 
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Table 2: Evaluation of high-performance conditions. The top four conditions from the 

initial orthogonal array were evaluated with the parameters given in the table (Conditions 

1-4). Conditions 5 and 6 were combinations of parameters informed from the initial 

orthogonal array results. The number of neuropeptides identified from a secondary 

sample is given in the final column. 
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Abstract 

Neuropeptides are key signaling molecules in many pathways and can serve as 

potential biomarkers or therapeutics. Mass spectrometry has emerged as a powerful 

tool for studying neuropeptides with high sensitivity and accuracy. Isobaric tagging can 

further enhance this method by improving throughput and reducing sampling needs. In 

this chapter, we discuss the benefits and limitations of using isobaric tags to analyze 

neuropeptides. Methods for optimizing the data acquisition are also presented to enable 

a greater number of neuropeptides to be identified and quantified when using isobaric 

tags, specifically N,N-dimethyl leucine (DiLeu). 

 

Keywords: Neuropeptides, Isobaric Labeling, DiLeu, Mass Spectrometry, Optimization, 

Data-Dependent Acquisition 

 

1. Introduction 

Neuropeptides are endogenous signaling peptides synthesized in the neuroendocrine 

system.1 These important signal modulators are formed from the cleavage of precursor 

proteins (pre-prohormones) containing a signal peptide and the active neuropeptide(s). 

After cleavage, the neuropeptide is post-translationally modified to yield the mature, 

bioactive neuropeptide.2 Mature neuropeptides can act in many ways, including local 

(paracrine) signaling, hormonal signaling, and in conjunction with other signaling 

molecules (e.g., neurotransmitters). They often target G protein coupled receptors 

(GPCRs) where they can have a wide range of functions.3 These functions are also 
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dependent on many factors, including concentration, location in the organism, and the 

presence of other neuropeptides that could have co-modulating effects.4 

 

As they can be potent, selective signaling molecules, neuropeptides play major roles in 

many biochemical and physiological processes, such as behavior,5,6  feeding,7 stress 

response,8–10 and diseases states.11–13 Neuropeptide function is not independent of its 

environment, so profiling the entire suite of neuropeptides is critical to our 

understanding of their functions and related signaling pathways. Developing methods to 

efficiently characterize and quantify all neuropeptides in a sample is therefore essential 

to improving our understanding of many diseases and could even provide avenues for 

biomarker discovery and therapeutics. 

 

Analyzing neuropeptides, however, is easier said than done. These signaling peptides 

are often present at low abundance in vivo, with extracellular concentrations typically in 

the subfemtomolar range,14 necessitating efficient extraction methods and highly 

sensitive instruments. The structural diversity of neuropeptides adds yet another layer 

of challenges to their analyses. As neuropeptides are transcribed as part of larger 

proteins, splice variants can arise to yield unique sequences.2 Additionally, each of 

these sequences can be, and often are, post-translationally modified to induce 

structural (and subsequently, functional) changes. These PTMs include, but are not 

limited to, C-terminal amidation, N-terminal acetylation, methylation, phosphorylation, 

and the highly variable glycosylation.15,16 Even though neuropeptides are relatively 
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small, typically fewer than 40 residues, multiple PTMs on a single neuropeptide can 

exist.2 This diversity can result in even lower abundance of a neuropeptidoform 

(neuropeptide analog of proteoform) of interest. 

 

Mass spectrometry (MS) continues to solidify its place in the field as the most effective 

method of analyzing neuropeptides. By measuring the mass-to-charge ratio (m/z) of 

analytes, MS can provide users with the mass of the intact neuropeptide. Tandem MS 

(MS/MS or MS2), in which precursor ions are selected for fragmentation, results in 

characteristic backbone fragment ions (typically b/y or c/z) that can be used to discern 

more detailed structural information, including amino acid sequence and the residue 

location of PTMs.17 Furthermore, MS can provide quantitative information in many ways, 

such as by evaluating the signal intensity of precursor ions, area under the curve from 

the chromatogram, or the intensity of diagnostic reporter ions at the MS2 level.18 

Although other methods exist for characterizing and quantifying neuropeptides, MS is 

particularly useful as it provides this information with higher throughput and without a 

priori knowledge of the sample. By rapidly analyzing all analytes in the sample, 

neuropeptidomic data can be generated with high throughput and without the need for 

expensive antibodies or the time to develop targeted assays.18 As neuropeptide 

function, and the signaling pathways they are involved in, are influenced by the many 

neuropeptides present in a sample, MS is a powerful tool for studying neuropeptides, 

their function, and their physiologic regulation. 
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2. Neuropeptide Multiplexing via Isobaric Tagging 

The expression of neuropeptides is highly regulated by different synthesis and 

degradation pathways. These pathways can be perturbed by a multitude of different 

diseases,11–13 stressors,8–10 or even normal biological functions.7 Quantifying the 

expression changes of neuropeptides over time, after a biological event of interest, in 

different tissue regions, etc. can provide many insights into the regulation, function, 

and interplay of neuropeptides.19 Many methods of quantifying neuropeptides by MS 

exist, with the simplest being label-free quantification (LFQ). These workflows process 

each sample separately and compare signal intensity, area under the curve, etc. to 

quantify neuropeptide expression changes across different samples. A more detailed 

summary of LFQ methods is discussed in a recent review,18 however, it is worth noting 

that the major limitations of these methods are low throughput and the requirement for 

large amounts of samples. Alternatively, using chemical tagging, neuropeptides can be 

differentially labeled and analyzed in a single MS experiment. These label-based 

approaches decrease run-to-run variability, the total amount of MS instrument time 

required, and the number of data files to be processed.10 

 

2.1 Isobaric Tagging 

With most chemical tagging strategies, stable isotopes (13C, 2H, 18O, 15N) are 

incorporated into different channels of the tag, thus incorporating different isotopes in 

the labeled product depending on the channel used. In an isotopic workflow, there 

exists light and heavy channels that are separated by a few Da due to the heavy 
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channel containing more/larger isotopes than the light channel. Labeled products (i.e., 

neuropeptides) are differentiated at the precursor mass level (MS1) and quantitative 

information is gained from either area under the curve or peak intensity. Common 

examples include dimethyl labeling8,20 and TMAB tags21 and are summarized in a recent 

review.18 As each channel increases the number of peaks in the spectra multiplicatively, 

spectra quickly become complicated, limiting the capacity for multiplexing.  

 

Isobaric tagging alleviates this by incorporating the same nominal mass, regardless of 

channel, for a specific tag. Isotopes are strategically placed along the tag such that 

reporter ions of different masses form upon fragmentation and MS/MS analysis.22 See 

Figure 1. At the precursor mass level, there is no additional spectral complexity, as all 

analytes of interest have the same mass addition, and there is only a modest increase 

in spectral complexity at the MS2 level. Furthermore, the added peaks from the reporter 

ions are often in the low mass region (<200 Da) so they do not interfere with the 

peptide backbone ions (b/y or c/z). These advantages enable multiplexing capabilities 

of up to 21-plex using N,N-dimethyl leucine (DiLeu) tags developed in the Li Lab.23 

Additionally, there are commercially available options, such as tandem mass tags 

(TMT)24 and isobaric tags for relative and absolute quantitation (iTRAQ).25 These tags, 

however, are more expensive and lower throughput than DiLeu, thus we will be 

focusing on the use of DiLeu in this chapter. 

 

[Figure 1 here] 
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The structure of the DiLeu tags is given in Figure 2. Like many isobaric tags, DiLeu 

consists of a reporter region that, upon fragmentation, yields unique reporter ions for 

quantitation, a balance group to ensure the same nominal mass is incorporated at the 

precursor mass level, and a functional group that enables the tag to be covalently 

linked to the peptide. In the case of DiLeu, the functional group is an amine-reactive 

triazine ester that causes DiLeu to label primary amines, such as N-termini and lysine 

residues.22  The tags are synthesized readily by the reductive dimethylation of isotopic 

leucines, and the active triazine ester form is achieved by addition of N-

methylmorpholine (NMM) and 4-(4,6-dimethoxy- 1,3,5-triazin-2- yl)-4-

methylmorpholinium tetrafluoroborate (DMTMM BF4). Originally, four tags were 

conceived with reporter ion masses at m/z 115, 116, 117, and 118.26 With higher mass 

resolution, however, mDa mass differences arising from different mass additions from 

stable isotopes can be resolved. This has led to the expansion to a 12-plex labeling 

strategy (masses shown in Figure 2).22 Very recently, the synthesis of the tags has 

been altered to allow for more isotopologues and up to 21-plex analyses.23 This latest 

generation of DiLeu, however, has not yet been applied to neuropeptidomics, so we will 

be focusing our discussion on the 4- and 12-plex DiLeu tags. 

 

[Figure 2 here] 

 

2.2 Limitations for Neuropeptidomics 
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DiLeu has been shown to be effective in analyzing protein digests, resulting in high 

proteome coverage and quantitative accuracy.27–29 The analysis of neuropeptides, 

however, presents some challenges when using isobaric tags, hence the limited 

publications featuring isobaric tagging of endogenous peptides. Although isobaric 

tagging offers numerous advantages, it does require that the analyte be selected for 

fragmentation and subsequent MS2 analysis to form and measure the reporter ions. 

With proteins, not every constituent peptide needs to be identified to confidently 

quantify the starting protein from the sample, so long as there is sufficient sequence 

coverage. With endogenous peptides, however, the identification can come from only 

the single intact peptide.  

 

Exacerbating this problem is the simple fact that neuropeptides are expressed with low 

in vivo abundance, and isobaric labeling workflows invariably use data-dependent 

acquisition (DDA) to collect mass spectra. In DDA analyses, a precursor scan is 

performed and the top ions (highest peak intensity) from that spectrum are selected for 

subsequent fragmentation and tandem MS analysis. After a preset number of MS2 

scans, another precursor scan is performed and the process repeats. DDA methods are 

widely used but are less useful for low level analytes. This is because it is often unlikely 

that conventional DDA methods will select low abundance analytes, like neuropeptides, 

for fragmentation and MS/MS analysis. As a result, the peptide backbone ions and 

reporter ions do not form, prohibiting accurate identification and quantitation of the 

analyte. Data-independent acquisition (DIA) methods (in which all ions are fragmented 
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together) are gaining traction in the field of peptidomics30,31 but are incompatible with 

isobaric tagging as the reporter ion intensities cannot be deconvoluted from the source 

peptides. Inclusion lists and other targeted methods like parallel reaction monitoring 

(PRM)32 can be useful too, but they lack application for discovery-based experiments or 

when PTMs are unknown. Comparatively, optimization of DDA parameters can improve 

the number of neuropeptides identified in an isobaric workflow by increasing the 

number of unique MS2 scan events and reducing redundant analyses of higher 

abundance analytes.10 In this chapter, we describe a protocol for the extraction, 

labeling, and LC-MS analysis of neuropeptides with discussion and details on how to 

optimize the analysis to greatly enhance neuropeptidomic coverage. 

 

3. Protocol 

An overview of the protocol is provided in Figure 3. 

 

[Figure 3 here] 

 

3.1 Extraction and Purification of Neuropeptides from Tissue 

3.1.1 Materials and Equipment 

1. Acidified methanol (90/9/1 methanol/water/acetic acid) 

2. Resuspension solution: 0.1% formic acid (FA) in water 

3. 10% FA in water 

4. Elution solution 1: 0.1% FA in 25% acetonitrile (ACN) and 75% water 
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5. Elution solution 2: 0.1% FA in 50% acetonitrile (ACN) and 50% water 

6. Elution solution 3: 0.1% FA in 75% acetonitrile (ACN) and 25% water 

7. C18 resin-packed pipette tips (e.g., ZipTips or Omix Tips) 

8. Ultrasonication probe dismembrator 

9. Temperature controlled centrifuge (>20,000 x g) 

10. Vacuum centrifuge drying system 

 

3.1.2 Procedure 

1. To the tissue sample, add enough acidified methanol to sufficiently cover the tissue. 

For crustacean brains, this is approximately 50-75 µL. 

2. In a cold room (4 °C), use the ultrasonication probe dismembrator to homogenize 

the tissue and lyse cells. As the probe can generate heat, it is recommended to use a 

pulse setting with <10 s pulse and >15 s rest between pulses. 

3. Centrifuge the homogenized samples at 20,000 x g, 4 °C for 20 min 

4. Transfer the supernatant to a clean tube and discard the pellet. 

5. Dry down the samples in the vacuum centrifuge. 

6. Resuspend samples in 15 µL resuspension buffer and ensure pH <4. Use the 10% FA 

solution to adjust the pH as needed. Sonicating in a water bath can help resolubilize 

sample if needed. 

7.  Purify samples using ZipTips per manufacturer’s protocol. In brief, rinse the tip with 

50/50 ACN/water and then equilibrate with the resuspension solution. Bind the sample 
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and then wash with more resuspension solution to remove salts and other 

contaminants. Elute sequentially with the elution solutions listed above. 

8. Pool the elution solutions and dry down under vacuum. 

Note: After extracting the neuropeptides, it is important to purify them prior to labeling 

to ensure minimal interference from other contaminants. C18 desalting is an effective 

means of purification, and we recommend using resin-packed pipettes, such as Millipore 

ZipTips or Agilent Omix Tips. 

 

3.2 Labeling and Clean-up Steps 

3.2.1 Materials and Equipment 

1. Labeling Buffer (50/50 ACN/0.5 M triethylammonium bicarbonate, TEAB) 

2. Anhydrous N,N-dimethylformamide (DMF) 

3. N-methylmorpholine (NMM) 

4. 4-(4,6-dimethoxy- 1,3,5-triazin-2- yl)-4-methylmorpholinium tetrafluoroborate 

(DMTMM) 

5. 5% hydroxylamine in water 

6. DiLeu tags. The synthesis of these tags has been described in detail by Frost et al.22 

and will not be described here. 

7. Pierce Peptide Assay Kit (or another means of quantifying peptide content) 

8. Strong cation exchange (SCX) resin-packed tips (e.g., Millipore ZipTips or polyLC 

TopTips) 

9. SCX loading buffer: 0.1% FA, 20% ACN 
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10. SCX elution buffer: 0.4 M ammonium formate, 20% ACN 

11. C18 desalting pipette tips and buffers described in 3.1.1 

11. Vacuum centrifuge 

 

3.2.2 Procedure 

1. Quantify peptide content of purified sample. We recommend using a simple and 

reliable method, such as a BCA assay or Pierce Peptide Assay kit and following the 

manufacturer’s protocol.  

2. Using information from the BCA or peptide assay, resuspend samples in a suitable 

solution dependent on your sample (e.g., water) and split into 25 µg aliquots. Dry down 

the aliquots via vacuum centrifugation and store at -80 °C until ready to proceed with 

labeling. 

3. Create fresh activation solution with 495 µL anhydrous DMF, 15.5 mg DMTMM, and 

5.18 µL NMM 

4. Add 50 µL activation solution to 1 mg of dry DiLeu tag and vortex at room 

temperature for 30 min. This yields 700 µg of active DiLeu tag capable of labeling 

primary amines. 

5. While the tag is activating, resuspend the dry 25 µg aliquots of purified 

neuropeptides from Step 2 in 53.57 µL labeling buffer. 

6. Add 35.71 µL (500 µg) of the activated label to the resuspended neuropeptides and 

vortex at room temperature for 1 hour. 
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Note: The protocol described here is to label a set amount of neuropeptides at a 20:1 

label:peptide ratio, but there is room for flexibility. The starting amount of 

neuropeptides is sample dependent and the rest can be scaled. Additionally, the 

label:peptide ratio and labeling time can be adjusted by the experimenter. It is 

important to keep the total organic content (coming from the ACN in the resuspension 

buffer and DMF in the activation solution) during the labeling reaction at approximately 

70% to prevent hydrolysis of the tag and incomplete labeling. 

6. Quench the reaction with 4.7 µL 5% hydroxylamine (0.25% final concentration) 

7. Pool differentially labeled samples together at this time and dry down via vacuum 

centrifugation. 

Note: After labeling, excess reagents need to be removed. SCX has proven useful for 

this and we recommend using pipette tips (e.g., Millipore SCX ZipTips), spin tips (e.g., 

polyLC SCX TopTips), or offline fractionation with a SCX column of choice. The protocol 

described here is for spin tips. 

8. Remove excess labeling reagents using SCX spin tips per manufacturer’s protocol. 

Briefly, resuspend the multiplexed samples in 100 µL SCX loading buffer. Equilibrate the 

resin with 100 µL loading buffer three times and apply the sample. It is helpful to 

reapply the sample after it has flown through the tip, up to three times, to ensure 

binding of sample. Wash the sample with 100 µL loading buffer five times. Elute with 

100 µL SCX elution buffer three times. Pool the eluents together and dry down via 

vacuum centrifugation. 
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9. To remove the salt (ammonium formate) incorporated during SCX, desalting needs to 

be performed once again prior to LC-MS analysis. This is achieved using the same 

protocol as Step 7 of 3.1.2, but due to the increased sample size (from pooling multiple 

together) it is recommended to use a larger tip with greater binding capacity. Volumes 

should then be scaled accordingly. Additionally, it is important to use Optima-grade 

solvents and FA as this is the final purification step prior to LC-MS analysis. 

10. Dry down the samples and store at -80 °C until ready for LC-MS analysis. 

 

3.3 LC-MS Analysis 

3.3.1 Materials and Equipment 

1. C18-packed nanoLC column, 75 µm internal diameter, 15 cm length, 300 Ǻ pore size, 

either commercially available or self-packed 

2. Thermo Q Exactive HF with Dionex UltiMate3000 nanoLC system 

3. Mobile phase A: Optima-grade 0.1% FA in water 

4. Mobile phase B: Optima-grade 0.1% FA in ACN 

 

3.3.2 Procedure 

1. Resuspend the samples in Mobile phase A so the concentration of neuropeptides is 

approximately 0.5-1 µg/µL. 

2. Equilibrate the nanoLC column and set up the gradient for each sample injection: 0-

120 min 3-35% B; 120-135 min 95% B; 135-150 min 3% B, all at a flow rate of 0.3 

µL/min. 
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3. Set up a DDA-MS acquisition method with the following parameters: 30k resolving 

power for both MS1 and MS2; 2 kV spray voltage; 200-2000 m/z precursor scan range; 

100 m/z fixed first mass for MS2 scans; normalized collision energy of 27; AGC target of 

5e5 and 1e5 for MS1 and MS2 respectively; maximum injection time of 150 ms and 250 

ms for MS1 and MS2 respectively; isolation window width of 2.0 m/z; 39 MS2 scan 

events; 35 s dynamic exclusion window. 

4. Inject 1-2 µL of sample with up to three technical replicates and a blank run between 

samples.  

Note: The values listed above were those found to be optimal or sufficient for 4-plex 

labeled neuropeptides.10 The true optimal values are dependent on the sample, 

instrument, etc. Optimization techniques are described in section 4.  

 

3.4 Data Analysis 

There are different software packages that can be used to analyze multiplexed DiLeu 

data. There are commercially available options, such as Proteome Discoverer and 

PEAKS, that allow users to add custom isobaric tags to the search parameters. Open-

source programs like MaxQuant can also be viable alternatives. In general, an analyst 

needs software that is compatible with the file type they collect (not all instruments 

produce the same data type) and that are reliable for quantitation in isobaric workflows. 

We chose to use Proteome Discoverer and detail a procedure below for the analysis of 

neuropeptide data. 
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3.4.1 Procedure 

1. Import the data and database into Proteome Discoverer (we used version 2.1). 

2. Create a data processing method for searching the data: Precursor min/max masses 

of 350/5000 Da; 25 ppm precursor mass tolerance; 0.2 Da fragment mass tolerance; 

1% target false discovery rate (FDR); co-isolation threshold of 50%; static DiLeu 

modification of N-termini and Lys; C-terminal amidation for peptides known to be 

amidated endogenously; dynamic deamidation of Asn and Gln; dynamic dehydration of 

Ala, Asp, Glu, Ser, Thr, and Tyr; dynamic methylation of Asp, Glu, His, Arg, Ser, Thr; 

and three max modifications per peptide. A detailed overview of the Proteome 

Discoverer workflow used here can be found in the supplemental information. 

3. Process the data to benchmark method performance (comparing LC-MS methods 

during optimization), or to quantify changes in a system (comparing experimental 

conditions to a control). 

4. If performing statistical analyses, exporting the data to the proper software (e.g., 

Excel) is necessary. There the necessary statistical tests can be performed, such as t-

tests, ANOVA, Dunnett’s test, and other means of determining statistically significant 

changes between samples. 

 

4. Optimization of MS Data Acquisition 

Several instrument parameters influence the analytes selected by DDA analyses, and 

these can vary greatly depending on instrument. For our analyses, we utilize Orbitrap 

mass spectrometers, and our discussion will be focused on them. It is worth noting that 
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the overall methods and workflows presented here are transferrable to other instrument 

types. In a DDA workflow, the user defines the number of tandem MS scans acquired 

per precursor scan (MS2 scan events), the minimum amount of time required to pass 

before acquiring an MS2 scan of an m/z previously acquired (dynamic exclusion 

window), the isolation window, the targeted amount of ions to be injected (automatic 

gain control target, or AGC target), and the amount of time allowed to accumulate ions 

prior to injection (maximum injection time), among others. Additionally, other 

parameters, such as the resolving power, do not directly contribute to DDA, but 

influence the duty cycle and total number of spectra that can be acquired.  

 

The goal for optimizing these various parameters is to increase the number of acquired 

MS2 scans for low abundance neuropeptides, decrease oversampling of high abundance 

analytes, and minimize the number of low-quality spectra. Optimizing the parameters 

listed above can be beneficial but is not so straightforward. For example, increasing the 

maximum injection time to allow more time for ions to accumulate from low abundance 

analytes could allow more neuropeptides to be identified from the acquired spectra, but 

it would also increase the cycle time and decrease the total number of acquired spectra 

from which to identify neuropeptides. Similarly, reducing the AGC target may allow 

more low abundance analytes to be sampled, but could also result in decreased signal-

to-noise ratio (S/N) and therefore decreased confidence in the results.  
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Further complicating optimization progress, there is interplay between parameters that 

is difficult to predict but needs to be considered. While some interplay can be more 

easily predicted, such as needing to increase the maximum injection time in order to 

reach a higher AGC target, others are less clear. Increasing the number of MS2 scan 

events, for example, could result in sampling some neuropeptides too early (i.e., not at 

the highest peak intensity), and if the dynamic exclusion window is set too high, that 

neuropeptide may not be sampled again and not be identified/quantified due to poor 

signal. Due to the complex influence and co-dependence of various DDA parameters, 

thorough, simultaneous optimization of parameters is required to facilitate deeper 

neuropeptidomic coverage when using isobaric tags. In this section, we describe two 

different methods of optimization for DDA parameters. 

 

4.1 Orthogonal Array Optimization 

Optimization of parameters can be performed using complex modeling and statistical 

analysis, but developing these models is complex, requires many tests, and does not 

guarantee efficacy for experiments. Design of experiments (DoE) can be useful for 

efficiently evaluating different sets of conditions.33,34 The simplest of these is the 

factorial DoE in which different levels (x) of each parameter (y) are tested in a 

combinatorial fashion, requiring yx tests.35 This is feasible for small numbers, but quickly 

becomes time and resource intensive to evaluate many conditions. Alternatively, using 

an orthogonal array optimization (OAO) or Taguchi array, greatly improves efficiency. 

Using this method, an array of values is generated that determine the level of each 
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factor tested for a given experiment.36 The orthogonality of these arrays results in a 

table in which combinations of values from each column appear the same number of 

times across the array.37 This facilitates estimation of the same sample space as the 

more exhaustive factorial DoE but with far fewer total experiments. Different orthogonal 

arrays depending on the number of factors and levels to be explored have already been 

created and published, so the OAO method is readily accessible for new users. These 

arrays have notation of Ln (xy), where L is for Latin squares, n is the number of rows, y 

is the number of factors, and x is the number of levels of each factor.37 

 

In the context of optimizing DDA parameters, the OAO method is useful because it 

allows many parameters to be analyzed simultaneously while keeping the total number 

of experiments low. As an example, if seven parameters (number of MS2 scans, 

dynamic exclusion window, isolation window, AGC target, maximum injection time, MS1 

resolution, and MS2 resolution) are to be evaluated at two levels (low/high), a full 

factorial DoE would require 72 or 49 total experiments. Alternatively, by using an L8 (27) 

orthogonal array (Table 1), only 8 total experiments need to be performed. If 

performing technical replicates, the benefits of the OAO method are even greater. 

Reducing the number of experiments not only reduces the time required, but also 

reduces the total amount of sample needed and the run-to-run variability due to 

instrumental drift. 

 

[Table 1 here] 
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When evaluating the different experiments, the performance metrics are determined by 

the outcome the experimenter is trying to achieve. In an isobarically labeled 

neuropeptide workflow, this could be an increase in the number of identifiable 

neuropeptides, the quantitative accuracy (determined from the observed reporter ion 

ratios compared to the known ratios based upon how samples were pooled together), 

etc. When optimizing for a specific outcome, the experimenter can use the information 

from the OAO to better understand the interplay between factors and which factors 

have a greater effect on the outcome of the experiments. These factors can then be the 

subject of more extensive optimization (demonstrated in section 4.2). 

 

4.2 Systematic Simplex Optimization 

Design of experiments, like OAO, can provide experimenters with sufficient optimization 

to analyze neuropeptides, but more extensive optimization can offer further 

improvements. Using the knowledge gained from a DoE, or sometimes literature 

searches, the most impactful parameters can be determined. Systematically optimizing 

these parameters can then yield greater improvement in neuropeptidomic workflows as 

demonstrated in a recent publication.10 Similar to DoE, there are different options for 

systematically optimizing select parameters, but we will focus on the simplex 

optimization strategy in this section as it is simple and capable of simultaneous 

optimization. 
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In a simplex optimization strategy, an initial set of conditions (simplex) is assessed, and 

the optimization is visualized graphically. The conditions are then ranked by 

performance (determined by the desired outcome of optimization) and the next set of 

conditions is generated in the geometric opposition of the condition of worst 

performance.38 As more simplexes are evaluated, the conditions move toward 

optimization, and optimization is achieved experimentally when additional simplexes 

provide no increase in performance. An overview is shown in Figure 4a. Reaching the 

optimum values for each parameter can be time consuming, so the simplex method can 

be modified to expedite the process. In a modified simplex algorithm, the geometric 

reflection (R) is evaluated along with the addition of an elongated reflection (E), 

contracted reflection (CR), and a contraction toward the point of worst performance 

(CW)38 (Figure 4b). By testing additional points in each simplex, the total number of 

simplexes that need to be tested can be reduced. 

 

[Figure 4 here] 

 

For the application of the simplex method, the experimenter must first generate an 

initial simplex of three vertices to be tested. These points should be based upon prior 

knowledge or published research for reasonable values of the selected parameters. 

After evaluating the initial simplex, the vertices are ranked by performance as best (B), 

second-best (S), and worst (W). The next simplex is generated by reflecting W across 

the midpoint of BS. The equations for these reflections are summarized in Table 2. 
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After evaluating the new points, the top performing condition of R, E, CR, and CW is 

ranked along with the best and second-best conditions from the prior simplex to 

generate a new BSW simplex. Again, W is reflected across the midpoint of BS as 

dictated by the equations in Table 2, the new points are evaluated, and the process 

repeats itself until an optimum is reached. A recent application of this method can be 

found in a publication by Sauer and Li. Briefly, two parameters were selected for 

simultaneous optimization–the dynamic exclusion window and the number of MS2 scan 

events. Keeping other factors constant, 3 paired sets of conditions were evaluated 

based upon the number of neuropeptides that could be identified from a constant 

sample. After the first three conditions were evaluated, a second set of conditions was 

selected in the geometrically opposed region of the worst performing point. These 

second conditions were evaluated, and a third set of conditions was selected, again 

moving away from low performing points. In the initial points, only 25-30 neuropeptides 

were able to be identified. By the end of the optimization (reached when additional 

points provide no further improvement), 88 neuropeptides were able to be identified. 

This approximate 3-fold increase in identifications allowed the method to be used for 

the study of neuropeptide expression changes resulting from copper toxicity. 

 

[Table 2 here] 

 

Although effective, the simplex optimization does have limitations. Compared to the 

OAO, one of the major disadvantages to the simplex method is the time required for 
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optimization. Data must be collected and analyzed between simplexes so the next 

simplex can be generated, instead of comparing all conditions at once. Additionally, 

although the method is amenable to simultaneous optimization of several factors, it 

becomes impossible to visualize graphically with more than three factors. Equations for 

determining the geometric reflections in extended dimensions exist, but these do not 

mitigate the number of experiments that need to be performed. As each additional 

factor for optimization increases the number of vertices in each simplex, it is less 

feasible to use the simplex method to optimize more than 2-3 parameters.  

 

5. Applications of Isobaric Tagging in Neuropeptidomics 

The methods described in this chapter can help facilitate the application of isobaric 

labeling to neuropeptidomic workflows. One of the first published works in this area 

compared neuropeptides in lobster brains at different growth stages using 4-plex DiLeu 

tags.39 This work by Jiang et al. did not employ extensive optimization, but nonetheless 

showed the feasibility in using isobaric tags to study neuropeptide expression changes. 

Building on this work, Sauer and Li reported the benefits of the modified simplex 

optimization described in section 4.2 and increased the neuropeptidomic coverage by 

approximately 3-fold in a single LC-MS run using 4-plex DiLeu tags.10 Using these 

methods, neuropeptide expression changes were able to be quantified over time during 

acute copper exposure. Furthermore, several statistically significant changes were 

observed, demonstrating the potential role of allatostatin neuropeptides and others in 

the stress response to heavy metals like copper.10 In addition to using DiLeu to 
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measure neuropeptides, isobaric tagging can influence neuropeptidomic studies by 

studying the associated neuroproteome. Liu et al. demonstrated the benefits of 

extracting both proteins and neuropeptides from the mouse brain and quantifying them 

using DiLeu and LFQ respectively.27 Although the isobaric tagging approach is not used 

for neuropeptides, this work highlights the use of using DiLeu in a multi-omic workflow 

to better understand the neuroendocrine system. Isobaric tagging of neuropeptides is 

still relatively new, but we expect increased application in the future as the need for 

high-throughput, quantitative neuropeptidomics continues to increase. 

 

6. Summary 

The investigation of neuropeptides and their roles in signaling pathways has great 

potential to improve understanding of many biological processes, disease, etc., but 

requires sensitive, high-throughput analyses. LC-MS analysis of isobarically tagged 

neuropeptides enables robust quantitation with higher orders of multiplexing than 

isotopic labeling and LFQ methods. As neuropeptides are of low abundance in vivo, they 

are often omitted from tandem MS analyses and go without identification or 

quantitation. Design of experiments and simplex optimization require initial time 

investment but can greatly improve the depth of coverage of the neuropeptidome, 

enabling future studies of the neuroendocrine system. 
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Figures/Tables 

 

Figure 1: Isotopic vs. Isobaric Labeling. In an isotopic workflow, stable isotopes are 

incorporated to create a mass shift between differentially labeled samples (left). 

Isobaric tagging results in no mass shift between samples, but instead yields unique 

reporter ions at the MS2 level that correlate to relative abundances from each sample 

(right). 
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Figure 2: DiLeu structure and masses. The chemical structure of the activated DiLeu 

tag is shown with stars denoting locations for stable isotope incorporation. The table 

beneath the structure shows the reporter ion masses for each of the 12-plex channels, 

along with the isotope placement for each tag. This figure was reprinted with 

permission from Frost et al.22 
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Figure 3: Overall neuropeptidomic workflow. In brief, neuropeptides are extracted 

from tissues, cells, or fluids via ultrasonication. These neuropeptides are then desalted 

and purified so they can be labeled with DiLeu tags. The differentially labeled samples 

are then pooled and cleaned up further using SCX and C18 desalting before being 

analyzed by LC-MS. Data is then analyzed by Proteome Discoverer 2.1 to identify and 

quantify neuropeptides in the sample. 
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Figure 4: Simplex optimization overview. The basic simplex is given in A and shows the 

reflection (R) across the midpoint of the best (B) and second-best (S) vertices away 

from the worst vertex (W). Modifications to the workflow are given in B, where the next 

simplex also includes an elongated reflection (E), contracted reflection (CR), and a 

contracted reflection towards W (CW). The process of reflecting away from the worst 

performing points is repeated until an optimum is reached. This is shown in C where the 

reflected vertices are sequentially labeled R1, R2, etc. 
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Table 1: Orthogonal array optimization. In this L8 (27) array, 7 parameters are 

evaluated at two levels each, high (H) and low (L). 

 

 

 

Table 2: Simplex modification equations. These equations are used to determine the 

new vertices to test. A is the average of points B and S (best and second-best), and W 

is the worst performing point. These equations are to be used for each factor being 

tested–if two factors are being tested, there will be two values making each coordinate 

point, and the equations need to be used twice to generate a new coordinate in the x,y 

grid. 
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Chapter 7 

 

 

 

 

 

 

 

Relative Quantitation of Intact Metallothionein Proteins via 

Isobaric DiLeu Tags 
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Abstract 

 Top-down mass spectrometry is capable of providing more detailed structural 

information and discernment between proteoforms but has room for growth in terms of 

quantitation. Isobaric tagging can provide relative quantitation of many samples without 

added precursor mass complexity, making it amenable to the analysis of intact proteins. 

Isobaric tagging is frequently demonstrated in the analysis of peptides but has had 

limited used in top-down analyses. Here, N,N-dimethyl leucine (DiLeu) isobaric tags are 

applied to the analysis of intact metallothionein proteins. Using a modified reduction 

and alkylation approach, all 20 cysteine residues of these proteins can be alkylated with 

high efficiency, enabling effective isobaric tagging without side reactions. Acetone 

precipitation is used to quickly isolate the metallothionein proteins from the excess 

tagging reagents to facilitate mass spectrometry analysis of the intact proteins. The 

modified isobaric tagging workflow resulted in high quantitative accuracy across a 20-

fold dynamic range, demonstrating reliable performance for future biological 

applications. 

 

Introduction 

 Copper is a growing environmental concern as aqueous copper concentrations 

are increasing due to agricultural runoff, industrial pollution, and poorly managed 

wastewater.1 Additionally, the bioavailability of copper is increasing as atmospheric 

carbon dioxide causes acidification of ocean water.2 Copper is a necessary nutrient with 

important roles in protein structure,3 enzyme activity,4 and signal modulation.5 At 
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elevated levels, however, copper has toxic effects as it can disrupt ion channels and, 

more importantly, it can participate in redox reactions to cause oxidative stress.6 As a 

result, maintaining metal homeostasis is critical to ensure normal physiological 

processes can continue without incurring harm.7 Heavy metals like copper are tightly 

regulated by different chelating molecules, such as metallothionein proteins (MTs),8,9 

and antioxidants, like glutathione.10 These molecules bind, chaperone, and transport 

metals so they can be metabolized or excreted. Dysregulation of metallothionein 

proteins has deleterious effects and has been implicated in genetic disorders (e.g., 

Wilson’s disease and Menke’s disease)11 and neurological disorders (e.g., Alzheimer’s 

disease).12,13 Characterization of MTs is therefore critical not only for the study of 

environmental toxicity, but also related diseases. 

 MTs are a family of proteins that are well-conserved amongst organisms. These 

proteins are low molecular weight (6-7 kDa) and highly cysteine-rich (~30%).9 The 

sulfhydryl groups of the cysteine residues coordinate metal ions. Figure 1 depicts the 

3D structure of a MT along with its sequence. Despite their conserved structure, 

different MTs are capable of binding different metals with high specificity, and as a 

result, they are involved in different biological processes. MTs are often studied using 

spectrophotometry assays or SDS-PAGE, but these methods do not always provide 

metal-binding information, post-translational modification status, and differentiation of 

structurally similar proteins.14 Conversely, mass spectrometry (MS) is capable of 

providing this information with high sensitivity and can also enable quantitation of the 

proteins. Typically, this is achieved by bottom-up proteomics in which the MTs are 



218 
 

digested and detected by liquid chromatography (LC)-MS.11,15–17 The peptide fragments 

have considerable overlap due to the structural similarities of the MTs, leading to 

potentially ambiguous identifications.  

Alternatively, studying the intact proteins by top-down MS allows for the 

discernment of MTs and identification of different PTMs. Studying intact proteins is, 

however, more difficult as the larger mass requires a greater resolving power to 

accurately interpret spectra. Additionally, dynamic tertiary structure can lead to poor 

chromatographic separations and less efficient labeling. Smaller proteins, like MTs, are 

less susceptible to some of these issues, but the challenges are still present. Despite 

these challenges, developing methods to not only characterize MTs using top-down MS, 

but also quantify the different proteoforms present in a sample has potential impacts in 

the study of many diseases and biochemical processes. 

Quantitative MS strategies have certainly matured but are less developed for the 

study of intact proteins. Label-free quantitation (LFQ) methods are routinely used in 

top-down MS.18 Using these methods, samples are analyzed separately, and proteins 

are quantified by peak intensity or area under the curve.19 The relative signal of a 

specific proteoform is compared to the total signal of the protein to quantify the 

presence of a given feature. LFQ methods are able to quantify many proteins and 

proteoforms but lack throughput as experimental conditions must be analyzed 

separately. Labeling strategies allow multiple samples to be differentially labeled and 

analyzed simultaneously to reduce overall sample needs, instrumental drift, and analysis 

times.20 Isotopic labeling methods, including stable isotope labeling by amino acids in 
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cell culture (SILAC), have been reported.21 These methods allow some degree of 

multiplexing, but the overlap in isotopic envelopes for differentially labeled samples 

makes deconvolution difficult and less reliable. Alternatively, isobaric tagging 

incorporates the same nominal mass for each channel, resulting in far less complicated 

mass spectra. Quantitation is performed at the MS2 level by the relative intensities of 

unique reporter ions from each channel. Isobaric tagging has had limited applications to 

top-down MS due to the challenges with labeling intact proteins but has been 

successfully reported using tandem mass tags (TMT)22 and the thiol-reactive version of 

TMT, iodoTMT.23 These commercially available tags are robust, but costly for many 

academic labs. Conversely, the feasibility of using a cost-effective, custom synthesized 

isobaric tag, N,N-dimethyl leucine (DiLeu),24 is demonstrated here. 

In this study, a commercially available rabbit MT isolate containing different MT 

isoforms was used to develop a workflow for the analysis of DiLeu-labeled MTs to 

facilitate multiplex quantitation of intact proteins. DiLeu tags were initially developed as 

4-plex isobaric tags for bottom-up proteomics experiments24 and later expanded to 12-

plex25 and 21-plex versions.26 The tags label primary amines, such as N-termini and Lys 

residues. Applying these tags to intact MTs can be difficult as acetylation of the N-

terminus is a conserved PTM. Additionally, the many cysteine residues can react with 

tags to form unwanted byproducts that inhibit identification and quantitation. To 

prevent these reactions from occurring, the cysteine residues still need to be alkylated 

even though the protein will not be digested. Because there are approximately 20 
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cysteine residues for each MT, different alkylating reagents (iodoacetamide and 

acrylamide) were evaluated for efficiency and the formation of unwanted side products. 

Alkylated MTs were differentially labeled with DiLeu and pooled in known ratios 

to evaluate quantitative accuracy. The removal of excess tagging reagents is a crucial 

step with many labeling protocols as the excess tagging reagents can form unwanted 

side products and inhibit ionization efficiency of analytes. Selectively removing these 

reagents is difficult due to similarities in hydrophobicity, so commonly used solid-phase 

extraction methods, like C18 ZipTips, are less useful. In this work, three different clean 

up methods are evaluated: strong cation exchange (SCX), molecular weight cut-off 

(MWCO) membrane filtration, and acetone precipitation. These methods all remove the 

tags by different mechanisms based on charge, size, and solubility respectively. 

Removal of the tagging reagents allows for the MS analysis of the labeled MTs and the 

evaluation of quantitative accuracy. An overview of the experimental workflow is given 

in Figure 2. The adaptation of established bottom-up proteomic workflows has led to 

the development of an isobaric labeling strategy amenable to top-down MS analysis of 

MTs with high labeling efficiency and quantitative accuracy. These methods can be 

applied to the study of metal toxicity and related diseases to better understand the 

roles MTs play in biochemical processes. 

 

Methods 

Materials 
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Acetone, acetonitrile (ACN), LC-MS solvents, formic acid (FA), urea, 

ethylenediaminetetraacetic acid (EDTA), and tris-base were purchased from Fisher 

Scientific (Pittsburgh, PA). Triethylammonium bicarbonate (TEAB), hydrochloric acid, 

N,N-dimethylformamide (DMF), ammonium formate, trifluoroacetic acid (TFA), 

dithiothreitol (DTT), iodoacetamide (IAA), acrylamide (AA), 2-nitrophloroglucinol (2-

NPG), 4-(4,6-dimethoxy- 1,3,5-triazin-2-yl)-4-methylmorpholinium tetrafluoroborate 

(DMTMM), and isotopic leucine and formaldehyde were purchased from Sigma-Aldrich 

(St. Louis, MO). N-methylmorpholine (NMM) was purchased from TCI America, (Tokyo, 

Japan). Strong cation exchange (SCX) spin tips were purchased from PolyLC (Columbia, 

MD). C18 ZipTips and 3 kDa Amicon Ultra molecular weight cut-off filters were 

purchased from Millipore (Burlington, MA). The rabbit metallothionein isolate was 

purchased from Creative Biomart (Shirley, NY). 

 

Reduction and Alkylation 

The rabbit metallothionein isolate was split into 25 µg aliquots and dried down by 

vacuum centrifugation. These aliquots were resuspended in 100 µL of a reduction 

buffer containing 8 M urea, 100 mM Tris, 3.5 mM EDTA, and 10 mM DTT (adjusted to 

pH ~7.4 with HCl) and vortexed at 37 °C for 60 min to reduce any disulfide bonds and 

denature the protein. Immediately after reducing, 0.5 M alkylating agent (IAA or AA) 

was added to a final concentration of 56 mM. The alkylation reaction took place at room 

temperature in the dark and was quenched after 60 or 90 min by the addition of 2 µL 

0.5 M DTT. The reduced and alkylated samples were then purified using C18 ZipTips 
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per manufacturer's protocol. Briefly, TFA was added to ensure pH <4 and the samples 

were bound to the equilibrated resin-packed pipette tips, washed with 0.1% TFA in 

H2O, and eluted in 0.1% TFA in 50/50 ACN/H2O. Purified samples were dried by 

vacuum centrifugation and stored at -80 °C. 

 

DiLeu Labeling 

The synthesis of the DiLeu tags has been described previously along with the 

labeling protocol.25 Briefly, the reduced and alkylated samples containing ~25 µg 

protein were resuspended in 50:50 ACN:0.25 M TEAB. One mg aliquots of DiLeu tag 

were activated to their triazine ester form by the addition of 50 µL activation solution 

(14.08 mg DMTMM in 495 µL dry DMF with 4.72 µL NMM) and vortexed for 30 min at 

room temperature. Active DiLeu tag was added to the samples at a ratio of 20:1 

label:protein by mass and vortexed at room temperature for 60 min. The reaction was 

quenched with 5% NH2OH to a final concentration of 0.25% NH2OH. Samples were 

pooled in known ratios (e.g., 1:1:1:1 or 1:5:10:20) before further processing. 

 

Post-labeling purification 

 After labeling, excess tagging reagents were removed from the samples. Three 

different methods were evaluated, a chromatographic method (SCX), a size-based 

method (MWCO), and a protein precipitation method (acetone precipitation). 

 Strong Cation Exchange. Samples were dried down after labeling and purified 

using poly-LC SCX spin tips per manufacturer’s protocol. Protein was loaded to the 
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column in and washed with 0.1% FA, 20% ACN. Protein was eluted with 0.4 M 

ammonium formate in 20% ACN and dried down by vacuum centrifugation. To remove 

the ammonium formate, the protein was purified by C18 ZipTips using the 

manufacturer’s protocol. Protein was loaded and washed in 0.1% TFA and eluted in 

0.1% TFA in 50% ACN. The proteins were dried down by vacuum centrifugation and 

stored at -80 °C. 

 Molecular Weight Cut-off. Samples were dried down after labeling and 

resuspended in H2O. The resuspended samples were applied to an Amicon 3 kDa filter 

per manufacturer’s protocol. The filter was initially rinsed with H2O, then sample was 

applied and concentrated by centrifugation at 14,000 x g. An additional volume of H2O 

was added, and the sample was further concentrated to improve the removal of excess 

tagging reagents. The concentrated protein was recovered from the filter and then 

dried down by vacuum centrifugation and stored at -80 °C. 

 Acetone Precipitation. Immediately after labeling, a 4x volume of chilled acetone 

(~ -20 °C) was added to each multiplexed sample and stored at -20 °C overnight. The 

samples were then centrifuged at 12,000 x g for 5 min and the supernatant was 

discarded. An equal volume of acetone was added, and after mixing briefly, the sample 

was again centrifuged for 5 min at 12,000 x g. The supernatant was discarded, and the 

sample was dried down (briefly) by vacuum centrifugation and stored at -80 °C. 

 

Mass Spectrometry Analysis 
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 To quickly evaluate different steps in the protocol (e.g., alkylation and labeling), 

matrix assisted laser desorption/ionization (MALDI)-MS was performed using a Bruker 

RapiFlex. Aliquots of the protein after alkylation, labeling, and each clean up step were 

spotted with 2-NPG matrix (12 mg/mL in 70% ACN, with 0.1% FA). Spectra were 

collected using a laser power of 80%. For the quantitation experiments, electrospray 

ionization (ESI) is required to generate fragmentable ions. Multiplexed samples were 

analyzed by LC-MS on a Thermo Orbitrap Elite coupled to a Waters nanoAcquity LC 

using a homemade 15 cm C18 column. Proteins were eluted over a gradient of 60 min 

from 5-35% solvent B (solvent A = 0.1% FA in H2O; solvent B = 0.1% FA in ACN). 

Spectra were collected from m/z 500-2000 with 60k MS1 resolving power and 30k MS2 

resolving power with HCD for fragmentation (NCE = 28).  

 

Results and Discussion 

 The cysteine residues of MTs are capable of reacting with the DiLeu tags to form 

unwanted byproducts, so blocking these residues is critical for effective isobaric 

tagging. Alkylating the sulfhydryl groups is effective in preventing these reactions but 

ensuring full alkylation of a protein containing ~20 cysteine residues can be difficult. 

Many alkylating reagents exist and have known to have different efficiencies and side 

reactions;27 here acrylamide (AA) and iodoacetamide (IAA) are compared in their 

alkylation of MTs. IAA was selected due to its ubiquitous use in proteomics 

experiments, and AA was selected due to reports of increased reaction efficiency.27 To 

test their effectiveness in alkylating MTs, a modified protocol was used based upon the 
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work of Shabb, J.B., et al in which a greater concentration of DTT and reducing agent is 

used to ensure more complete alkylation of the many cysteine residues.28 The reaction 

is quenched by the addition of additional DTT and immediate C18 solid phase extraction 

via ZipTips. LC-MS analysis of MTs after alkylation with either IAA or AA is shown in 

Figures S1 and S2 respectively.  

Using IAA resulted in incomplete labeling, but the major isoforms in the rabbit 

MT isolate, MT2A and MT2B, were able to be detected in their fully alkylated forms. 

Conversely, using AA resulted in detection of only MT2A, as well as both several 

unwanted side reactions and missed alkylation sites. The incomplete labeling caused by 

using IAA is more addressable than the combination of unwanted byproducts and 

incomplete alkylation from using AA, so it was decided that IAA would be used for 

future experiments. By increasing the reaction time to 90 min, more complete alkylation 

was achieved. This was verified using MALDI-MS. The alkylated MT was spotted with 2-

NPG matrix to generate multiply charged ions and quickly analyze the product. 

Additionally, because there is no separation prior to MALDI-MS, the species with 

different alkylation efficiencies are still analyzed in the same spectra, minimizing 

quantitative differences that could arise when using LC-MS. The average of the 

collected spectra is given in Figure 3. Calculating the alkylation efficiency from the 

peak areas resulted in a reaction efficiency of 93.7%, demonstrating feasibility of the 

method. Furthermore, the extended reaction time did not increase the presence of 

unwanted side reactions, and there were no detected byproducts. 
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A major limitation of using DiLeu tags, or any labeling strategy, is the need to 

remove excess tagging reagents. The reaction used here is performed at a 20:1 

label:protein ratio. The excess label helps ensure complete labeling but, if not removed, 

will inhibit ionization, and therefore, detection of the analyte. Removing the DiLeu tags 

from the protein cannot be accomplished by commonly used solid phase extraction 

methods, like C18 ZipTips, because the hydrophobicity of the tags and proteins are too 

similar. As a result, DiLeu labeled samples are typically cleaned up using SCX. The 

labeling of intact proteins also presents alternative purification methods, not typically 

available to tryptic peptides. Size-based methods like molecular weight cut-off filtration 

can be used to concentrate proteins and remove small molecules. Additionally, proteins 

can be precipitated by an organic solvent, centrifuged, and the tagging reagents remain 

in the organic supernatant. To better recover the labeled product, SCX, MWCO 

filtration, and acetone precipitation were all evaluated, with the results summarized in 

Table 1. 

Unlike when used for the clean-up of labeled peptides,29 SCX proved ineffective 

for the DiLeu-labeled MTs. No protein was detected in the eluted fractions, but the 

wash fractions contained MTs. The lack of retention to the SCX resin could be due to 

the lack of charged residues on the protein; the lysine residues are labeled with DiLeu, 

the N-terminus is acetylated, and there are few, if any, arginine, and histidine residues 

on MTs. The lack of binding makes SCX unsuitable for cleaning up the sample. Similar 

to SCX, MWCO filtration was also found to be ineffective for the clean up of labeled 

proteins. Using a 3 kDa filter, the protein should be retained, and the excess tagging 
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reagents can flow through the filter to be discarded. Although excess tagging reagents 

were not observed in the top portion of the filter, there was also minimal protein signal. 

The protein was also undetected in the flow through, so it is believed that the excess 

tagging reagents are causing membrane fouling, or that the DiLeu-labeled MTs are 

adhering to the filter and unable to be recovered. Conversely, acetone precipitation was 

effectively able to remove the proteins from the labeling reagents. Despite their low 

molecular weights, the proteins were still precipitated directly from the reaction buffer. 

Moreover, the excess tagging reagents remained soluble and were removed by simply 

discarding the supernatant. Acetone precipitation not only demonstrated high 

performance, but also requires the least amount of sample handling, potentially 

improving overall recovery of the target analytes. 

Using the extended alkylation reaction and acetone precipitation allowed the 

DiLeu labeling of intact MTs to be assessed. Figure 4 shows the averaged MS1 spectra 

for an LC-MS analysis of the labeled MTs. Complete labeling of the protein was 

observed, denoted by the blue stars, with the +6 charge state being the most 

abundant. Incidents of under labeling (red stars) were also seen, along with evidence of 

over labeling (yellow star). Interestingly, differences in charge state preference were 

observed for different labeling efficiencies. The over labeled protein is observed only at 

a +7 charge state, and the under labeled protein is observed only at +5 and +6 charge 

states. The completely labeled protein is present at both +6 and +7 charge states. This 

could be because the increase in hydrophobicity from the DiLeu tag can affect ionization 
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efficiency and tertiary structure to make the protein more susceptible to protonation 

during electrospray ionization.30  

The lack of complete labeling could inhibit accurate quantitation, but the most 

abundant peak is still the completely labeled protein. Additionally, the labeling efficiency 

was calculated to be 85.6% when comparing peak areas of the completely labeled 

protein to the total peak area for the protein. Moreover, the observed reporter ion 

ratios were 1:5.1:8.9:24. These ratios are within 20% of the theoretical 1:5:10:24 

across a 20-fold dynamic range, demonstrating adequate quantitative accuracy. These 

ratios are depicted in Figure 5. The reporter ions are produced with high intensity, but 

the rest of the spectrum (unshown) is of low signal. The poor fragmentation efficiency 

of an intact protein is still a problem and results in ambiguous b-/y-ions upon higher 

energy collision dissociation (HCD). Alternative fragmentation patterns, like electron-

based methods, can improve fragmentation,31 but need to be evaluated with DiLeu. 

When working with purified proteins, identification of protein based upon intact mass 

may be sufficient, but reliable fragmentation is necessary to provide confident 

identifications of proteins from a complex sample. 

 

 

Conclusions 

Characterization of intact proteins can offer many advantages over bottom-up 

proteomics, including the maintenance of structural information and preservation of 

post-translational modifications. Quantitation of intact proteins has unfortunately lagged 
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behind peptide quantitation due to difficulties in deconvoluting isotopically labeled data, 

or issues with isobaric labeling reactions and solvent compatibility with proteins. Here, 

an isobaric workflow is developed for the analysis of intact metallothionein proteins. 

These proteins are small, but still present challenges due to their unique high cysteine 

content. Methods were developed to ensure full alkylation of these cysteine residues to 

minimize interference with labeling. Additionally, different post-labeling clean-up steps 

were evaluated, and acetone precipitation demonstrated high effectiveness in both 

removing tagging reagents and recovering protein. These improvements allowed for the 

MS analysis of isobarically tagged proteins, which demonstrated high quantitative 

accuracy spanning a 20-fold dynamic range. Work needs to be done to improve the 

fragmentation and peptide backbone analysis of the labeled proteins to enable future 

applications. Additionally, extracting proteins from tissues, fluid, etc., needs to be 

optimized before actual comparisons between experimental conditions can be 

performed. Overall, the methods developed here present new opportunities for 

quantifying intact proteins and proteoforms with greater throughput and reduced run-

to-run variability. 
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Figures 

 

 

Figure 1: 3D structure and sequence of rabbit metallothionein MT2A. The structure 

shows the coordination of copper ions with the sulfhydryl groups of the many cysteine 

residues (highlighted in the sequence). The 3D structure was generated in Pymol using 

data from Uniprot. 
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Figure 2: Overall workflow for the labeling and analysis of metallothionein proteins. 

Proteins are alkylated prior to labeling with 4-plex DiLeu. The multiplexed sample is 

then cleaned up to remove the excess tagging reagents before MS analysis. Different 

alkylating reagents were evaluated: iodoacetamide (IAA) and acrylamide (AA). 

Additionally, different clean up steps were compared: strong cation exchange (SCX), 

molecular weight cut-off (MWCO), and acetone precipitation. 
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Figure 3: Alkylation efficiency with extended reaction time. The spectrum was collected 

using MALDI-MS with a 2-NPG matrix to generate multiply charged ions. The overall 

reaction efficiency, based on peak areas of the fully alkylated peaks and the peaks 

corresponding to missed alkylation, was 93.7%. 
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Figure 4: DiLeu labeling efficiency of alkylated metallothionein proteins. Instances of 

under and over labeling (red and yellow star respectively) were observed, but the 

completely labeled peak is the most abundant. Data was collected using a Thermo 

Orbitrap Elite mass spectrometer coupled to nanoLC. 
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Figure 5: Quantitative performance of the isobaric tagging workflow. Differentially 

labeled proteins were pooled at a ratio of 1:5:10:20 and analyzed by LC-MS. The 

selected precursor ion (m/z 1380.41) reporter ions showed relative intensities of 

1:5.1:8.9:24. 
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Table 1: Results from different methods to purify labeled metallothionein. SCX was 

performed using spin-tips, and molecular weight cut-off was performed using 

membrane filters. Of the three methods evaluated, only the acetone precipitation was 

effective for removing the excess labeling reagents from the analytes. 

 

 

 

 

 

Figure S1: Example spectrum from MTs alkylated with iodoacetamide. The MT2A and 

MT2B forms were observable with full alkylation, but there were also missed alkylation, 

denoted by the (-1).  
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Figure S2: Example spectrum from MTs alkylated with acrylamide. Only the MT2A 

form is detectable with full alkylation. Several peaks corresponding to missed 

modifications were also observed. The peaks between m/z 1072-1074 are unidentified 

side reactions.
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Chapter 8 

 

 

 

 

 

 

 

WISL Chapter 

 

Written for the Wisconsin Initiative for Scientific Literacy to describe this thesis work for 

a broader audience. 
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Over the last five years of graduate school, I have been asked “So what is it that you 

do?” more times than I can count. Although I find it easier to answer that question for 

people with a background in my field, it is arguably more important to answer the 

question for those unfamiliar with proteomics, analytical chemistry, etc. I wrote this 

chapter not only to prevent seeing the look of confusion on my parents’ faces (the 

same one I have when my dad tries to explain what pass interference is), but also to 

learn to present my work more succinctly and successfully to broader audiences. As 

scientists, it is important to acknowledge the importance of communicating results and 

delivering a product to the people that supported our research (i.e., taxpayers). I am 

thankful for the help and feedback provided by the Wisconsin Initiative for Science 

Literacy, especially Elizabeth Reynolds, Cayce Osborne and Bassam Shakhashiri.  

Crustacean Model Organisms 

 The human nervous system is incredibly complex and includes not just the brain, 

but also the spinal cord and nerves throughout the body. This system is comprised of 

specialized cells called neurons that allow the different parts of the body to 

communicate with one another. Communication between different parts of the body is 

an incredibly broad function, explaining the complexity of the nervous system and the 

reasons it is so challenging to study. Studying the nervous system is important, 

however, as it provides researchers with more information about many neurological 

disorders like dementia, Parkinson’s disease, and depression. 
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 To better understand the human nervous system researchers often start with a 

simpler model organism. Where some labs study mice, rats, etc., our lab studies 

crustaceans, specifically the blue crab, Callinectes sapidus. Blue crabs have well-defined 

nervous systems with far fewer neurons than humans, making it significantly easier to 

study them. Although it is simpler, the overall processes in the crustacean nervous 

system are similar to humans and other organisms, so researchers can apply the 

techniques used and developed in this work to more relevant biological problems in 

humans. 

 

Understanding the Nervous System 

 There are many ways that neurons communicate with one another to send 

signals. This can be done with electrical signals, similar to circuits, or chemically. With 

chemical signaling, one can think of neurons as buildings and the connections between 

neurons as roads. In this analogy, the chemical signals are the cars and pedestrians 

traveling on the roads to different buildings. These chemical signals are released due to 

a stimulus, such as people leaving their homes to go to work because of the time of 

day. Trying to study how specific neurons communicate with each other in relation to 

the entire system is incredibly difficult as there are too many (up to billions depending 

on the organism) interactions to feasibly study. Instead, looking at the overall trends in 

signaling is not only easier, but can still provide information on how different biological 

states affect signaling. By comparing signaling in a healthy organism and one with a 

particular disease like Alzheimer’s disease, we can start to uncover what is going wrong 



245 
 

at a molecular level. Using the traffic example, trying to observe differences between a 

few pedestrians in New York City is difficult, but if an entire subway line is closed, there 

will be changes in the overall traffic across the city that are observable. This information 

can provide researchers with new tools for understanding, diagnosing, and treating 

diseases. 

 There are many different types of chemical signals that are created in and 

released by neurons, but one of particular interest to our lab is neuropeptides. 

Neuropeptides are simply peptides that originate in the neuroendocrine system. They 

can exert their signaling effects locally at adjacent neurons, or they can be released into 

the circulating fluid and exert their effects at distant neurons throughout the body.1 

Neuropeptides have been shown to be involved in different diseases, stress response, 

wake-sleep cycles, and many more biological processes.2–4 As a result, their 

dysregulation–when their concentration levels are out of balance–has been implicated 

in different neurological disorders.  

 

Improving the Detection of Neuropeptides 

 As mentioned before, neuropeptides are peptides originating in the 

neuroendocrine system, and peptides are simply chains of amino acids. Amino acids are 

typically viewed as the building blocks of peptides and proteins; there are 20 different 

amino acids, and the exact number of them in a particular chain (peptide) and the 

order of them in that chain is critical to their structure and the role they play in the 

body. Amino acids are assigned letter codes, so peptides can be thought of as strings of 
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letters to make a word, except the alphabet only has 20 letters. Like letters in a word, 

the amino acids in a peptide and the order of them is important. Adding a letter to a 

word (e.g, RIDE to PRIDE) changes its meaning, as does rearranging the letters of a 

word (e.g., RIDE to DIRE). 

 Techniques to analyze neuropeptides must be capable of determining the 

neuropeptide sequence–its amino acid content and order of those amino acids–to 

discern different neuropeptides. Mass spectrometry (MS) is a technique that allows the 

researcher to determine the sequence of a neuropeptide based on its mass. These 

instruments act almost as molecular scales, allowing the mass of a peptide to be 

observed. The peptide is then broken apart and the pieces are “weighed” as well. By 

combining the information from the mass of the intact peptide as well as its fragments, 

an analytical instrument (i.e., mass spectrometer) and computer output a spectrum of 

masses corresponding to different fragments. Researchers, either manually or using 

data processing software, can determine the peptide sequence from the spectrum 

based on the unique combination of peaks in it. An overview of this is given in Figure 

1. What makes MS such a powerful technique is that it can be used to determine the 

sequence (identity) and relative expression (quantity) of all neuropeptides in a single 

analysis. This allows researchers to not only see which neuropeptides are present, but 

also how they are changing between two or more samples, such as stressed vs 

unstressed or diseased vs healthy samples. 

 When analyzing neuropeptides, MS can provide quantitative information using 

different strategies.5 By tagging the neuropeptides, the samples can be analyzed at the 
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same time and the relative peak intensities in the mass spectrum can be used to 

determine the amount of neuropeptide from each starting sample. This not only allows 

more samples to be analyzed in the same amount of time, but also reduces variation 

caused by the instrument, improving accuracy. One type of labeling is known as 

isotopic labeling. In these methods, a part of the neuropeptide is labeled with a 

chemical tag, like formaldehyde to cause a shift in the mass of the peptide. Different 

channels of the same tag have different isotopes of certain atoms; these isotopes are 

the same chemical element but differ in mass from one another due to differences in 

the number of neutrons they have. For example, 12C and 13C are both carbon atoms, 

but one has a mass of 12 and the other has a mass of 13 (from the mass of an 

additional neutron compared to 12C). The different channels with different isotopes 

therefore increase the mass of the neuropeptides by a different amount. By labeling 

Sample A (e.g., diseased) with one tag and Sample B (e.g., healthy) with another tag, 

there will be a mass difference and two peaks will be observed. The relative signal of 

these peaks is then indicative of the concentrations of that neuropeptide in the 

biological samples (visually explained in Figure 2). We have applied isotopic labeling to 

study changes in neuropeptides across four samples.2 

 Another labeling method, known as isobaric tagging, is like isotopic labeling, but 

each channel of the tag incorporates the same mass. Neuropeptides from Sample A and 

Sample B will appear identical, but when they are analyzed by their fragments (also 

known as MS2), reporter ions form for each channel. These reporter ions are unique to 

each tag and result in peaks that can be used for quantification. In other words, these 
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diagnostic ions report the relative signal from each sample and correlate to quantitative 

differences between the two samples.  

To compare isotopic and isobaric labeling, it is important to remember that they 

have the same goal: quantify relative differences between samples in a single analysis. 

Isotopic labeling achieves this by adding tags of different masses to the sample, and 

isobaric tagging adds tags with the same mass, but the isobaric tags result in distinct 

fragments (reporter ions) for the different channels. This can be thought of like voting 

in an election. In Scenario A (analogous to isotopic labeling), each person that votes 

receives an “I voted” sticker, but the number of stickers they receive is indicative of the 

candidate they voted for. Votes are tabulated by counting the number of voters that 

have one sticker, two stickers, etc. Conversely, in Scenario B (isobaric labeling), 

everyone receives one sticker, but the color of the sticker is dependent on the selected 

candidate. Votes are then tabulated by comparing the number of people with blue 

stickers, red stickers, etc. The primary advantage of the isobaric label is that there are 

fewer peaks in the spectra (or stickers handed out), so data-interpretation is less 

complicated. By minimizing complexity, isobaric tagging allows for more samples to be 

analyzed at the same time to improve throughput. Figure 3 shows the main 

differences between isotopic and isobaric tagging. While many isobaric tags exist, in the 

Li Lab, we use a custom isobaric tag known as DiLeu (N,N-dimethyl leucine).6 

 In most MS experiments, data is collected in a manner known as data-dependent 

acquisition (DDA). In a DDA experiment, an initial spectrum is collected without 

fragmentation, known as an MS1 or precursor scan, and subsequent scans are collected 
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in which the top peaks of the precursor scan are fragmented and analyzed (MS2 scans). 

The initial scan measures the mass of the intact peptides in the sample, and then the 

instrument (depending on the data it just acquired, hence data-dependent acquisition) 

selects the peptides with the greatest signal in that spectrum to be fragmented and 

analyzed further. DDA methods allow many samples to be quickly and easily analyzed 

and many neuropeptides can be identified from each sample. Not all neuropeptides, 

however, are going to be the peaks with the highest signal, so they can often be 

omitted from the MS2 scans. By not selecting these neuropeptides for MS2 scans, the 

instrument can only output information about the intact mass. If we again compare 

neuropeptides to words, the intact mass is incapable of distinguishing between RIDE 

and DIRE. Additionally, the reporter ions required for quantification rely on the 

instrument fragmenting the intact neuropeptides and generating MS2 information–trying 

to quantify the neuropeptides without MS2 information would be like having a person 

with colorblindness tabulate the votes in the earlier analogy. By omitting neuropeptides 

from the MS2 scans, the mass spectrometer prohibits researchers from confidently 

identifying and quantifying neuropeptides. To address this, we have demonstrated how 

we can adjust the various DDA parameters to increase the number of relevant spectra 

collected. This work led to a 3-fold increase in the number of neuropeptides we could 

identify and quantify in a single analysis. Figure 4 summarizes the results of the 

optimization by showing how each iteration increases the number of identified 

neuropeptides. We then applied these optimized methods to the study of copper toxicity 

to gain insights into how crabs survive influxes of copper in the ecosystem.7 
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Related Protein Studies 

 We have shown neuropeptides to be dysregulated in response to copper toxicity, 

but there are likely other molecules involved. One of particular interest are 

metallothionein proteins (MTs). Proteins are structurally similar to peptides, made up of 

the same amino acids, but they are much larger and have more dynamic structure and 

function. MTs are of interest because they bind metals, like copper, in the body so they 

can be transported.8 Copper is a necessary nutrient in the body, but also toxic at high 

levels; MTs help keep the amount of copper in the body at a desirable range. Large 

influxes of copper are therefore likely to cause a change in the amount of MTs 

observed. 

 Using the same DiLeu isobaric tag that was used for the neuropeptide studies, 

we developed a method for quantifying MTs using MS. This presented some challenges 

as MTs are larger than most peptides and have more labeling sites that need to be 

taken into account. Additionally, the proteins are high in cysteine, a specific amino acid 

that gives the protein their metal-binding properties. These cysteine components are 

able to interfere with the DiLeu labeling process, so they need to be modified by 

chemical reaction to prevent side reactions during the labeling. The work presented in 

this thesis demonstrates the effectiveness of using a modified DiLeu labeling strategy to 

measure relative amounts of intact metallothionein proteins. Typically, because they are 

much larger than peptides, proteins are often split into smaller pieces before analyzing 

them, a process known as digestion. Digesting the proteins makes it easier for the 
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instrument to accurately analyze the proteins, simply because it is easier to measure 

differences between small molecules compared to large molecules. Although effective, 

this digestion process can lead to losses in information, such as differences between 

similar metallothionein proteins. By measuring the proteins intact (without digestion), 

researchers gain more information about the system. The labeling method developed 

here is one of the first to demonstrate the ability to use isobaric tags to quantify 

changes in intact proteins. Briefly, proteins are chemically labeled with four different 

channels (distinct tags) of DiLeu, similar to the neuropeptide experiments. In real 

biological samples, protein concentration can vary greatly. We created a sample to 

mimic this that had set amounts of labeled protein from each channel; channels 116, 

117, and 118 were present in this sample at concentrations 5, 10, and 20 times greater 

than channel 115 respectively. each channel were pooled together to create a sample 

that would yield reporter ions of different, but known, relative intensities. Comparing 

the observed signal intensities to the theoretical intensities (1:5:10:20), the accuracy of 

the method could be determined (summarized in Figure 5). We observed accuracy 

>80%, demonstrating the method is suitable for future biological applications.  

 

Research Impact and Future Goals 

 This research aims to develop the tools to better study neuropeptides and 

related biomolecules involved in different biological processes. Specifically, this work 

creates a framework for studying these important biomolecules with improved speed 

and accuracy by incorporating DiLeu isobaric tags. The developed methods are applied 
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to the study of crustacean neuropeptides to show relative changes after exposure to an 

environmental stressor like copper toxicity. These methods are transferable to other 

biological problems, however, and can have impact in clinical research to study 

neurological disorders like Alzheimer’s disease and Parkinson’s disease. By expanding 

the tags to other targets, like proteins and neurotransmitters, there are even greater 

possibilities for discovering new ways to diagnose and treat disease. 
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Figures 

 

 

Figure 1: An example MS analysis of a peptide with sequence PEPTIDE. A shows the 

sequence of the peptide with dashed lines around the fragments that are shown in B 

and C. B is the MS1 or precursor mass spectrum where the intact mass is observed. C is 

the MS2 spectrum where the fragments from A are observed. 
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Figure 2: Quantification of labeled samples. The peptides are labeled with different 

tags depending on the samples they came from. Different tags yield different signals 

and can be distinguished by mass spectrometry. In this example, the signal from 

Sample B is twice this signal of Sample A as the amount of peptide is doubled from 

Sample A to B. 
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Figure 3: Comparison between isotopic and isobaric labeling. In isotopic labeling (A), 

samples have different masses added to them to create a mass shift between molecules 

of interest (analytes). In isobaric labeling (B), the same mass is added, but analytes are 

distinguishable at the MS2 level where unique reporter ions form. 
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Figure 4: Optimization of DDA parameters. Two DDA parameters, the dynamic 

exclusion window and MS2 scan events, were optimized stepwise. With each iteration, 

new conditions were tested, moving away from the conditions that had worse 

performance. The optimization of these parameters resulted in a 3-fold increase 

between the initial, unoptimized parameters, and the optimized parameters. The 

optimum region is shown on the heatmap in the red region (region with more identified 
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neuropeptides). The table below the heatmap shows the more specific numbers for 

each point. 

 

 

Figure 5: Example mass spectrometry of labeled metallothionein. Proteins labeled with 

different tags (115, 116, 117, or 118) were combined in different amounts (1:5:10:20) 

(shown left). MS analysis of the pooled sample showed reporter ion intensities that are 

within 80% of the expected values (shown right). The high accuracy of the method 

demonstrates feasibility for applications to future biological applications.  
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Conclusions 

 Neuropeptides are involved in many signaling pathways, and their study is 

important because it can provide information into biochemical processes, potential 

therapeutic routes, and biomarker discovery.1 Their functions are diverse and 

dependent on the presence of other co-modulating neuropeptides, emphasizing the 

need for global profiling of neuropeptides. This dissertation is focused on the 

development of quantitative mass spectrometry (MS) methods for the study of 

neuropeptides and related biomolecules. Many quantitative MS strategies exist and are 

routinely used in various -omic analyses, with work being performed to translate them 

to neuropeptidomics. These methods are explored in more detail in Chapter 2 and 

further developed in the other chapters of this thesis. 

 A potential limitation of neuropeptide analyses by MS is the time requirements. 

Analysis times of 2 hours per sample are typical and can inhibit more detailed biological 

applications. Multiplexing allows samples from different experimental conditions to be 

analyzed simultaneously to greatly reduce the number of analyses, sample 

requirements, and run-to-run variation from instrumental drift. In Chapter 3, a 4-plex 

reductive dimethylation strategy is developed and applied to the time course study of 

neuropeptides in response to hypoxia. These methods enabled quantitation of changes 

between different exposure durations that would have previously been undetected due 

to the number of samples needed and/or instrument time required. Additionally, the use 

of both liquid chromatography (LC)-MS using electrospray ionization (ESI) and matrix-

assisted laser desorption/ionization (MALDI)-MS were able to provide complimentary 
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coverage of the neuropeptidome to improve the number of significant changes 

observed. 

 The 4-plex reductive dimethylation scheme is effective at improving throughput 

but is limited in multiplexing capabilities as the precursor ion mass difference increases 

spectral complexity multiplicatively with each additional channel. This is addressed in 

Chapter 4 in which N,N-dimethyl leucine (DiLeu) isobaric tags are used to quantify 

neuropeptides in response to copper toxicity. Analyzing neuropeptides via isobaric 

tagging can be difficult as the low abundance neuropeptides are often not selected for 

tandem MS (MS/MS or MS2) analysis, and therefore are not able to be identified or 

quantified. Through extensive optimization of the MS acquisition settings, however, 

more unique neuropeptides were able to be detected in a single LC-MS run. The 3-fold 

increase in neuropeptides identified and quantified enabled the application of the 

method to study copper toxicity. Several significant changes were observed in 

neuropeptide expression over the course of 4 hours, including upregulation of inhibitory 

peptides and possible transport of a pigment dispersing hormone from the sinus glands 

to the brain. These methods were further developed in Chapter 5 to expand the 

multiplexing capabilities using 12-plex DiLeu tags. These tags rely on mass defects that 

require higher resolution and subsequently, scan times are increased. To balance the 

increase in throughput with the potential decrease in identifiable neuropeptides, an 

orthogonal array strategy was used to optimize additional MS acquisition settings. This 

design of experiments allows for much faster optimization compared to factorial designs 

and resulted in a 2.75-fold increase in identifiable neuropeptides. Additionally, the 
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orthogonal array allowed the impact of the different parameters to be estimated, but it 

was observed that the sum effect of the different parameters was more important than 

any single parameter. Future work should optimize selected parameters simultaneously 

for improved results. The methods used in Chapters 4 and 5 are detailed in a 

protocols chapter, Chapter 6. 

 To improve understanding of copper toxicity past neuropeptidomic changes, 

metal-binding proteins (i.e., metallothionein proteins) are also studied. These proteins 

are small and uniquely cysteine-rich with similar sequences. A method to quantify the 

proteins intact (i.e., without digestion), was developed in Chapter 7. This method 

addressed challenges in labeling and cleaning up the intact metallothionein proteins 

(MTs) using a combination of extended alkylation, DiLeu tagging, and acetone 

precipitation. Moreover, the method showed high quantitative accuracy over a 20-fold 

dynamic range. This study demonstrates the feasibility of applying isobaric tags, 

specifically DiLeu, to top-down proteomics. This is advantageous as multiplexing is able 

to be achieved without the isotopic interference that occurs with isotopic labeling 

methods like SILAC. Combining these methods with the quantitative methods for 

neuropeptidomics in previous chapters will facilitate a better understanding of the 

underlying signaling pathways and biochemical processes involved in environmental 

stress. Additionally, the methods developed here are translatable to other biological 

problems and can help inform other multi-omic studies.  

 

Future Directions 
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 The methods developed here have created improvements in neuropeptide 

detection, identification, and especially quantitation. There are of course still limitations 

in the field that, if addressed, could further improve our understanding of the 

complexities within the neuroendocrine system. Methods to improve sensitivity are 

critical to discovering new neuropeptides and analyzing those with low abundance. 

Additionally, improving multi-omic analyses by expanding the quantitative methods here 

to proteins and small molecules will lead to a more complete understanding of biological 

problems of interest, such as environmental stress. Assessing the functional roles of all 

these molecules can also open new possibilities for biomarker discover and treatments. 

 The enhanced detection of neuropeptides described in Chapter 3 are easily 

adopted by many labs as they simply require isotopic formaldehyde and borane 

pyridine. In this work, the MS data is only acquired using data-dependent acquisition 

(DDA) parameters, but other work has shown data-independent acquisition (DIA) to be 

even more effective for the analysis of low abundance analytes like neuropeptides.2 

Isobaric labeling workflows are incompatible with these methods, but because the mass 

shift is at the precursor mass level, reductive dimethylation could be compatible with 

DIA. Similarly, the methods are compatible with both LC-MS and MALDI-MS; this could 

lead to the creation of workflows in which MALDI-MS is used to provide spatial 

information via MS imaging (MSI) and LC-MS provides confident identifications through 

tandem MS. These functional studies could in turn inform functional studies for specific 

neuropeptides.  
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Isobaric tagging has been demonstrated in Chapters 4 and 5 to be effective in 

analyzing neuropeptides with greater throughput via DiLeu tags. Applying these 

methods to a biological study, especially using 12-plex DiLeu, would not only provide 

more confident proof of principal, but also allow a biological problem to be studied in 

more detail. By reducing the number of samples to be analyzed by a factor of 12, 

additional exposure durations, stress severities, drug doses, life stages, etc., can be 

examined. Additionally, the added throughput could be beneficial to studying the 

hemolymph (circulating fluid that functions as a mix of blood and lymph) in the crab 

model for neuropeptide changes. This could be accomplished by withdrawing 

hemolymph from crabs or performing microdialysis3 and collecting samples over time. 

 Quantitative mass spectrometry has become one of the top means for global 

profiling of neuropeptides, but additional experiments are required to discern the impact 

of specific neuropeptides. Using a crustacean model, an ex vivo heart preparation can 

be performed in which the heart is removed from the crab and kept alive. A force 

transducer is then able to measure the rhythm and amplitude of heart contractions.4 

The global neuropeptidomic studies performed in Chapters 3, 4, and 5 can then 

inform future experiments in which a synthesized neuropeptide is infused into the ex 

vivo heart and the changes in amplitude and rhythm are recorded to help determine the 

functional role of the neuropeptide. An example of this data is given in Figure 1.4 

 In this dissertation, an initial framework was developed for the study of intact 

MTs using both isobaric labeling and top-down MS, but this was performed using a high 

purity rabbit MT isolate from liver tissue. Work still needs to be performed to improve 
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the extraction of MTs from tissue, particularly in a crustacean model organism, so 

biological studies can be performed. This has been challenging as the hepatopancreas–

a tissue with properties of both liver and pancreas that is a rich source of MTs–is a 

complex matrix of lipids, proteins, and metabolites. Both large proteins and small 

molecules can interfere with extraction and inhibit ionization efficiency to make 

detection of MTs difficult. Molecular weight cut-off filtration has been used to remove 

large proteins by having the low molecular weight MTs flow through the filter. Despite 

the molecular weight of MTs is <7 kDa, the protein does not flow through 10 kDa or 30 

kDa filters, likely due to interactions with the filter, protein-protein aggregation, etc. 

Using 50 kDa MWCO filters has been effective in removing the MTs from large proteins, 

but as the filter pore size increases, more interfering proteins are also able to pass 

through as well. Determining the balance between MT recovery and the recovery of 

unwanted proteins is still a concern for this project. 

 Affinity-based strategies are a viable alternative to size-based separation 

methods (e.g., MWCO) for enriching MTs. For example, immobilized metal affinity 

chromatography (IMAC) has been reported successful in enriching metal-binding 

proteins like MTs.5 In an IMAC enrichment, metal (e.g., copper) is immobilized to a 

chelating resin. Protein extracts are loaded to the column and metal-binding proteins 

bind to the immobilized metal and the non-binding proteins are washed away. A high 

concentration of imidazole then releases the MTs and other metal-binding proteins from 

the resin. A schematic is provided in Figure 2. An initial experiment was performed to 

see if the rabbit MT isolate could be enriched via IMAC. While some MT was detected in 
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the eluent, substantially higher signal was observed in the wash and loading flow 

through, demonstrating non-binding. This could be due to the protein being denatured 

and not able to bind as tightly, or perhaps conversely, the protein is able to bind the 

copper with greater affinity than the chelating resin and is simply stripping the column 

of the copper. Evaluating different buffers, elution mechanisms, flow rates, etc., could 

facilitate a more effective enrichment using IMAC. Alternatively, antibody-based 

enrichment methods could be feasible, but are more expensive to perform. Additionally, 

the antibody-MT interaction would have to be independent of MT structure which is 

known to be highly dynamic in solution. Despite the challenges with affinity-based 

enrichments, their development is of interest as it could result in a concentrated sample 

with minimal interfering compounds. 

 The quantitative analysis of peptides and proteins can provide insights into 

expression changes, signaling pathways, etc., but additional information can be gained 

from structural analyses. Ion mobility mass spectrometry (IM-MS) is a useful tool for 

studying confirmation changes in molecules. This is done by calculating the collisional 

cross-section of the molecule of interest based on its drift time.6 Using IM-MS is capable 

of providing information on how specific neuropeptides and metallothionein proteins 

change in confirmation upon copper exposure and/or binding of copper. Where 

quantitative analyses may observe no changes in expression levels, IM-MS can still 

provide insights into the biological processes involved in responding to copper toxicity. 

An example of the collisional cross-section data from a recent publication in the Russel 

Lab is provided in Figure 3,7 demonstrating the stabilities of different metalated MT 



267 
 

species. Similar experiments could reveal the mechanisms by which copper is bound to 

MTs and how stable this interaction is. 

 Neuropeptides and MTs are important targets for studying environmental stress, 

but incorporation of metabolomic data would provide a more comprehensive multi-omic 

study of the response to copper toxicity. Antioxidant molecules, like glutathione, are 

often the first line of defense in protecting against oxidative stress and have been 

shown to be involved in mediating heavy metal influxes.8 Additionally, small molecule 

neurotransmitters could play important roles in signaling pathways that enable 

organisms to survive environmental metal fluctuations. Isotopic DiLeu (iDiLeu) can 

facilitate the absolute quantitation of these molecules. These 5-plex tags are used to 

label a standard at four different concentrations to generate a calibration curve. The 

fifth channel is reserved for the biological sample and all samples are analyzed 

simultaneously to perform absolute quantitation in a single LC-MS run. An overview is 

given in Figure 4.9 These tags are similar to DiLeu but differ in mass additions at the 

MS1 level to enable quantitation by area under the curve and have been found to be 

more reliable for absolute quantitation than their isobaric counterparts. Although the 

tags are only able to be incorporated into primary amine-containing analytes, many 

metabolomic targets can be detected, including neurotransmitters and glutathione. 

Adding metabolomic data into the workflow can help show how the alterations in 

signaling lead to different phenotypic responses. 

 Overall, the findings of this research are useful in determining the biochemical 

pathways that allow organisms to manage and survive environmental stress. This is 
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mainly studied from the perspective of neuropeptides, but by adding proteomic and 

metabolomic data, the downstream products of signaling pathways can be better 

understood. The methods described here are also able to be applied to the study of 

many other biological processes and are not limited to crustacean models. Ultimately, 

this dissertation provides a foundation for further research into understanding the 

complex, multi-omic processes of the neuroendocrine system. 
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Figures 

 

Figure 1: An overview of the ex vivo heart perfusion experiments. Peptides are 

perfused into the posterior artery and the force transducer records the contraction 

amplitude. Figure taken with permission from Wiwatpanit, T.; Powers, B.; Dickinson, P. 

J Exp Biol 2012, 215, 2308-2318. 
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Figure 2: Copper-IMAC interaction. Copper (Cu2+) is loaded to an iminodiacetic acid-

containing resin. As the metallothionein flows past, it binds to the copper with its many 

cysteine residues (shown in yellow) and non-binding proteins are washed away. 
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Figure 3: Collison-induce unfolding heat maps for metalated MT. Different rates of 

unfolding are observed from different combination of metalation and the order of metal 

incorporation. This figure is taken with permission from Dong, S., et al. 2020. Anal. 

Chem. 2020, 92, 8923−8932. 
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Figure 4: Overview of iDiLeu labeling. A synthetic standard is labeled with four 

different channels of iDiLeu and combined at different ratios to generate a calibration 

curve. The fifth channel corresponds to the experimental sample and the absolute 

concentration of that sample is determined from the calibration curve. Figure reprinted 

with permission from Greer, T., et al. J. Am. Soc. Mass Spectrom. (2015) 26:107-119. 
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