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This volume of Methods in Molecular Biology covers the field of peptidomics. Although 
peptides have been studied for over 100 years, and over 2.6 million articles on PubMed 
include this term, the vast majority of these studies are focused on a single peptide. In 
 contrast, the field of peptidomics is much younger and not focused on a small number of 
peptides. Instead, peptidomics is aimed at a broad array of the peptides present in a  biological 
sample—the peptidome. The identity of each peptide is given by its amino acid sequence 
and post-translational modifications. Sequence information is directly linked to the protein 
precursor of the peptide, and thus to the genome of the organism. Due to a great variability 
in arrangements, there are millions of potential peptides that could theoretically be  produced 
from all proteins in one organism, although in practice the actual number of relatively 
abundant peptides is much lower. Ideally, peptidomics should detect all peptides present in 
a sample. However, this is not possible due to limitations in the techniques and/or the 
 relative levels of some peptides in the sample. Peptides exhibit the same dynamic range as 
proteins, occurring from single copies up to being main components of a biological sample, 
and as with proteomics, it is difficult to detect the low abundance peptides. Also, with 
peptidomics studies aimed at the native forms of peptides in biological samples, there is no 
opportunity to enzymatically cut out a small part that generates intense and reliable signals, 
which is the typical approach in proteomics. Thus, peptidomics is the analysis of the 
 detectable peptides in a sample, with newer instrumentation in chromatography and mass 
spectrometry pushing down the detection limits and improving the accuracy of the 
 identification of peptides.

Part I introduces the field of peptidomics and describes many of the basic techniques 
used to detect and identify peptides. Chapter 1 describes the history of the field, starting 
before the term peptidomics was used, up to the present, thus giving an overview for 
 scientists who are new to the field. Chapters 2, 3, and 4 describe important steps of sample 
preparation that are a prerequisite for high quality peptidomics results. For scientists  coming 
into the field of peptidomics from the related field of proteomics, these chapters are  essential 
in that the sample preparation and mass spectrometry conditions for endogenous peptides 
are different than those for proteins and mass spectrometry of tryptic peptides (commonly 
used for proteomic studies). Chapter 5 is focused on a subset of the peptidome—those 
peptides that function as intercellular messengers such as neuropeptides and peptide 
 hormones. Chapter 6 is also focused on a subset of the peptidome—peptides that bind to 
(and are presumably substrates) of a peptidase. The example used in this chapter is for 
 thimet oligopeptidase, although the basic technique can be applied to enrich substrates of 
any peptidase. The final chapter in Part I describes an approach to identify d-amino 
 acid- containing peptides. Although only a small number of such peptides are currently 
known, this is presumably because the standard mass spectrometry-based methods for 
detecting and identifying peptides cannot distinguish between l- and d-amino acids.

While peptidomics is simply the identification of peptides in a biological sample, the 
field of quantitative peptidomics aims to measure levels of peptides as well as identify them. 
Various methods have been adapted from the field of quantitative proteomics and modified 
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for quantitative peptidomics. In contrast to quantitative proteomics, which typically 
 averages the levels of multiple tryptic peptides to derive the overall level of the  corresponding 
protein in each biological sample, quantitative peptidomics relies on the measurement of a 
single peptide in each sample. Part II of this book begins with an overview of the most 
commonly used methods and strategies for peptide quantitation, both absolute and relative 
(i.e., comparing levels between two or more samples). Additional Chapters 9–12 in this 
section describe specific methods for the relative quantitation of peptides between samples 
using isotopic labels (Chapters 9–11) or label-free approaches (Chapter 12).

Part III, with Chapters 13–28, includes a wide variety of protocols describing specific 
applications of peptidomics methods to study scientific questions. These chapters cover a 
broad range of biological species as well as sample types. The species under scrutiny include 
humans, cattle, rodents, frogs, fish, snakes, crustaceans, Drosophila, ants, spiders, C. elegans, 
and plants, and the sample types range from whole animals to single cells and from tissue 
extracts to body fluids or secretions from cells. Each species and sample type presents dif-
ferent challenges for peptide extraction, purification, and identification. Many of the proto-
cols described in these chapters can be modified to examine other biological systems. Also, 
while specific equipment, software, and materials are described in each protocol and these 
are well established in the field, most can be substituted with other comparable equipment, 
software, and materials depending on what is available to the project. The aims of the stud-
ies described in this volume also cover a wide range. Several of the chapters address the 
search for neuropeptides or bioactive  peptides in venoms or other samples. Some describe 
product-driven goals, such as cancer neo-antigens, antidiabetic agents, and biomarkers in 
body fluids or other samples such as dairy products. The final chapter describes some of the 
challenges and future directions for the field of peptidomics.

Collectively, the protocols in this volume describe relevant state-of-the-art approaches 
that will be of use for many years, even though the instruments used for peptide separation 
and mass spectrometry are rapidly improving. All of the basic approaches described in this 
volume are independent of the instruments used for analysis and can easily be used with 
newer equipment, providing larger numbers of peptides and higher confidence in the 
sequence identifications.

Freising, Germany Michael Schrader 
Bronx, NY, USA  Lloyd Fricker 
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This volume has been a large effort from about 90 authors, all experts in the field of 
 peptidomics. We would like to express our deepest gratitude to them for sharing their 
 techniques to foster this field. The realization of this book would not have been possible 
without their efforts concerning the methods and protocols published here.
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Chapter 1

Origins, Technological Development, and Applications 
of Peptidomics

Michael Schrader

Abstract

Peptidomics is the comprehensive characterization of peptides from biological sources mainly by HPLC and 
mass spectrometry. Mass spectrometry allows the detection of a multitude of single peptides in complex 
mixtures. The term first appeared in full papers in the year 2001, after over 100 years of peptide research 
with a main focus on one or a few specific peptides. Within the last 15 years, this new field has grown to over 
1200 publications. Mass spectrometry techniques, in combination with other analytical methods, were 
developed for the fast and comprehensive analysis of peptides in proteomics and specifically adjusted to 
implement peptidomics technologies. Although peptidomics is closely linked to proteomics, there are fun-
damental differences with conventional bottom-up proteomics. The development of peptidomics is 
described, including the most important implementations for its technological basis. Different strategies are 
covered which are applied to several important applications, such as neuropeptidomics and discovery of 
bioactive peptides or biomarkers. This overview includes links to all other chapters in the book as well as 
recent developments of separation, mass spectrometric, and data processing technologies. Additionally, 
some new applications in food and plant peptidomics as well as immunopeptidomics are introduced.

Key words Peptidomic, Peptidome, Peptide research, Peptide analysis, Mass spectrometry

1 Introduction

Peptidomics is the study of the peptidome, which is defined as the 
peptides present in a biological sample. Currently, peptidomics 
studies involve the comprehensive analysis of native peptides by 
HPLC and mass spectrometry (MS). This analytical methodology 
works without prior knowledge of biological activity. MS provides 
information about single peptides, even in very complex mixtures. 
The first attempt of such an approach had been taken by Desiderio 
in 1981 [1]. It allowed to detect and quantify picomole amounts 
of intact endogenous, chemically underivatized oligopeptides 
extracted from biological tissue. However, it took 20 more years to 
define this specific field of research with the new term “peptido-
mics” for the comprehensive characterization of peptides present  
in a biological sample. Consistently, four groups independently 
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published the first full scientific papers in 2001 using “peptidomics” 
or “peptidome” in their titles [2–6] whereas a Swedish group intro-
duced “peptidomics” in another abstract [7]. Shortly before, it had 
already been preliminarily coined at a meeting in the UK organized 
by Micromass [8] and almost simultaneously by a trademark of the 
biotech company BioVisioN (Hannover, Germany). From the lat-
ter, an abstract of a talk at the ABRF conference “From Singular to 
Global Analyses of Biological Systems” in February 2000 [9] was 
first to generally publish the concept of peptidomics. Technologically, 
it is closely related to proteomics which is more widely used, but 
although principally based on the same instrumentation peptido-
mics requires different analytical approaches from those used in 
conventional bottom-up proteomics and also needs different know-
how [10]. Such kind of know-how was developed intensively in 
parallel to proteomics activities, after the breakthrough in biological 
MS given by the inventions of electrospray [11] and and matrix-
assisted laser desorption/ionization (MALDI-) MS [12] in the late 
1980s. In the following, this has included the ability of MS to 
largely replace N-terminal Edman sequencing [13] by tandem MS 
methods [2, 3], similar to proteomics [14].

It took until 2005 that the term peptidomics (or peptidomic 
or peptidome), developed in Europe and Japan, received a wider 
acceptance (Fig. 1). Since then, these terms have been used in 
more and more publications. PubMed searches reveal a total of 
around 1200 publications until the end of 2016. A few confer-
ences, special issues, and books have been dedicated to peptido-
mics (e.g., [15–18]). For 2010 and every year since 2012, at least 
100 full papers are listed on PubMed with continuous increase of 
the average output (Fig. 1). Despite the current increase in inter-
est, there has been a lack for an updated volume covering the spe-
cific experimental needs of this new research area especially 
concerning the adjusted analytical strategies and methods and the 
development in different areas of applications.

Peptides are present in large numbers and in varying 
amounts in all human body fluids, cells, and within tissues. They 
have many physiological functions, for example, as hormonal 
messengers, cytokines, antimicrobial agents, and protease inhib-
itors. The molecular form of these bioactive peptides usually 
cannot be directly predicted from the genome sequence as these 
are liberated by specific multistep processing pathways (covered 
in depth in several monographs, e.g., [19–22]). Moreover, 
many more peptides serve as “information carriers” reflecting 
the status of parts of or even an entire organism since they are 
generated as a result of such metabolism, or more unspecific 
proteolytic degradation of larger proteins by different types of 
peptidases. The last aspect gave rise to their name (from greek 
peptos, peptein-digested, to digest). Peptides themselves usually 
show no enzymatic activity. There is still no clear-cut definition 

Michael Schrader
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for a peptide if compared to a protein. The current IUPAC defi-
nition for peptides [23] states “Peptides are amides derived 
from two or more amino carboxylic acid molecules (the same or 
different) by formation of a covalent bond …,” in principle 
including proteins as large peptides. The former IUPAC defini-
tion named a boundary for proteins: “Naturally occurring and 
synthetic polypeptides having molecular weights greater than 
about 10,000 (the limit is not precise)” [24]. This rather diffuse 
boundary results from the inherent overlap in molecular behav-
ior of big peptides and small proteins. A somewhat fitting char-
acteristic is the tertiary structure of proteins that typically 
consists of several secondary structure elements that allows for 
a specific biological function and the possibility to denaturate to 
a diversity of stable but inactive isoforms. For this review, the 
term peptide shall be applied in the range of 0.1–10 kDa and 
may sometimes include entities up to 15 kDa. In this respect, 
peptidomics complements the analysis of proteomes and other 
biochemical repertoires (Table 1) with several special character-
istics due to the biochemical properties and biological condi-
tions for peptidomes.

Fig. 1 Number of full papers in peptidomics cited in PubMed per year and gliding average for two consecutive 
years, respectively (2001–2016). Search terms (peptidome* or peptidomic* or neuropeptidomic* or neuropep-
tidome* or immunopeptidome* or immunopeptidomic*) not peptidomet*

Development and Applications of Peptidomics
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2 Peptidomics as a New Research Area

Bioactive peptides have been studied for over 100 years, ever since 
Bayliss and Starling found secretin in intestinal extracts [25]. This 
discovery led to a search for other members of this new class of 
signaling molecules named peptide hormones that when released 
from one tissue could excite or stimulate organ function in a differ-
ent location. Many other peptide hormones were discovered using 

2.1 Historical Origin 
Is the Discovery 
of Peptide Hormones

Table 1 
Comparison of main molecular repertoires addressed by “-omics” technologies with respect to their 
analytical characterization (with approximations for human biochemistry)

Biochemical 
repertoire and 
molecular basis

Diversity in humans 
(estimated number of 
molecular entities)

Current 
analytical 
coverage of 
molecular 
identities

Approximate 
half-life of such 
molecules in 
human body

Specificity of a 
single analyte 
to a single gene

Genome (DNA) Intermediate (2 × 104) Completed 
[319, 320]

Months to years Highest

Transcriptome (RNA) High (>several 104, incl. 
splicing)

Practically 
complete 
[319, 321]

Hours Very high

Proteome (proteins) High (>many 104, incl. 
isoforms and PTMs)

Almost 
complete 
[320, 321]

Hours to weeks Very high

Peptidome (peptides) Very high (»many 104, 
incl. PTMs and 
truncations)

Mainly 
incomplete 
(own 
estimate)

Minutes to days Intermediate to 
very high, 
depending on 
number of 
amino acids

Metabolome 
(heterogeneous 
repository of 
compounds with 
low molecular mass)

Intermediate(>several 
104, with very diverse 
composition)

Substantial part 
completed 
[322, 323]

Diverse, 
depending on 
chemical 
nature

Low to no link, 
depending on 
type of 
molecule

Lipidome (lipids) High (>several 104) Mainly 
incomplete 
[324]

Minutes to days No link

Glycome 
(carbohydrates, 
glycans)

Very high (>several 104) Mainly 
incomplete 
[325]

Hours to days No link

Peptides are thus one of the most complex and challenging classes of biomolecules, still mainly a terra incognita, even 
in the human body. The peptidome is rapidly changing in time, with single peptides comprising relatively high specific-
ity, being thus ideal signaling molecules as well as potential biomarkers which are directly linked to a protein precursor 
and subsequent gene [4]
PTM posttranslational modification

Michael Schrader
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a similar approach in which a biological activity was traced to purify 
a new substance. After that, amino acid sequencing revealed the 
identity of the underlying bioactive peptide. Several of these dis-
coveries resulted in Nobel Prizes; for example one was awarded in 
1923 in Physiology or Medicine, divided between Banting and 
MacLeod, for the discovery of insulin [26]. The respective novel 
scientific insights of how the body communicates internally, locally 
between cells, and especially via the bloodstream between distant 
cells and entire organ systems were groundbreaking. Similar meth-
ods were used to discover peptide neurotransmitters and peptider-
gic neuromodulators, collectively termed neuropeptides.

Despite knowledge of its existence, it took more than 50 
years to determine the exact molecular nature of secretin and 
publication of its sequence containing 27 amino acids (3 kDa), 
arranged as a linear chain [27]. The much more complex 
sequence of insulin (6 kDa, 51 amino acids, 3 disulfide bonds) 
could be characterized even one decade earlier [28, 29] because 
of the availability of sufficient amounts of insulin isolated from 
animals for pharmaceutical purposes; however, it took about 10 
years to resolve. Optimized analytical methods developed at 
that time were amino acid analysis [30] and N-terminal 
sequencing [13]. The main problem was the necessity for puri-
fication of substantial amounts of a pure molecular compound 
to perform these analyses. Therefore, up to tons of tissues had 
to be extracted and further fractionated over several steps fol-
lowed by laborious bioassays to subsequently localize the hor-
mones of interest [31]. Proctolin, the first insect neuropeptide 
for example, was purified from 125 kg of whole cockroaches to 
yield approximately 180 μg of this pentapeptide [32]. The out-
standing prerequisite for isolation of almost all early discoveries 
of peptide hormones was the availability of enough starting 
material to pass through several purification steps. This can be 
attributed to the generally small concentrations of single-pep-
tide hormones because of their rapid turnover and the over-
whelming amounts of surrounding housekeeping proteins with 
similar chemical nature and huge numbers of other peptides.

Several researchers characterized peptides present in biological 
samples using upcoming analytical tools without primarily focus-
ing on biological activity. In the early 1980s, Mutt, Tatemoto, and 
colleagues purified peptides from pig intestine. They replaced bio-
assays for the first time by screening for the presence of a C-terminal 
amide group, recognizing at that time that this posttranslational 
modification is a common feature of peptide hormones [33]. 
Using this approach, several new neuropeptides and/or peptide 
hormones were identified. Such “peptide-first” approaches were 
forerunners to peptidomics studies, but cannot be designated as 
peptidomics because they followed a single structural feature.

Development and Applications of Peptidomics
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Peptidomic technology has been substantially driven by innovations 
in analytical chemistry. As bioactive peptides occur in very low con-
centrations within complex biological matrices, analytical methods 
have to be very sensitive and rely on specific sample preparation strat-
egies depending on the biological source. The complexity of verte-
brate peptidomes, for example, is extremely high and samples usually 
contain many peptidases, too. Peptide extraction from biological 
sources thus needs fast steps to avoid regular degradation ([34, 35] 
and chapter 2 in this volume). Most of the more basic information is 
spread over a multitude of publications. This book thus aims to give 
detailed current protocols for different species and specimens within 
its further chapters.

Importantly, the conceptual breakthrough in peptidomics would 
not have been possible without the inventions of ESI-MS [11] and 
MALDI-MS [12]. They almost immediately ruled out the formerly 
applied ionization by fast atom bombardment (FAB) [36] as well as 
field and plasma desorption [37, 38]. FAB-MS could be already 
applied to complex biochemical questions [39, 40]; however, all 
these ionization methods still needed nanomolar amounts of sample 
and/or long measurement times [41, 42]. Typically, MS gets more 
difficult the bigger the molecular analyte is. This depends on the dif-
ficulty in ionizing and vaporizing a big molecule without breaking 
its molecular bonds at the same time. Because of this, bottom-up 
proteomics studies cut proteins into many small peptides prior to 
MS analysis. Also, the early mass spectrometers had a rather low 
resolution (less than 1000) and a low mass accuracy compared to 
modern instrumentation (Table 2). Exact masses using isotopic pat-
terns could be generated for smaller peptides only. These advantages 
of peptides being readily accessible to MS [43] rapidly became of 
interest to a few groups analyzing peptide hormones or neuropep-
tides that had the additionally necessary know-how in analytical 
chemistry at their command (e.g., [39, 40, 44]).

The development of a large variety of high-resolution chro-
matographic media in liquid chromatography (LC), especially 
reversed phase (RP) or ion exchange (IEX), enabled improved 
purification of low-concentrated compounds from complex matri-
ces [45–50]. Even though all methods are available for long, this is 
still a critical step [51] requiring sufficient practical knowledge. 
Successful use of a two-dimensional combination of IEX-
chromatography and RP-HPLC in peptide research includes a sys-
tematic isolation of peptides from adrenal chromaffin vesicles using 
FAB-MS or ESI-MS to determine the number of peptide species in 
individual chromatographic fractions [47]. Gel electrophoresis, 
still a gold standard for protein purification, was of little need to 
separate peptides as their molecular size is too small to be separated 
with high resolution. On the other hand, the development of two-
dimensional gel electrophoresis became an important part in the 

2.2 Technological 
Origins 
from Instrumental 
Analytics

Michael Schrader
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idea to foster a comprehensive analysis of all proteins in a biological 
sample which transformed traditional protein chemistry into the 
research area of proteomics [52]. The combination of technical 
advances in separation techniques, MS, and bioinformatics made 
this possible. Potential use in the new biopharmaceutical industry 
further fostered this field enormously [53].

After many successes, biological MS was broadly used to detect 
peptides since the 1990s, soon after first publications of both new 
ionization methods. MS sensitivity now was high enough, yielding 
results within minutes while needing only picomole amounts of 
peptides [43] (Table 2). First approaches of ESI-MS combined the 
classical identification by N-terminal chemical sequencing with 
MS, especially for large peptides, such as the 10 kDa precursor of 
human guanylin [54], a 48-mer insect peptide [55], or in the iden-
tification of special sequence motifs from locusts [56]. A drastic 
increase in sensitivity of ESI-MS was achieved by the invention of 
micro- [57] and nanoelectrospray [58], allowing to generate mass 
spectra from femtomolar amounts of peptides. The latter method 
thus became a standard in peptidomics. MALDI-MS in delayed 
extraction (DE) mode [59] offered a similar sensitivity. The capa-
bility of MALDI-MS to deliver a very fast screening of hundreds of 
samples allowed a new way of assaying peptides. Its application for 
complex mixtures needed an optimization of its manually simple 
but complex combination of parallel physicochemical processes 
within sample preparation [60]. This has been applied on, for 
example, profiling of peptide moieties in marine invertebrates [61], 
spider venoms [62], or single neurons [63, 64].

In the 1990s, the analysis of purified peptide hormones and 
neuropeptides often involved MS, but final identification relied on 
N-terminal chemical sequencing. Another major breakthrough 
was necessary to propel the ideas of peptidomics: the use of tan-
dem MS (MS/MS). Gas-phase fragmentation is an inherent phe-
nomenon during energy uptake of molecules in vacuum, which can 
be ideally useful while analyzed in two-stage mass spectrometers. 
After selection of peptide ions by their mass-to-charge ratio in the 
first part of the mass spectrometer and subsequent fragmentation 
of these, a second mass analysis results in a fragment mass spectrum 
that is related to the sequence of the peptide. First examples came 
up long before peptidomics appeared, as it was possible to chemi-
cally modify peptides and interpret these directly in cases of short 
or partly known sequences [65–68]. To overcome a necessary 
chemical derivatization of the peptides, more suitable new mass 
spectrometric methods were applied using collision-induced dis-
sociation (CID) for sequence analysis [69]. Moreover, CID in 
combination with ESI-MS/MS delivered much better data with-
out the need for chemical sample preparation and a substantially 
enhanced throughput and speed of the fragmentation and sequenc-

2.3 MS 
as the Central Tool 
for Peptide 
Identification

Michael Schrader
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ing processes as well as straightforward interpretation [43, 70, 71]. 
These methods developed into the standard protein and peptide 
sequencing tool, in peptide research for example applied on pro-
teolytic degradation of a peptide hormone [72] or in neuropeptide 
discovery [73], sometimes still complemented by N-terminal 
chemical sequencing [74].

Especially the availability of MS for nonspecialists in instru-
ment development [75] and its widespread application in biologi-
cal sciences were the origins for the core peptidomic technology. 
Genomics activities in parallel generated high-quality protein 
sequence databases with SWISS-PROT as the best curated pro-
tagonist in the field (see [76] for a review). This led to the develop-
ment of dedicated software allowing automated high-precision 
identification [77–79]. Since then, proteins are thus digested into 
smaller peptides to perform proteomics experiments of tens, later 
hundreds, and today thousands of peptides per hour.

An ideal combination is the online coupling of sophisticated puri-
fication tools to mass spectrometric detection. Early analyses by 
liquid chromatography coupled with mass spectrometry (LC-
MS) demonstrated the usefulness of combining retention time 
and mass spectrometric sequence information for mixtures of 
peptides [80] in a much better way than using gas chromatogra-
phy, which required small chemically modified peptides [81]. In 
1981, data obtained with field desorption MS provided, for the 
first time, measurement of intact, chemically underivatized pep-
tides extracted from biological matrices [1]. To my knowledge, 
this was the first attempt that could actually be claimed as pepti-
domics. Retrospectively, earliest quasi-peptidomic technology 
furthermore was used to characterize frog secretions [39] or to 
determine the amino acid sequence information of opioid pep-
tides [40] as well as the sequence determination of peptides gen-
erated from proteins by enzymatic or chemical cleavage [82]. 
The liquid inlet of ESI-MS at atmospheric pressure has the clear 
advantage of its use coupled online to separations in aqueous 
phase. Application of the corresponding LC-MS methods allowed 
for the analysis of subpicomolar amounts of shorter peptides 
binding to major histocompatibility complex class I and II of the 
immune system [83–85]. These studies included quantification 
of hundreds of peptides as well as identification of many immu-
nopeptides by MS/MS and Edman sequencing and thus were in 
advance to immunopeptidomics introduced later. Other complex 
biological sources for peptides could also be resolved by ESI-
LC-MS [72]. Later studies used microbore ESI-LC-MS methods 
to quantify neuropeptides [86] and to detect and map peptides in 
human urine [87] as well as several thousands of circulating 
human blood peptides [88, 49]. Similar approaches disclosed the 
peptide repertoire of human cerebrospinal fluid (CSF) [89] or 

2.4 Peptide Profiling 
as Forerunner 
of Peptidomics
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compared different clinical samples of CSF [90]. Another study 
used ESI-LC-MS to identify known and novel neuropeptide pre-
cursors in brain extracts purified from mutant mice that lacked a 
critical neuropeptide processing enzyme [91, 73]. The LC-MS 
combination was then further developed to be operated in an 
automated mode [92].

The apparent alternative for the very sophisticated instrumental 
combination in LC-MS was an analysis by MALDI-MS. The high 
sensitivity of MALDI-MS linked with the ability to simultaneously 
display up to about hundred peptides in a single spectrum allows for 
a fast profiling of complex mixtures [93]. Together with the much 
lower interference by salts and other components compared to 
ESI-MS, peptide hormones can be detected from complex biologi-
cal mixtures with reduced sample preparation and measurement 
efforts. It thus became possible to analyze tissue preparations [94], 
single cells [61, 95, 96], and even organelles [97]. MALDI-MS 
requires a vacuum and has to be applied off-line after LC separa-
tions. However, it is a fast screening tool that can be used to exam-
ine many fractions [62, 64, 98, 99]. Therefore, it was the main basis 
in the comprehensive mapping of a large natural peptide library 
from blood filtrate [48, 88, 100]. Comprehensive analyses of body 
fluids as well as from tissue extracts regularly reported thousands of 
peptides to be present in these samples [4]. Profiling activities by 
MALDI-MS were further developed to allow for relative quantifica-
tion. First applications were the detection of molecules in spider 
venoms [62, 101]. Also, attempts had been taken to replace labori-
ous bioassays for known entities by a mass spectrometric assay [98]. 
Differential studies analyzed changes induced during the immune 
response of Drosophila [102], comparison of spectra from neuroin-
termediate lobes of individual rats [103], or screening for disulfide-
rich peptides after derivatization by carboxyamidomethylation in 
human urine [104] as well as blood filtrate [105].

Most of the studies described in this section did not use the 
term peptidomics, but most are forerunners because they described 
unbiased searches for peptides in a biological sample. While these 
early studies identified some of the peptides present in the samples, 
they were limited by the sensitivity, speed, and accuracy of the 
available mass spectrometers, and by the computers, software, and 
protein databases available at the time. Developments in these 
areas were initially made for early proteomic applications, and the 
principal concepts were adopted for use in peptidomics. Thus, a 
virtual cooperation started combining a diverse field of applica-
tions, united by a rather homogeneous set of methods.

Combining the first approaches for identification and relative 
quantification by MS, the tools for complete peptidomic analysis 
were basically ready for application [2–4, 6]. The process chain of 
peptidomics contains a combination of several steps, starting with 
the extraction of peptides and finally leading to their identification 
(Fig. 2). Their sequence could be the basis for further quantitative 

2.5 Precision 
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experiments. This has also been the order for the chapters in the 
first part of this book. It took up to the year 2001 to develop all 
comprised methods in a reproducible manner, and integrate them 
to be ready for automation, including proper data interpretation 
(for a contemporary review see [106]). A few of the most method-
ologically mature groups in peptidomics changed this order of the 
experiments in the process chain. Before identification, quantifica-
tions of a vast number of peptides are performed by different high-
throughput methods, all based on MS (see respective overview 
chapter 8 and related chapters in part II of this book). This has 
been due to the results of early applications of peptidomics on 
body fluids and also tissue extracts revealing that the vast majority 
of the identified peptides were protein degradation fragments [89, 
100, 107, 108]. It had led to an uncertainty about the scientific 
value of just “mapping” thousands of peptides in biological  samples 
which is a general question in all -omics technologies (compare 
Table 1). On the other hand, some proteolytic cleavages play very 
important roles in the activation of neuropeptides and peptide hor-
mones as well as other bioactive peptides (see for example [109–114]). 
Proteolytic processing by peptidases might be the most underesti-
mated posttranslational processing step, at least for the generation 
of peptides [115–119].

Beyond generating lists of molecular inventories, peptidomics 
expanded to include targeted approaches examining posttransla-
tional modifications (PTM) related to molecular function such as 
mentioned later for disulfides or cleavage sites of specific peptidases. 
Alternatively, single neurons were targeted for well-directed discov-
ery of neuropeptides (see [95, 120–122] and chapter 25 in this 
book). Another major improvement was the early development of 
quantification methods for peptides [123, 124], leaned on 
 techniques used for quantitation in proteomics [14]. The ability to 
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Fig. 2 Workflow of the peptidomics analytical process which is divided into five main steps involving different 
types of methods used (a comparison to proteomics is given elsewhere [10]). More experienced groups change 
the order by quantifying first to identify peptides only with relevant changes of their concentration. Mass spec-
trometric quantification is described in detail in further chapters (see chapter 8 and part II of this book)
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perform relative comparisons of levels of hundreds of peptides 
among two or more samples has intensively been further developed 
and has provided many hints as to the function of specific peptides, 
based on their regulation (see overview in chapter 8 and following 
chapters in this volume).

In peptidomics, each sequence identification has to rely on MS/
MS data of a single peptide which therefore has to be very carefully 
interpreted, most often by manual validation of the results from auto-
mated software [125] which is different to identification of tryptic 
peptides in proteomics [126–129]. It includes mass shifts by PTMs 
as well as amino acid mutations requiring a combination of de novo 
sequencing and well-directed database searches (see Subheading 4.2). 
In quantitative proteomics it is well known that different features of 
the amino acid sequence may impede or act as positive discriminators 
for successful identifications [130]. Moreover, charge distribution, 
especially for positively charged hydrophilic residues, is a classifier for 
peptides being analyzed through the electrospray process. This 
option in proteomics to focus on a limited subset of peptides that 
lead to easier identification of a protein and offer a better behavior in 
quantification is not given in peptidomics. Any single peptide of 
interest typically does not adhere to several of the favored features. 
Mass spectrometric analysis of endogenous peptides thus presents a 
number of drawbacks, especially hardly predictable ionization and 
non-predictable fragmentation patterns ([131–133] and chapter 4 in 
this book).

Posttranslational modifications are often important for biological 
function and need additional efforts in MS analysis [43, 134, 135]. 
Disulfide bonds are one important modification (see Subheading 3.2). 
Direct sequencing of such peptides by MS/MS or analysis of their 
disulfide connectivity is much more complicated [136–140] and cor-
rect quantification of these also might be an issue [141]. Disulfide 
bonds as well as N-terminal pyroglutamylation or C-terminal amida-
tion [91, 142] prevent peptides from premature proteolytic degrada-
tion and thus improve the half-life of many peptides with biological 
function. Several other PTMs such as glycosylation and phosphoryla-
tion are rather seldom described in combination with peptidomic stud-
ies [120]. Glycosylations are more often found for larger proteins, 
and phosphorylation is typical for intracellular content which is less 
frequently addressed by peptidomics, despite for some neuropep-
tides [35, 120]. The correct identification of phosphorylated peptides 
is rather difficult, although recent improvements of mass spectrometric 
technology are helping to solve this problem [143]. Terminal modifi-
cations with amides or pyroglutamylation are much easier to handle in 
this respect [91, 144, 145]. On the other hand, some less common 
PTMs difficult to analyze like palmitoylations or other lipid modifica-
tions are even seldom looked at until recent development of new MS 
methods [146]. Another very specific PTM is the isomerization of  
L- to D-amino acids which does not change the peptide’s mass and is 
thus difficult to detect by MS (see chapter 7 in this book).
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Quantification of hits in peptidomics relies on a perfect inter-
play of chromatographic separation and subsequent mass spectro-
metric quantification [106, 124, 147]. To increase specificity for a 
given analyte, additional MS/MS information is often used to 
select single peptides from complex samples like saliva [148]. 
Even more specific and accurate is the use of isotopic labeling 
where signals are partly shifted because of heavier isotopes [149, 
150]. Several chapters in this book give further explanations about 
strategies and protocols used (see especially chapters  8 and 9). 
This concept is driven by the idea that only peptides with altered 
expression or release rates are of further interest. Identification 
afterwards is focused on the sole set of these target peptides [149, 
151–153]. The throughput of the process chain is then not deter-
mined by MS/MS identification, but by MS quantification (which 
could still involve MS/MS, compare Fig. 2).

3 Applications of Peptidomics

Many of the earliest peptidomics studies were focused on pep-
tide hormones and neuropeptides, and each of these “peptido-
mic schools” started with their own specific focus and 
technology. They applied the new technology to very different 
sources, like insects [154, 155], frog skin secretions [156], ver-
tebrate tissues [124, 157] or cancer cell lines [158] and body 
fluids like blood plasma and cerebrospinal fluid [4]. The 
approaches moreover differ being targeted for specific analytes 
or biological functions or displaying completely untargeted 
analyses which are then driven by new analytical technologies. 
Nevertheless, it has persisted a small niche compared to 
 proteomics [10]. Studies of neuropeptides are such an impor-
tant part of peptidomics that neuropeptidomics became the 
most prominent subdivision introduced in 2003 [159] which 
was soon adopted by many others (reviewed by [160–164]). 
About a quarter of the chapters in this book thus address 
 current methods in this specific field, namely  chapters 2, 5, 11, 
13, 16–18 and 25.

Main targets for biological functions next to hormones and 
neuropeptides include the already mentioned antimicrobial 
peptides as well as peptide animal toxins which occur in various 
species, for example in many insects. Honeybee [165, 166], 
ants [167, 168], and other anthropods [169–173] are examples 
(see also chapters 22 and 24 in this book). Furthermore, frog 
venoms contain such peptides [174], and partly snake venoms, 
too (see [175–177] and chapter 23 in this volume). Marine spe-
cies like conus snails [178, 179] or sea anemones [180, 181] 
also secrete peptide toxins.

3.1 Studies 
of Peptide Hormones, 
Neuropeptides, 
and Other Bioactive 
Peptides
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Peptidomic techniques have resulted in numerous deeper insights into 
biological processes, much like genomics and proteomics have 
 revo lutionized modern biochemical science. Disulfide bonds are an 
especially important PTM that among other reasons stabilize three-
dimensional structures of linear amino acid chains [182]. Although 
the presence of several cysteines in small peptides is statistically unlikely, 
many bioactive peptides contain several disulfide bridges to prevent 
them from enzymatic degradation, whereas free cysteines are usually 
very seldom. There are many examples, for instance several peptide 
hormones (as for insulin [29], endothelin [183], family of natriuretic 
peptides [184]), CC-chemokines [185, 186], and antimicrobial pep-
tides (see [187–190] and chapters  21 and 26 in this book) as well as 
most animal toxins (see [175, 179, 191] and chapters 22 and 24 in this 
book) and moreover plant defense peptides (see Subheading 4.5). An 
assay using chemical modification and subsequent liquid chromatogra-
phy was developed to detect cysteine-rich peptides in tissue extracts 
before the appearance of peptidomics [192]. In a first attempt using 
peptidomics technology to screen biological fluids for such peptides, 
labeled cysteines were selectively detected by differential MALDI-MS 
to search for pairs of cysteines [105]. Using this approach, it was 
 possible to identify several new truncated variants of a known beta-
defensin in blood filtrate as well as in urine [104]. Moreover, a new 
peptide with four disulfide bridges within only 25 amino acids was 
discovered and named liver-expressed antimicrobial peptide [193]. 
However, this also pinpoints a disadvantage of the approach. Although 
a bioactivity was expected right after sequence analysis, it took years of 
additional research in different groups to elucidate the major role of 
this peptide in iron metabolism, now called hepcidin [194]. Assay 
developments to quantify this biomarker, interestingly by LC-MS, are 
still ongoing [195, 196]. Recently, further approaches have been pre-
sented to determine cysteine-rich peptides in animal venoms ([168, 
174], and chapter 22 in this book), rat brain [197], as well as plants 
(see Subheading 4.5).

As mentioned above, Mutt and Tatemoto were first with a 
chemical determination of a C-terminal amide group in peptide 
hormones instead of using a bioassay [33]. In a current peptidomic 
study, 19 C-terminally amidated peptides were identified from thy-
roid carcinoma cells, including novel bioactive peptides derived 
from the neurosecretory protein named VGF [198]. A more 
recently published approach combined an enzymatically catalyzed 
cleavage of a C-terminal glycine specifically resulting in a truncated 
and amidated C-terminus with a peptidomic analysis of the coexist-
ing α-amidated peptides and their precursors [142]. In a differen-
tial display by LC-MS the peptides exhibit similar RP-HPLC 
properties and MS/MS fragmentation patterns, but a mass differ-
ence of 58 Da. Thirteen α-amidated peptides in a mouse pituitary 
tumor cell line could thus be identified by MS/MS.

3.2 Biochemical 
Assays 
for the Discovery 
of Bioactive Peptides
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Another elegant solution was to purify biologically meaningful 
peptides by enriching with an affinity column that specifically bound 
neuropeptide processing intermediates ([73, 91], and chapter 13 in 
this book). Most neuropeptides and peptide hormones are released 
from precursor proteins by endopeptidases cleaving at sites contain-
ing Lys and/or Arg residues followed by exopeptidase removal of 
these amino acids from the C-terminus of the processing intermedi-
ates [29, 115, 199, 200]. In mice that lack the active form of the 
major exopeptidase (carboxypeptidase E), the processing intermedi-
ates accumulate and could be purified by affinity chromatography. 
Peptidomic analysis of the purified peptides resulted in the identifica-
tion of many known neuropeptides as well as several novel peptides 
from a precursor named proSAAS [73, 91]. However, as with other 
approaches given above, the finding of novel peptides in mouse brain 
did not provide direct clues as to the function, and only after exten-
sive additional research has it been determined that some of the pro-
SAAS-derived peptides play a role in feeding/body weight regulation 
and reward pathways [201, 202]. As an alternative, Sasaki et al. used 
a brief exocytotic stimulus on cultured endocrine cells which resulted 
in successful identification of many peptide hormones ([203] and 
chapter 3 in this book), later combined with a calcium assay [204] or 
applied to primary cultured rat cardiac fibroblasts [118]. Further 
approaches using the combination of peptidomic technology with 
the interaction of specific proteases have revealed intracellular pep-
tides released by proteasomes or unknown pathways and preferred 
processing sites of peptidases [205]. The latter has been demon-
strated by screening a neuropeptidome to characterize the substrate 
specificity of an extracellular matrix-bound metallocarboxypeptidase 
[206]; for applications related to metalloendopeptidases see chapter 
6 in this book. Similar approaches were used in a comprehensive 
peptidomics analysis of dipeptidyl-peptidase 4 activity in rat plasma 
[207] or in kidneys from mice lacking this enzyme [208].

A biomarker is defined as “a defined characteristic that is measured 
as an indicator of normal biological processes, pathogenic pro-
cesses, or responses to an exposure or intervention, including 
 therapeutic interventions” [209]. Biomarker changes should be 
detectable in tissues and extracellular fluids, which represent the 
major link between cells, tissues, and organs of an organism. The 
peptidome as a huge source of temporary processing products is of 
special importance in this respect (compare Table 1). Prominent 
examples for peptide biomarkers are B-type natriuretic peptide 
(BNP) and N-terminal pro-BNP (NT-proBNP) which are used as 
gold standard biomarkers in determining heart failure diagnosis 
and prognosis [184].

Very early successful peptidomic biomarker discovery was applied 
on conditioned media from cancer cell lines [158, 210, 211].  

3.3 Peptide 
Biomarker Discovery
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In parallel, other academic peptide biomarker projects were facili-
tated by the introduction of a chip-based detection in a rather 
simple MALDI-MS system (SELDI: surface-enhanced laser 
desorption/ionization) by Ciphergen (USA), being applied on 
serum samples from cancer patients [212–214]. However, many 
promising results [215] soon became more and more question-
able as technical issues started to compromise the claims. The 
main difficulties were in reproducibility [216, 217] and, typical 
for non-tryptic peptides, lack of identifications [218], thus pub-
lishing only peptide mass patterns [214, 215]. Both obstacles 
were difficult to overcome with these early all-in-one systems. By 
optimizing the sample preparation protocols of MALDI-MS 
towards low variances it later became possible to better compare 
the amounts of peptides in complex samples, including appro-
priate statistical analyses (see, e.g., [219] and chapter 12 in this 
book).

Body fluids are the most important specimens in medical 
research and diagnostics. Peptidomics seemed to be a perfect 
tool for the analysis of human body fluids [6] with proper rela-
tive or even absolute quantification. Of particular interest for 
diagnostic purposes are readily accessible clinical sample sources 
such as blood plasma and serum [108, 215, 220–223], urine 
(see [224–227] and chapter 20 in this volume), cerebrospinal 
fluid [228–231], and to a lesser extent lacrimal fluid (tears) (see 
[232] and chapter 4 in this book) or saliva (see [188] as well as  
chapter 19 in this book) and sweat [119]. Unfortunately, many 
biomarker candidates have been published from peptidomic as 
well as proteomic studies which could not be validated further 
[216, 233, 234]. One bitter example is the search for biomark-
ers associated with Alzheimer’s disease which has been exten-
sively investigated, but although several biomarker hits have 
been consistently identified from different groups over the years 
[218, 228, 235–238], no clinically applicable biomarker could 
be validated so far. Technological variances for non-targeted 
discovery approaches should be below about 10% to expect a 
good chance with sets of hundreds of well-documented clinical 
samples. Very often, the most crucial factor is not the detection 
technology, but the kind, quality, and quantity of the clinical 
samples under investigation as well as study design [239, 240]. 
The search for cancer biomarkers in blood specimens has been 
an aim for many years, with many interesting results, but up to 
now no valid clinical biomarkers [216, 222, 234].

With the beginning of peptidomic analysis, great expectations 
drove the field of biomarker discovery. Hannover-based BioVisioN 
had been the frontrunner for this [4, 239], relaunched as PxBioVisioN 
in 2006, after lack of financial resources. Several followers were active 
in parallel, e.g., IriDM in Belgium (www.iridm.com) or Ciphergen 
Biosystems in the USA (acquired by BioRad in 2003) and GeneProt 
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in Switzerland (ceased operations in 2005). They all struggled with 
the general problem that identified peptides and peptidomics tech-
nology could not easily be transformed into sustainable projects or 
products (similar to most proteomics companies). Very few compa-
nies still offer peptidomics-based services today, such as PxBioVisioN 
(Hannover, Germany; www.pxbiovision.com) and some proteomics 
service providers in Sweden (www.denator.com, Uppsala) and in the 
USA (www.creative-proteomics.com, Shirley, NY).

4 Further Technological Developments and Applications

More than 15 years have passed by after the initial launch of pepti-
domics and it survived until today as one of many “-omics” tech-
nologies (see Table 1). Additionally, several technological 
developments and a rising level of awareness have led to further 
opportunities and new research groups in the field.

Principally, separation and extraction processes are mostly well 
established, however, being permanently under optimization. 
The basic methods for peptide extraction, separation, and sample 
preparation stem from the times of early protein science around 
the decades of 1950–1970, dealing mostly with enzymes. 
Nevertheless, several developments in analytical technologies, 
predominantly developed with proteomics in mind, also allow for 
new methods and procedures in peptidomics. The use of LC-MS 
has become a standard tool in proteomics as well as in peptido-
mics. Column diameters have been scaled down from 1 mm [49] 
to capillary LC columns with 75 μm in diameter and as a result 
flow rates and sample amount have decreased. With new chro-
matographic media of two micrometer or less in diameter and 
other developments, it became possible to perform separations 
with pressures above 1000 bar (UPLC) instead of around 100 
bar (HPLC) at the early days 15 years ago. The separation times 
with comparable resolution are thus much shorter now [241], 
typically used to increase throughput, and are meanwhile the 
standard LC technology for peptide separations (see for example 
chapter 18 in this book).

An interesting alternative to the use of chromatography is 
the coupling of capillary electrophoresis (CE) to MS. Although 
this has been tried early for peptides, several practical obstacles 
had to be overcome [242, 243] to match for example the salt 
load in the electrophoretic system with an electrospray source. 
A few specialized groups have optimized the use of CE-MS for 
clinical samples of body fluids [244, 225]. Two very recent 
chapters in the same series like this volume give insight into the 
necessary protocols [245, 246].

4.1 Current 
Separation Technology
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MS has undergone a tremendous development since the break-
throughs for biopolymer ionization, which is eminent regarding its 
hardware, software, or applications. All important parameters have 
been significantly improved (Table 2). Whatsoever, the use of the 
two ionization principles ESI and MALDI has been a constant to 
result in high-quality peptide analysis for almost 30 years now. 
Several new or hybrid m/z-analyzers have been developed to 
improve resolution and mass accuracy, especially for LC-ESI-MS/
MS, delivering separation, quantification, and identification at the 
same time [126, 247]. This allows for many more samples to be 
measured without manual intervention during the whole run or for 
faster analyses. MS is nowadays mainly used in the hand of groups 
without substantial own method development activities, but with 
deep knowledge about biological context. Most of the time of a 
researcher in peptidomics (and proteomics) is absorbed with data 
interpretation and statistical analyses and validation of the interme-
diate results. LC-ESI-MS also has become the main tool for quan-
tification, more and more replacing traditional approaches utilizing 
immunoassays that can lack sufficient specificity (e.g., [150, 195]). 
The necessary standardization is achieved by introduction of several 
isotopic labeling methods started with isotope-coded affinity tags in 
the year 2002 [248]. Robust quantitative mass spectrometric 
approaches [249, 250] and data mining algorithms are now that 
important and have grown so broadly [251] that several chapters in 
this volume introduce concepts, methods, and technical challenges 
thereof (see chapters  8–12 in part II of this volume).

Further development of the MS/MS process includes the 
development of new fragmentation processes to get other charac-
teristics than in CID-MS/MS to better cover sequence informa-
tion. Best complementing information delivers electron transfer 
dissociation (ETD) transferring a “soft” electron from singly 
charged anthracene anions to multiply protonated peptides to 
induce fragmentation [252] and not by introducing vibrational 
energy as in CID. Another option is the use of higher energy colli-
sional dissociation (HCD) [253]. The application of both ETD and 
HCD allow for easier or de novo sequence identification of large 
peptides [254–256]. ETD and HCD were successfully applied for 
peptidomic experiments (see for example [132, 143, 257]). A fur-
ther jump in quality of MS/MS data was introduced by the devel-
opment of the orbitrap mass analyzer, most often used after 
chromatographic separation [258]. Its substantially increased reso-
lution as well as mass accuracy combined with unprecedented speed 
allow for the rapid identification of thousands of peptides [226] or 
de novo sequencing analysis ([133] and chapters  4, 16, and 17  
in this book). The fragmentation of ions in MALDI-MS relies on 
post-source decay (PSD) originating from the high energy trans-
ferred by the pulsed laser, thus generating further fragment ions not 

4.2 Current Mass 
Spectrometric 
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seen in CID [259]. Instruments capable of tandem MS after 
MALDI need a second mass analyzer, currently often solved in a 
so-called TOF-TOF geometry. This MS/MS process includes high-
energy fragmentations [260] with further types of fragments than 
in low-energy CID-MS/MS. A special application of this is the 
direct sequence analysis of disulfide-bonded peptides [261]. 
However, a general problem which is still not overcome is the 
almost exclusive generation of singly charged ions in the MALDI 
process. It makes the interpretation very easy, but leads to a lot of 
neutral fragments that cannot be analyzed in a mass spectrometer.

A further possibility based on MALDI-MS is the discovery of 
biomarkers by mapping the spatial distribution of a diverse range 
of molecules in tissue samples. It has been developed 20 years ago 
[262], but needed extensive technological optimizations to get into 
broader application. An early review summarized the applicability for 
compounds in a mass range from 1 to over 50 kDa, thus including all 
but the smallest peptides [263]. As the identification process with 
singly charged ions from the MALDI process is so difficult, peptido-
mic applications are rare, despite the good detectability of peptides 
and their respective anatomical localization. It was demonstrated for 
the mapping of insulin contained in an islet in a section of rat pan-
creas as well as peptide hormones in a small area of a section of rat 
pituitary [262]. Further developments of the analytical process led to 
enhanced sensitivity [264], automation of tissue preparation [265], 
and rapid acquisition [266]. Although the method of MALDI-MS 
imaging (MALDI-MSI) is now used for several years, only a few 
 further reports demonstrate applicability in classical peptidomics (see 
[267–270] and chapter 17 in this volume). It seems that biomarker 
discovery with MALDI-MS imaging even with included option of 
MS/MS data is much better suited for smaller metabolites, drugs, 
and lipids [271]. Nonetheless, a few very recent papers may give rise 
to new applications of this method. One describes the successful 
determination of the spatial distribution of a plant peptidome [272]. 
Another application involves a combination of in situ peptidase his-
tochemistry with MALDI-MS imaging to specifically analyze the 
conversion of neuropeptides in native brain tissue sections [273]. 
Experimental protocols for this method are given in the chapter 17 
and also in another chapter of a recent volume in this series, focusing 
on MALDI-MSI of peptides in cryoconserved and formalin-fixed 
paraffin-embedded tissue [265].

Contrary to the field of next-generation sequencing for DNA/
RNA, peptide sequencing has not basically changed its methodology 
over the past 20 years, after superseding Edman sequencing by MS/
MS. Tandem MS is still its basis [247], however, with an increased 
automation and thus throughput that is incredible compared to the 
beginnings of peptidomics in the year 2001. This in principle allows 

4.3 Current 
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for a fast analysis of complete proteomes and peptidomes searching 
for concurrently and coordinately active biological processes. The 
idea for such a comprehensive statistical analysis has been developed 
earlier [274], but measurement times (and availability of a sufficient 
number of well-chosen biological or clinical samples) did not allow 
for a routine use. It can be expected that the understanding of 
 biological context will rise substantially especially in peptidomics 
of peptide hormones and proteolytic processing of those (see also 
chapter 5 in this volume). These processes are extremely correlated 
and lead to complex networks [163] of many peptides simultane-
ously regulated by a set of proteolytic enzymes [117].

Another important area of optimization is data processing. 
Automated MS/MS interpretation software provides a reason-
able number of identifications for peptides without any modifi-
cations from protein sequence databases, although the scoring 
parameters are largely based on proteomic, and not peptidomic, 
applications [127, 128]. Algorithms also exist for de novo 
sequencing [159, 275, 276] or other bioinformatics means 
(e.g., [254, 277, 278]), but further improvements are needed 
to allow for more and unambiguous identifications of peptides 
in organisms not listed in databases. On the other hand, next-
generation sequencing of DNA/RNA provides databases that 
allow for more and more indirectly determined protein sequence 
data that de novo sequencing of peptides might soon become 
unnecessary [133, 254, 275, 279, 280]. Nonetheless, the local-
ization of posttranslational modifications will stay an unresolved 
problem for the interpretation of MS/MS data [135]. Despite 
their principal occurrence in databases, these annotated entries 
cannot be easily searched for by existing software. This is mostly 
no problem in typical bottom-up proteomic studies as it may 
just lead to one or a few missing peptides out of a multitude 
generated by trypsin. On the contrary, in peptidomics there are 
just single peptides to be identified (see [10, 128]) which do not 
contain tryptic cleavage sites. This leads to higher failure rates 
in identifications [277]. Sometimes the whole information 
might be lost if two or more modifications are present, espe-
cially if MS/MS fragment spectra are poor or even additional 
mass spectrometric adducts (for example with sodium ions) are 
formed. This can be overcome by a combination of MS/MS 
fragmentations, bioinformatics tools, and proper interpretation 
(see [132, 133, 269] and chapter 4 in this book).

Further need for reliable data processing stems from quantita-
tive peptidomic studies. As many different methods are applied, 
data interpretation cannot always be solved by software. 
Standardizations might improve the implementation of further 
algorithms. As most groups use proteomic technologies, these will 
determine this field. Generally, there is a further need for stan-
dar dized and automated data analysis that is usually solved by the 
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peptidomics groups themselves (see overview  in chapter 8 about 
this). In parallel to the enormous amount of data generated in 
quantitative LC-MS/MS experiments, transcriptomic data may 
complement these to achieve a more holistic view in a systems biol-
ogy manner [281–284]. It can be expected that further adjust-
ments, application, and implementation of statistical algorithms, 
data mining, and visualization will be of importance for many more 
years. This is especially true for future projects aiming at peptide 
biomarkers. One promising example is a recent study of CSF pep-
tides of this year boosting the number of known CSF peptides by 
a factor of 10 to around 18,000, including several candidates 
potentially linked to neurodegeneration [231].

Approaches of so-called food or nutritional peptidomics have 
been established using peptidomic and related technologies in 
recent years [285, 286]. Milk with its high protein and peptide 
content, being body fluid and food at the same time and rather 
easily available, became the prior source for intense food pepti-
domics studies (see [287–289] as well as the chapter 15 in this 
volume). The same is equally possible for all other dairy prod-
ucts which contain lots of proteolytic fragments of milk proteins 
[290]. Food processing by fermentation is also a special focus of 
peptidomic studies of other edibles, e.g., cheese [291, 292] and 
ham [293, 294]. This kind of proteolysis mostly is rather unspe-
cific as many microorganisms are involved with different enzy-
matic activities leading to large analytical sets. Small peptides 
(2–6 amino acids) sometimes represent by far the largest cate-
gory [295]. However, these may also account for important 
properties of the foodstuff. For example, several peptides in 
cheese and other dairy products are responsible for taste as 
many appear to be bitter [296]. On the other hand, the proteo-
lytic generation of peptides may cause positive physiological 
impact as was shown years ago that bioactive peptides from milk 
proteins are liberated in breast-fed newborns by pepsin process-
ing [297, 298]. Current research and marketing activities 
address this field of bioactive food peptides and their health 
effects [286, 287].

Wine, beer, and a number of nonalcoholic beverages are other 
sources of interest for proteolytically processed proteins after fermen-
tation. Subsequent peptides may originate as fragments from proteins 
of the plant sources used. For beer, it is well known for example that 
rather big (several kDa) hydrophobic peptides with specific structures 
importantly interfere with stability of its foam [299] which is a very 
important feature for consumer satisfaction. Another study involving 
the analysis of wheat beer by LC-ESI-MS/MS characterized 167 
peptides belonging to 44 proteins; a limited number of them turned 
out to be epitopes potentially triggering celiac disease [300]. CE-MS 
has also been applied successfully to peptides in beverages [301] and 

4.4 Food 
Peptidomics
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is used as part of other omics-driven activities (compare Table 1) con-
cerned with food under the new term foodomics [302]. Another 
specific application covers for example food authentication of pro-
cessed meat products by analysis of peptides [293, 302, 303].

Next to their use in food, plants are well known as an interesting 
source for antimicrobial or toxic peptides such as purothionins from 
barley and viscotoxins from mistletoe (see [190, 304] and references 
therein). Investigation of plant peptides stating the use of peptido-
mics technology took until first publications about the arabidopsis 
peptidome in 2008 [305, 306]. Recent evidences of plant peptides 
functioning in the responses of plants to diverse environmental influ-
ences, such as stress and infection by pathogens, suggest their poten-
tial use in agrochemical and pharmaceutical applications [307]. 
There is a huge variety of bioactive medium-sized peptides from 
plants containing several disulfide bridges to resist enzymatic degra-
dation. These include cyclotides, liberated from precursor proteins 
at specific processing sites ([308, 309] and chapter 26 in this book). 
Furthermore, moss has been extensively analyzed to link peptide 
occurrence with plant metabolism ([310] and chapter 27 in this 
book).

The recent term, comprising all peptides presented at the cell sur-
face by class I and class II major histocompatibility complexes, is 
immunopeptidome. It has already been noted that mass spectro-
metric studies of this have been performed long before the term 
peptidomics was used [83, 85, 311] as the rather small peptides 
were interesting targets for MS/MS (see above). The term “immu-
nopeptidomics” was originally introduced by a group from the 
company Celera Genomics [312] upon examination of predicted 
immunopeptidomes of a number of vertebrates and nonverte-
brates after publishing the human genome. A few papers adopted 
the term, but it had disappeared during 2007–2009. It then reap-
peared in a different meaning within a comment to a paper of 
Bassani-Sternberg et al. [313] who were using MS to comprehen-
sively analyze very large peptidomes of soluble human leukocyte 
antigens and thus first applied peptidomic technologies to this 
field. This has rapidly developed into a very active research area 
and has led to more than 45 follow-up papers, including two 
 comprehensive reviews of early contributors [314, 315] and sev-
eral studies already applying this technology to clinical samples 
[316–318].  Chapter 14 gives detailed protocols for this type of 
immunopeptidomics.

Compared to proteomics, peptidomics is a rather small field gov-
erned by a number of groups with highly specialized experts. Its 
implementation has mainly been driven by technological innova-

4.5 Plant 
Peptidomics

4.6 Immuno- 
peptidomics

4.7 Concluding 
Remarks 
About the State 
of Peptidomics
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tions that comprise analytical and biochemical knowledge from 
more than half a century. This has changed now as applications are 
primarily on focus. Peptidomics today is a general toolbox allowing 
the extraction, separation, quantification, and identification of 
many peptides of interest in principally any biological or techno-
logically processed source. The analytical technologies used are 
highly automated and principally available to any biologically 
driven scientist interested in peptide research. However, proper 
results still have to rely on specific experimental protocols which 
are typically spread over many papers or even not mentioned in 
sufficient detail for nonexperts. It is hoped that the number of 
groups encouraged and enabled and thus the amount of impressive 
new data in the peptide universe will further develop with the 
diversity of new information covered in this volume. An outlook to 
the scope of these activities is given in the final chapter 28.
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Chapter 2

Brain Tissue Sample Stabilization and Extraction 
Strategies for Neuropeptidomics

Elva Fridjonsdottir, Anna Nilsson, Henrik Wadensten, and Per E. Andrén

Abstract

Neuropeptides are bioactive peptides that are synthesized and secreted by neurons in signaling pathways 
in the brain. Peptides and proteins are extremely vulnerable to proteolytic cleavage when their biological 
surrounding changes. This makes neuropeptidomics challenging due to the rapid alterations that occur 
to the peptidome after harvesting of brain tissue samples. For a successful neuropeptidomic study the 
biological tissue sample analyzed should resemble the premortem state as much as possible. Heat 
 stabilization has been proven to inhibit postmortem degradation by denaturing proteolytic enzymes, 
hence increasing identification rates of neuropeptides. Here, we describe a stabilization protocol of a 
frozen tissue specimen that increases the number of intact mature neuropeptides identified and  minimizes 
interference of degradation products from abundant proteins. Additionally, we present an  extraction 
protocol that aims to extract a wide range of hydrophilic and hydrophobic neuropeptides by using both 
an aqueous and an organic extraction medium.

Key words Neuropeptides, Brain tissue, Sample preparation, Stabilization, Heat inactivation, 
Postmortem degradation, Extraction, Electrospray mass spectrometry

1 Introduction

Neuropeptides are peptides secreted by neurons through 
 regulated routes and they commonly act on brain receptors. They 
are  produced from prohormones after cleavage by  peptidases 
such as  prohormone convertases and carboxypeptidases. They 
can act as neurotransmitters directly, as modulators of neuro-
transmission, as paracrine or autocrine regulators, or as hormones 
where they are transported by the circulatory system to target 
distant organs to regulate physiology and behavior [1]. These 
molecules are of  interest due to their diverse biological functions 
and associations in  various disease states [2].

Neuropeptidomics and proteomics share many technical aspects 
using reversed phase nanoflow liquid chromatography electrospray 
ionization tandem mass spectrometry (nanoLC-ESI MS/MS) but 
the latter mostly focuses on the characterization of in vitro digested 
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peptides from proteins. However, neuropeptides from the same 
precursor can have distinct bioactive effects; therefore it is desirable 
to characterize the  undigested, native neuropeptides with preserved 
 posttranslational modifications. In these analyses, it is extremely 
important that the analytes measured reflect the actual in vivo con-
centrations as closely as possible.

Following tissue sampling, significant alterations occur to 
the proteome and the peptidome due to a rapid release of deg-
radation mediators [3, 4]. Within seconds after sampling, levels 
of analytes as well as posttranslational modification can change, 
so they do not reflect their in vivo state anymore and important 
biological information is lost [5]. The proteolytic degradation 
affects the peptidomic analysis either directly by proteolytic 
cleavage of analytes of interest (Fig. 1), or indirect by signifi-
cantly increasing the complexity of the sample by degradation 
of highly abundant proteins.

Fig. 1 Postmortem time effect on the relative levels of neuropeptides. (a) Proopiomelanocortin-derived peptide,  
(b) beta-endorphin, (c) CLIP, and (d) phosphorylated CLIP. Mouse brain tissue (hypothalamus) was investigated 
with different postmortem intervals (n = 4). The control group was sacrificed by focused microwave irradiation 
(0 min). Three groups were sacrificed by cervical dislocation and kept in room temperature (22 °C) at different 
time intervals, 1, 3, and 10 min, respectively, and the brains were subsequently irradiated by focused micro-
waves (from reference [5])

Elva Fridjonsdottir et al.
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Heat stabilization prevents post-sampling proteolytic activity by 
denaturating the proteolytic enzymes and is an effective tool to avoid 
these complications [6]. It should be performed prior to any other 
post-sampling handling procedure and the postmortem time should 
be kept to a minimum to give the most effective result. Microwave 
irradiation can raise the temperature to 90 °C within a few seconds, 
inducing the rapid denaturation of proteins and inactivation of pro-
teases [3]. However, the morphology of the samples can change and 
the heat distribution can be uneven throughout the sample [7]. 
Another, approach is to apply heat stabilization with the Denator 
Stabilizor system. It is a sample inactivation instrument for instant 
fixation of tissue designed for neuropeptidomics [4]. This instrument 
provides a controlled and uniform heat transfer to the sample for the 
time needed to reach 90 °C and can preserve the morphology of the 
sample. It can be performed either directly on fresh tissue or on 
 frozen tissue [8] and it preserves posttranslational modifications 
like phosphorylations [4]. When comparing denatured samples with 
non-denatured samples, the number of candidate neuropeptides 
increases in denatured samples and background interference caused 
by degradation of abundant proteins is minimized [4, 6] (Fig. 2).

Extraction procedures for neuropeptidomics should aim to 
extract a diverse range of peptides, preserve posttranslational modifi-
cations, and still be as simple and efficient as possible. An extraction 
in aqueous acetic acid has been used in many neuropeptidomic stud-
ies with consistent and reproducible results in peptide identification 
and quantitative analysis [9–13]. However, neuropeptides have 
diverse physicochemical properties and vary a lot in molecular weight. 
Shorter peptides are often hydrophilic but as their length increases 
they become less soluble in water, complicating the extraction of lon-
ger peptide chains in aqueous solutions. In aqueous solutions larger 
peptides might also adsorb to autosampler vials or LC-tubing. With 
a higher concentration of organic solvent these effects diminish and 
extraction and storage of the hydrophobic peptides is improved but 
the recovery of smaller peptides is negatively affected [14]. Consi-
dering these complications, a two- step extraction that starts with an 
aqueous extraction followed by an organic extraction seems to be an 
appropriate procedure that covers a wide range of peptides. Zhang 
et al. [15] presented an approach where the aqueous fraction was 
extracted first, followed by extractions with 20% and then 50% meth-
anol. This resulted in increased numbers of identified peptides and 
allowed identification of hydrophobic and larger peptides previously 
unreported in neuropeptidomic studies [15].

Here, we describe a stabilization protocol for frozen brain tissue 
samples and an extraction protocol for neuropeptides. The extraction 
is divided into two parts; first an aqueous acidic extraction and then 
an extraction in methanol to increase the extraction efficacy of hydro-
phobic peptide chains. A centrifugal filter device is used to separate 
 molecules larger than 10 kDa from the peptides. The aqueous and 

Brain Tissue Sample Stabilization and Extraction Strategies for Neuropeptidomics
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organic phases are collected separately. The two solutions can be 
 analyzed in two separate nanoLC-ESI MS/MS analyses or they can 
be analyzed in the same analysis either by mixing the solutions prior 
to injection, or they can be mixed on the pre-column by injecting the 
organic fraction first and then the aqueous fraction.

2 Materials

 1. The heat stabilizer system (Stabilizor, Denator) consists of the 
Stabilizor T1 instrument and Maintainor sample cards. The 
heat stabilizer instrument has a conductive heating unit in its 
core. It is a benchtop instrument that needs no special inputs. 
The sample cards hold the sample between two thin Teflon- 
based plastic films.

 2. Spatula to handle tissue samples.
 3. 1.5 mL microfuge tubes with low protein binding.
 4. 50% (v/v) methanol in water to wash sample cards.

2.1 Stabilization 
with Heat-Induced 
Denaturation

Fig. 2 Number of detected peptides derived from degraded proteins. Comparisons were made between snap-frozen 
mouse brain tissue (black), stabilized fresh tissue (orange), stabilized frozen tissue (red), and in vivo fixed tissue by 
focused microwave radiation (blue). The analysis was carried out by nanoLC-ESI-MS (n = 4). Enzyme proteolytic 
activity was inhibited in the stabilized and in vivo fixed samples. This is shown by a significantly larger number of 
detected peptides in the snap-frozen samples compared to the stabilized fresh and frozen samples and in vivo fixed 
samples (*p < 0.05, **p < 0.01). The study demonstrated that rapid neuropeptide and protein postmortem changes 
occurred within minutes in brain tissue (modified from reference [4]). Hence, one should not assume that the more 
peptides identified, the better the results, but instead, this might be an indicator for high postmortem proteolytic 
activity. Van Dijck et al. compared microwave heating to two different freezing methods and concluded that freezing 
in liquid nitrogen was the best method due to higher numbers of identified peptides and better reproducibility [13]. 
However, a better assessment of sample quality and integrity would be to search for markers of sample degradation, 
such as peptides derived from abundant proteins, e.g., hemoglobins, tubulins, dynamins, heat shock proteins, actins 
[4], α-synucleins, and stathmins [5]. A low number of these peptides would be an indicator for a high quality sample 
that represents the true biological in vivo peptidome more closely

Elva Fridjonsdottir et al.
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 1. Acetic acid extraction solution (AAS) 0.25% (v/v) acetic acid 
in water. Use LC–MS grade water and liquid acetic acid of 
≥99.7% purity (see Note 1). Prepare the solution and cool on 
ice prior to extraction.

 2. Methanol, liquid chromatography grade.
 3. Homogenizer: Microtip sonication rod with about 2.2 mm 

diameter tip (we use Vibra-Cell, Sonics).
 4. A refrigerated centrifuge that can achieve 14,000 × g and 

accommodate 1.5 mL microfuge tubes.
 5. Centrifugal filter device (referred to as spin-filters): The device 

consists of two components, a sample reservoir with a nominal 
10 kDa cutoff membrane and a filtrate vial (see Note 2). We 
use Microcon centrifugal filters for protein purification (EMD 
Millipore).

 6. Methanol and distilled water to wash the sonication tip.

3 Methods

A proper experiment should have as little variation as possible 
between preparations of various samples. Hence, it is important to 
plan the sample preparation thoroughly. When preparing a large 
number of samples, divide them into batches that can be com-
pleted in one working day. This protocol describes step by step 
how to use the heat  stabilizer system for thermal stabilization of 
frozen brain tissue samples (see Note 3). Whole brain or dissected 
structures that fit into the sample card chamber can be treated 
according to this protocol (see Note 4).

 1. Label all 1.5 mL low-bind microfuge tubes carefully, one tube 
per sample. Weigh them and store on dry ice while performing 
the stabilization.

 2. Transfer frozen samples from −80 °C freezer to dry ice  
(see Note 5). Keep the samples frozen until they are inserted 
into the instrument.

 3. Turn on the heat stabilizer instrument. Wait while the system 
starts up and the thermo plates reach 95 °C and the wait but-
ton changes to start. Select an appropriate method for frozen 
samples (see Note 6).

 4. Open up the sample card 180° and cool on dry ice. Transfer 
the frozen brain tissue with a chilled forceps or spatula to the 
middle of the sample chamber. Close the card and press gently 
with fingers around the plastic edges on the sample chamber to 
tighten it (see Note 7). It has to be closed airtight prior to 
insertion into the heat stabilizer instrument.

2.2 Materials 
for Extraction 
of Neuropeptides

3.1 Heat 
Stabilization of Frozen 
Tissue Samples

Brain Tissue Sample Stabilization and Extraction Strategies for Neuropeptidomics
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 5. Put the sample card in the sample slot in the heat stabilizer 
instrument.

 6. Press start directly to initiate the heat treatment.
 7. The sample card is ejected from the instrument at the end of 

stabilization.
 8. Immediately after stabilization, remove the sample card from 

the slot and cover it with dry ice. Wait for 30 s for it to 
freeze. Open up the sample card and use a chilled spatula to 
loosen the sample and transfer it to a pre-weighted 1.5 mL 
low-bind microfuge tube stored on dry ice (see Note 8).

 9. Weigh the tubes and record the weight of the tissue. Store the 
sample at −80 °C until further preparation or continue with 
homogenization and extraction directly.

It is important to plan the extraction procedure thoroughly before 
starting the extraction, and divide samples into batches if neces-
sary. Calculate the amount of volume to be added to each sample, 
with respect to the weight of the sample (steps 2, 9, and 13 show 
the volume of each extraction solution to be added per mg tissue 
(see Note 9)). Set up the equipment needed for homogenization. 
Set the centrifuge to 4 °C. Prepare 0.25% AAS and put it on ice to 
cool along with methanol. Bring the heat-stabilized samples on dry 
ice. All handlings should be performed on regular ice.

 1. Prepare two spin-filters per sample, one for aqueous extraction 
(spin-filter 1) and one for organic extraction (spin-filter 2)  
(see Note 10). Put the sample reservoir into the filtrate vial. 
Add 300 μL of 0.25% AAS to the sample reservoir and centri-
fuge at 14,000 × g and 4 °C for 1 h (see Note 11).

 2. Add 7.5 μL of cold 0.25% AAS per mg tissue to the low bind-
ing microfuge tube containing the sample.

 3. Homogenize with a Microtip sonication rod for 30 s (see Note 
12). Wash the sonication tip between each sample by rinsing 
first with methanol and then water.

 4. Store the sample on ice until steps 2 and 3 are completed for 
all samples.

 5. Centrifuge the samples for 40 min at 14,000 × g and 4 °C to 
separate insoluble material.

 6. Transfer the supernatant to spin-filter 1. Save the pellet and 
store on ice; it will be used in the organic extraction (step 9).

 7. Place the spin-filters in the centrifuge and filter the superna-
tants by centrifugation for 90 min at 4 °C and 14,000 × g 
(see Note 13).

 8. After filtration, the samples in the filtrate vials are ready for 
nanoLC-ESI MS/MS analysis and should be frozen immedi-
ately on dry ice and stored at −80 °C (see Note 2).

3.2 Extraction 
of Neuropeptides 
from Heat Stabilized 
Brain Samples

Elva Fridjonsdottir et al.
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 9. To the remaining pellet from step 6, add 3 μL of cold 0.25% 
AAS and 0.75 μL of methanol per mg tissue (20% methanol 
extraction).

 10. Homogenize by sonication as described earlier (step 3).
 11. Centrifuge the samples for 40 min at 14,000 × g and 4 °C.
 12. Transfer the supernatant to spin-filter 2. Keep the spin-filter on 

ice, an additional portion of supernatant will be added to it in 
step 16.

 13. Add 1.87 μL of cold 0.25% AAS and 1.87 μL of methanol per 
mg tissue to the pellet (50% methanol extraction).

 14. Homogenize by sonication as described earlier.
 15. Centrifuge the samples for 40 min at 14,000 × g and 4 °C.
 16. Transfer the supernatant to spin-filter 2.
 17. Place the spin-filters in the centrifuge and filter the pooled 

supernatants by centrifugation for 90 min at 4 °C and 
14,000 × g.

 18. After filtration, the samples in the filtrate vials are ready for 
nanoLC-ESI MS/MS analysis and should be frozen immedi-
ately on dry ice and stored at −80 °C (see Note 2).

4 Notes

 1. To avoid contamination, do not pipette directly from the 
bottle.

 2. The 10 kDa cutoff spin-filter collects all soluble material with 
molecular weight larger than about 10 kDa. While the flow 
through is used for peptidomics studies, the retained material 
can be used for potential proteomic studies. The >10 kDa frac-
tion can be collected by turning the filter upside down in a 
fresh vial and spun for a few minutes. Store it in −80 °C until 
further preparation.

 3. This protocol can also be used on fresh tissue directly after 
sampling. In that case, make sure that everything is ready 
for stabilization before euthanizing the animals and collect-
ing tissue. It is important to keep the postmortem time 
prior to stabilization as short as possible and consistent 
between samples.

 4. For reference, a whole rat brain fits into the sample chamber 
but larger tissue samples may need sectioning prior to insertion 
into the heat stabilizer.

 5. The instrument is designed to treat samples between −78 °C 
and +20 °C [16]. Samples frozen in liquid nitrogen need to 
equilibrate on dry ice or at −20 °C before insertion into the 
heat stabilizer.

Brain Tissue Sample Stabilization and Extraction Strategies for Neuropeptidomics
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 6. The quick frozen method will give very rapid heating by 
compressing the sample. It is convenient for small tissue 
samples but the compression affects the morphology of 
larger samples. Choose the frozen-structural preserve 
method to prevent morphology changes; it will take longer 
time to stabilize but the structural integrity will be pre-
served. When stabilizing fresh tissue select a method for 
fresh tissue, the same principle applies for these methods.

 7. If the sample card stays on dry ice for more than 1 min it 
can freeze. Thaw it slightly with fingers on the plastic 
edges around the sample chamber and make sure it is thor-
oughly closed. At the same time, try to minimize the air in 
the cavity between the foils by pressing them inward 
toward the sample.

 8. Each sample chamber can be used at least three times. Wash 
the sample chamber with 50% methanol between samples.

 9. 7.5 μL of extraction solution is added per mg sample. In quan-
titation analysis it is important to keep this volume exact for all 
samples. In the aqueous extraction the whole volume (7.5 μL) 
is added at once. In the organic extraction the volume is added 
in two portions (3.75 μL + 3.75 μL). The resulting added vol-
ume would be the same per mg sample in both the aqueous 
and organic extractions.

 10. The resulting samples will be stored in these filtrate vials, so 
label them carefully before starting the extraction procedure.

 11. The filter membranes need to be rinsed prior to sample filtra-
tion to get rid of contaminants and ensure even filtration rates 
between samples. It is important that the membranes are not 
allowed to dry out before use.

 12. Keep the sonication tip under the surface of the solution while 
homogenizing to avoid foaming.

 13. Align the cap strap toward the center of the rotor when placing 
it into the centrifuge.
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Chapter 3

Isolation of Endogenous Peptides from Cultured Cell 
Conditioned Media for Mass Spectrometry

Kazuki Sasaki, Takashi Tsuchiya, and Tsukasa Osaki

Abstract

Media conditioned by cultured cells represent an excellent source rich in endogenous peptides. Unbiased 
mass spectrometric analysis of the constituent peptides provides an opportunity to look into proteolytic 
events such as bioactive peptide processing, membrane protein ectodomain shedding, or even regulated 
intramembrane proteolysis. If conducted on a large scale, peptidomics has the potential to pinpoint pri
mary cleavage sites. Here a method is described for isolating peptides from cultured cell conditioned media 
before mass spectrometry analysis.

Key words Cultured cells, Endogenous peptides, Conditioned medium, Solid phase extraction, 
Desalting

1 Introduction

Conditioned media, in particular from cell lines, were a starting 
material for identifying novel peptide hormones, growth factors, 
and cytokines [1–3]. In the wake of technical advances in mass 
spectrometry, conditioned media again have received attention as a 
source for identifying primary cleavage sites for peptide hormone 
processing [4], ectodomain shedding, and regulated intramem
brane proteolysis [5]. Consistent with endogenous peptides being 
prone to degradation, they are often identified in truncated forms. 
However, primary cleavage sites are highlighted by aligning seq
uenced peptides to a precursor protein sequence. In this chapter, a 
sample preparation procedure for isolating endogenous peptides 
prior to mass spectrometry analysis is provided.
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2 Materials

Cell culture is conducted with a standard technique. Use HPLC
grade water and chemicals for solid phase extraction and 
chromatography.

 1. 10cm dishes for cell culture.
 2. Hank’s balanced salt solution (HBSS) without phenol red  

(see Note 1).
 3. Secretagogue of choice (see Note 2).
 4. Cell strainer (see Note 3).

 1. Acetonitrile (ACN).
 2. Trifluoroacetic acid (TFA).
 3. Polymer sorbent solid phase extraction cartridge (we use 6 mL 

bed volume, RP1, GL Sciences, Inc., USA) (see Note 4).
 4. Elution solution (40–50% ACN, 0.1% TFA).
 5. Centrifuge tubes (15 and 50 mL).
 6. Vacuum centrifuge.

 1. Gel permeation chromatography column (such as G2000SWXL, 
21.5 mm × 300 mm, TOSOH, Japan) (see Note 5).

 2. Chromatography system with sample loop for column above.
 3. Gel permeation eluent (60% ACN, 0.1% TFA).
 4. Fraction collector for fractions of 3 mL.
 5. 100 μL microsyringe (we use Hamilton).
 6. Formic acid.

 1. TE buffer (0.5 M Tris, 1 mM EDTA, pH 8.8).
 2. Dithiothreitol buffered solution; 1 M dithiothreitol dissolved 

in TE buffer (see Note 6).
 3. Iodoacetamide buffered solution; 1 M iodoacetamide dissolved 

in TE buffer (see Note 6).

 1. Mass spectrometer, capable of MS/MS fragmentation.
 2. Mass spectrometry software for data visualization and decon

volution (usually provided by the vendor).
 3. Search engine for comparison of MS/MS data with databases 

(see Note 14), such as Mascot (Matrix Science, London).

2.1 Conditioned 
Medium Preparation

2.2 Solid Phase 
Extraction

2.3 Gel Permeation

2.4 Reductive 
Alkylation

2.5 Mass 
Spectrometry

Kazuki Sasaki et al.
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3 Methods

This protocol is for cultured cells that contain the regulated secre
tory pathway, in which secretory peptides like classical bioactive 
peptides are stored in secretory granules and await secretion in 
response to an exocytosis stimulus. Their contents are released to 
the medium within a short time period (usually in the order of 
minutes) so that secretory peptides are efficiently harvested [4, 6]. 
In contrast, this is not applicable to cells devoid of secretory gran
ules; for these cell types the protocol needs a minor modification 
(see Note 7).

 1. Grow adherent cells, cell lines or primary culture, to near con
fluency in a 10cm Culture Medium dish (see Note 8). Aspirate 
the spent medium and rinse the culture surface once with 
5 mL of prewarmed HBSS to remove components of serum 
used for culture. Attach the tip of a pipette to the internal wall 
of the culture plate and gently add the HBSS so that adherent 
cells would not be detached by mechanical force (see Note 9).

 2. Aspirate the wash solution and immediately add the same 
amount of HBSS supplemented with an equal volume of sol
vents used for dissolving secretagogues. Apply the solution 
carefully as in step 1.

 3. Return the dish to an incubator for a specified period of time 
(see Note 10). Collect the medium in a centrifuge tube chilled 
in crushed ice, then immediately add 5 mL of prewarmed 
HBSS containing the secretagogue. Incubate for the same 
period of time. Collect the medium to another tube.

 4. Let each of the recovered media go through a cell strainer and 
collect the runthrough in a new chilled tube (see Note 11).

 1. Before collecting conditioned medium, equilibrate a solid 
phase extraction cartridge Extraction with 5 mL of ACN, 
 followed by 6 mL of water. Put a threeway plug on the car
tridge’s outlet to prevent drying.

 2. Apply the supernatant to a preconditioned cartridge column. 
Add 5 mL of water to rinse the cartridge and then apply 200 μL 
of the elution solution. Discard the solution and then add 
5 mL of the same solution to elute the bound material. Eluate 
is collected in a 15 mL centrifuge tube prerinsed with the elu
tion solution (see Note 4).

 3. Cover the tube opening with parafilm, which is pierced with a 
needle to allow the solvent to evaporate. Reduce the content 
volume to less than 2 mL on a vacuum centrifuge. Freeze it at 
−80 °C and lyophilize (see Note 12).

3.1 Recovering

3.2 Solid Phase

Isolation of Endogenous Peptides from Cultured Cell Conditioned Media for Mass…
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 4. Meanwhile, equilibrate the gel permeation column with 60% 
ACN, 0.1% TFA at a flow rate of 1.5 mL/min for at least 1 h.

 5. Reconstitute the lyophilized material in 100 μL of 60% ACN, 
0.1% TFA. Apply the sample onto a gel permeation chroma
tography column via a sample loop. Twenty minutes after the 
loading, start collecting fractions every 2 min. Use fractions 
containing peptides between 1 and 10 kDa (see Fig. 1).

 6. Reduce the content volume to less than 1 mL on a vacuum 
centrifuge as in step 3. Freeze them at −80 °C and lyophilize. 
They may be subjected to reductive alkylation if necessary 
(Proceed to Subheading 3.3).

 7. Reconstitute the lyophilized material in an appropriate volume 
of 5% ACN, 0.1% formic acid. The sample is now ready for LC
MS/MS analysis (see Note 13).

 8. In case analytes are prepared from cells of endocrine or neuro
nal origin, Cterminally amidated peptides are likely to be 
identified (see Note 14). If analytes are from cells constitu
tively secreting proteins and peptides, primary cleavage sites 
for ectodomain shedding and regulated intramembrane prote
olysis are highlighted.

 1. Dissolve the powdered sample obtained in the former step 5 in 
160 μL of Alkylation TE buffer. Ensure that the pH is not 
acidic (see Note 15).

3.3 Reductive

Fig. 1 Gel filtration chromatography profiles of culture supernatant extracts from 
human medullary thyroid carcinoma TT cells before (lower trace) and after (upper 
trace) stimulation for 2 min. Arrows indicate molecular mass markers: (A) 
66,500 Da; (B) 4271 Da; (C) 1673 Da; (D) 556 Da. Fractions numbered 7–10 
were analyzed by LC-MS/MS. (Reproduced from ref. 4 with permission from the 
American Society for Biochemistry and Molecular Biology)

Kazuki Sasaki et al.
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 2. Add 4 μL of 1 M DTT buffered solution and incubate at 37 °C 
for 1 h. Keep the reaction in the dark.

 3. Mix well and add 8 μL of 1 M iodoacetamide buffered solu
tion. After an incubation at room temperature for 15 min, add 
6 μL of 17.4 M of acetic acid to terminate the reaction.

 4. Desalt the mixture with a 1 mL solid phase extraction cartridge 
as described in Subheading 3.2.

4 Notes

 1. Phenol red is abundant in culture medium and binds to a 
 column used for peptide enrichment. Avoid using media 
including phenol red, as the pH indicator interferes with pep
tide detection by mass spectrometry. Make sure to use HBSS 
containing calcium and magnesium ions.

 2. Secretagogues stimulate cells with secretory granules (e.g., 
endocrine cells) to increase peptide secretion from the com
partment. In endocrine cells, chemicals causing an increase in 
intracellular cAMP or Ca2+ levels can be best used as a secreta
gogue. Combinations of these chemicals can act synergistically 
or additively in secretion. However, do not use bioactive pep
tides, growth factors, or cytokines for stimulation, as once 
added to medium they are indistinguishable from endogenous 
peptides (unless from another species which has a slightly dif
ferent sequence and mass that is distinguishable on MS). Note 
that recombinant proteins are usually not a single entity and 
are often accompanied by fragment peptides. Addition of the 
depolarizing agent potassium chloride to a final concentration 
of 50 mM is also effective on the regulated secretory pathway. 
As for cells devoid of secretory granules, they constitutively 
release proteins and processed peptides. Their secretion is not 
usually enhanced with secretagogues.

 3. During conditioned medium retrieval, cell detachment may 
happen. Removing floating cells or clusters is best performed 
with a cell strainer. Make sure that the cleared supernatant is 
free from cell aggregates under a microscope. Use a cell 
strainer suitable for the size of target cells. In general, large 
cells are removed with a 20 μm cell strainer. Centrifugation 
does not efficiently separate cells since the conditioned medium 
is retrieved in culture condition essentially free from serum, 
which serves as a cushion in routine cell culture.

 4. In general, a 6 mL RP1 cartridge handles material from up to 
three 10cm dishes. Do not add any detergents (e.g., TX100) 
with an aim of enhancing peptide recovery, as they strongly 
interfere with mass spectrometry. For reference, a 1 mL RP1 
cartridge can hold a tissue extract from one pituitary from a rat.

Isolation of Endogenous Peptides from Cultured Cell Conditioned Media for Mass…
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 5. Gel permeation chromatography should be conducted under 
60% ACN, 0.1% TFA. This condition disrupts protein–peptide 
noncovalent interactions, thereby increasing the retrieval of 
peptides. Use a column compatible with ACN.

 6. Dissolve the agents in TE buffer. Prepare the solutions just 
before use to minimize the generation of byproducts during 
the reaction.

 7. Cells lacking secretory granules need a longer incubation of sev
eral hours. Use phenol redfree RPMI or DMEM instead of 
HBSS. Avoid using commercially available serumfree media as 
they contain large amounts of insulin and transferrin to support 
cell growth. Endogenous peptide detection would be over
whelmingly suppressed by high levels of insulin in the medium, 
including both intact insulin molecules and numerous trun
cated fragments of insulin. The same problem would occur with 
transferrin.

 8. We recommend starting with at least two 10cm dishes. Only a 
limited number of peptide sequences (less than 200) were 
identified with a single dish. Primary cultured cells pose a more 
challenge in obtaining medium as they are vulnerable to serum
free condition. It would be advisable to add specific low 
molecularweight, watersoluble agents with the ability to 
support the survival of a given cell type. In general, sodium 
pyruvate counteracts a detrimental effect of serumfree condi
tion. The media should be harvested within a few hours to 
minimize the release of intracellular peptides from degrading 
cells. Cells  cultured in suspension or grown in aggregates, such 
as iPSC  cultures, are difficult to work with. In such cases 
 identified peptide species would arise from intracellular pro
teins, including heat shock proteins, histones, keratins, and 
tubulins. Note that supernatant is not completely free from 
these components, even if it seems cleared of cell debris under 
a microscope.

 9. A single wash does not completely remove serum components, 
but extensive washings render the cells less viable and more 
likely to detach from the dish. Often encountered peptide 
 species are fragments from major serum proteins, such as 
fibrinogens, hemoglobins, albumin, alpha1antiproteinase, 
alpha2antiplasmin, and alpha2HSglycoprotein. Some of 
the m/z values  corresponding to the observed species could 
be added to a reject mass list for MS/MS.

 10. For secretory granulebearing cells, a short stimulation period 
(e.g., 2–15 min, depending on cell types) suffices. In general, 
peptides are highly prone to degradation; peptide ladders of 
N or Cterminally truncated sequences are observed even 
after a 2min exposure to cells. Exogenously added protease 

Kazuki Sasaki et al.



57

inhibitors cocktail do not work well to prevent these cleavages, 
but primary cleavage sites are not difficult to identify if pep
tides are sequenced in large numbers [5]. The most important 
thing here in mass spectrometrybased peptidomics is not to 
introduce exogenous elements, which are likewise trapped in 
and eluted from a solid phase extraction cartridge and so likely 
to interfere with mass spectrometry of the biological samples. 
Protease inactivation by boiling and heatdenature tissues are 
well established [7, 8], but do not boil conditioned media, as 
it is impossible to rapidly raise internal liquid temperature.

 11. It is recommended that collected media be immediately pro
cessed for peptide extraction without freezing. Longer storage 
of the media, either liquid or frozen, results in certain residues 
being chemically modified (e.g., methionine oxidation or 
pyroglutamylation). Such modifications of abundant peptide 
species will increase the complexity in LCMS/MS, which 
means that MS/MS scans would not be performed on species 
present in trace amounts.

 12. Store at −80 °C for at least 2 h and take care that the sample 
does not become melted before it attains a certain level of 
vacuum during lyophilization.

 13. Dissolve the material with 20–50 μL of 5% ACN to allow for 
more than two LC runs. Analytes are in most cases acidic 
because of persisting TFA. This is inevitable and unfavorable 
to some physiological posttranslational modifications (e.g., 
the acylated group of ghrelin is removed during prolonged 
storage in an acidic solution).

 14. Cterminal amidation is a posttranslational modification shared 
by many peptide hormones and bioactive peptides [9]. Supple
mentation with ascorbate is reported to enhance the conver
sion to Cterminal amidation [10]. An advantage of peptidomics 
over conventional methods is that it has the potential to find 
previously uncharacterized Cterminally amidated peptides. 
Some of these peptides have been found to have bioactive 
properties in functional assays [11–13]. Note, however, that 
we should carefully inspect MS/MS spectra to see if a seem
ingly high score reported by a search engine showed a result 
con sistent with this Cterminal modification. First, make sure 
that your software correctly reported the monoisotopic pre
cursor ion for the peptide while creating a peak list. It often 
happens that the software selects an incorrect isotopic peak as 
a monoisotopic ion, since the monoisotopic ion from a large 
peptide >3 kDa has a considerably lower intensity than other 
isotopic peaks and can be difficult to correctly identify. If the 
software selects an ion that is not the correct monoisotopic 
peak, the calculated precursor mass can differ from the real 
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molecular monoisotopic mass by 1 Da. Second, examine the 
deconvoluted MS/MS spectrum for yions, which retain the 
peptide Cterminus and so should indicate the Cterminal 
amide structure. If there is no match for yions for the putative 
amidated sequence, the search result is most likely to be false 
positive. Third, check that the precursor protein has a Gly in 
the position corresponding to the amide group—the enzyme 
peptidylglycine alphaamidating monooxygenase requires a 
Cterminal Gly which is converted into the amide group [9].

 15. The reconstituted solution may not turn basic because of a 
trace amount of TFA in the lyophilized material. If necessary, 
add 1 μL of unbuffered 1 M Tris solution.
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Chapter 4

Mass Spectrometric Identification of Endogenous Peptides

Mikel Azkargorta, Iraide Escobes, Ibon Iloro, and Felix Elortza

Abstract

Peptidomics is an emerging field focused in the analysis of endogenous peptides. Naturally occurring 
 peptides are often endogenously produced protein fragments. Cleavage of precursor proteins by proteases 
generates peptides that may gain specialized functions not ascribed to their precursors, and which could 
reflect the state of a cell under certain physiological conditions or pathological processes.

Since peptides are found in complex matrices (e.g., serum, tear, urine, cerebrospinal fluid), they need 
to be isolated from the matrix and concentrated before they can be analyzed on mass spectrometry. This 
chapter describes methods for sample preparation prior to mass spectrometry analysis. In addition, differ-
ent peptide fragmentation techniques are described which are complementary when analyzing naturally 
occurring peptides by liquid chromatography coupled online to tandem mass spectrometry.

Key words Mass-spectrometry, Fragmentation, Collision-induced dissociation, Electron-transfer dis-
sociation, Higher energy collisional dissociation, Ethyl acetate, Peptidomics, Endogenous peptides

1 Introduction

Proteolytic processing is an important post-translational mecha-
nism that increases the functional diversity of proteins, generating 
peptides that often gain specialized functions not ascribed to their 
precursors [1, 2]. These endogenous peptides have important roles 
in many biological processes [3]. Thus, their analysis is of great 
interest for a proper understanding of these events [4–6].

Mass spectrometry (MS) is the method of choice for a high-
throughput analysis of peptides [7–9]. However, unlike tryptic pep-
tides, MS analysis of endogenous peptides presents a number of 
drawbacks, including size heterogeneity and no predictable fragmen-
tation patterns, among others, that hamper their proper fragmenta-
tion and detection [10]. In addition, the analysis of natural peptides 
coming from some biofluids, such as urine or tears, may present addi-
tional issues due to the presence of interfering substances (e.g., salts, 
pigments, carbohydrates, fatty acids). In this chapter we describe the 
general approach and cover in detail some of the methods we have 
used for the successful analysis of endogenous peptides (Fig. 1) [11].
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2 Materials

Reagents that are routinely used in our lab, and therefore considered 
as reliable and useful for the protocol provided, are recommended in 
the following section. Any other source for these materials might be as 
useful as the products mentioned. However, always check that all the 
solutions and buffers are prepared using MS-grade reagents.

 1. DTT: Dithiothreitol (DTT) 1 M stock: Dissolve 0.154 g DTT 
in 1 mL Milli-Q water. Store at −20 °C in 10 μL aliquots.

 2. DTT 10 mM: Dilute a 10 μL aliquot of DTT 1 M with 990 μL 
ammonium bicarbonate (AMBIC) 100 mM. Prepare fresh  
(see Note 1).

 3. IAA: Iodoacetamide (IAA) 55 mM: Dissolve 5.14 mg of IAA 
in 1 mL AMBIC 100 mM. Prepare fresh.

 4. Trifluoroacetic acid (TFA).
 5. TFA 0.1%: Dissolve 1 mL TFA in 999 mL Milli-Q water.
 6. Acetonitrile (ACN).
 7. Speed Vac: Rotational-Vacuum-Concentrator (such as RVC 

2-25, Christ).

2.1 Sample 
Preparation

Fig. 1 General scheme of the steps used in the mass spectrometric identification of endogenous peptides

Mikel Azkargorta et al.
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 8. Reverse Phase Microcolumns: Zip Tip with 0.6 μL resin C18 
(such as Agilent OMIX C18 pipette tips, 2–10 µL).

 9. Ethyl acetate LC-MS grade.
 10. Optimal quality water LC/MS.
 11. Ammonium bicarbonate (AMBIC) 99.5%.

 1. Formic acid (FA), product code 28905.
 2. FA 0.1%: Dissolve 1 mL FA in 999 mL Milli-Q water  

(see Note 2).
 3. Acetonitrile (ACN).
 4. Glass vials.
 5. Ultraperformance liquid chromatography (UPLC) system 

(such as NanoAcquity, Waters).
 6. Reversed-phase UPLC column for peptide separation (such as 

Peptide BEH C18 nanoACQUITY 10K psi, 130 Å, 1.7 μm, 
75 μm × 200 mm, 1/pkg, Waters).

 7. Reversed-phase UPLC trapping column (such as Peptide 
Symmetry C18 Trap Column, 100 Å, 5 μm, 180 μm × 20 mm, 
2G, V/M, 1/pkg, Waters).

 8. Stainless steel mass spectrometry emitters (such as Thermo 
Scientific).

 9. Mass spectrometer for large-scale proteomics (such as LTQ 
Orbitrap XL ETD Mass Spectrometer, Thermo Scientific).

 10. Ultrasonic cleaning bath.

3 Methods

Prepare all solutions using Milli-Q water (18 MΩ cm at 25 °C) and 
MS-grade reagents. Prepare and store all reagents at 4 °C (unless 
indicated otherwise) and follow all waste disposal regulations when 
disposing waste material.

 1. Add to the sample a solution of DTT to a final concentration 
of 5 mM in 100 mM AMBIC solution, and incubate at room 
temperature for 30 min (see Note 3).

 2. Add a solution of IAA to a final concentration of 25 m. Incubate 
at room temperature for 30 min in the dark (see Note 4).

 3. Add a solution of DTT to a final concentration of 5 mM in 
100 mM AMBIC solution, and incubate at room temperature 
for 30 min.

 4. Eventually, and depending on the origin of the sample, the use of 
ethyl acetate extraction can be a useful strategy for the purification 

2.2 MS Analysis

3.1 Sample 
Preparation
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62

of peptides (see Note 5). For this purpose, an adapted protocol 
derived from the protocol described by Yeung et al. [12, 13] will 
be briefly described.

 (a)  Ethyl acetate stock solution preparation: Mix approximately 
10 mL water and 80 mL of ethyl acetate (see Note 6). 
Shake the contents vigorously for 1 min so that the water 
breaks into tiny droplets in the ethyl acetate and let the 
bottle rest on the work bench for 10 min. Repeat the pro-
cedure two more times. Allow the bottle to rest until a 
clear layer of ethyl acetate forms on top of water (at least 
30 min). Use the clear upper layer of ethyl acetate for 
extraction.

 (b)  Ethyl acetate separation: Bring the sample to a final volume 
of 100 μL using Milli-Q water. Add 1 mL of water-saturated 
ethyl acetate to the peptide solution. Vortex vigorously for 
1 min and centrifuge at 15,600 × g for 15 s. Aspirate and 
discard the upper ethyl acetate layer in a laminar flow cabi-
net (see Note 7). Repeat this procedure five times.

 5. Dry vacuum the samples and resuspend them in 10 μL FA 
0.1%. Sonicate 5 min in the ultrasonic cleaning bath.

 6. Reversed-phase separation protocol: Flush the tip with 10 μL 
ACN two times. Flush the tip with 10 μL FA 0.1% two times. 
Load the sample by taking and discarding 10 μL. Repeat this 
last step ten times (see Note 8). Wash the peptides once with 
10 μL FA 0.1% (see Note 9). Elute the peptides using a solution 
containing [70:30] ACN/3% FA. For this purpose, take 10 μL 
of the eluting solution and release them in a clean microfuge 
polypropylene tube. Pipette up and down this volume ten times 
in order to release the sample completely from the tip.

 7. Dry vacuum the samples. Samples can be stored at −20 °C.

 1. Resuspend the sample in 10 μL 3% FA. Sonicate for 5 min in 
the ultrasonic cleaning bath.

 2. Put the resuspended sample in a vial and load the sample into 
the mass spectrometer (see Note 10).

 3. Peptides are separated on the UPLC system using a combina-
tion of reversed-phase trapping and separation columns.

 4. The recommended chromatographic gradient is performed at 
a flow rate of 0.3 μL/min that includes the following steps  
(see Note 11):

Time (min) A (%) B (%) Flow (mL/min)

0 97 3 0.3

60 60 40 0.3

61 15 85 0.3

3.2 Sample Load onto  
the Chromatographic  
System
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Time (min) A (%) B (%) Flow (mL/min)

70 15 85 0.3

72 97 3 0.3

90 97 3 0.3

A: FA 0.1% in H2O
B: FA 0.1% in ACN

Given the particular properties of endogenous peptides, special 
requirements for their fragmentation might be needed. Unlike 
trypsin-digested protein fragments, C-termini of naturally occur-
ring peptides are not restricted to certain residues [10]. In addition, 
natural peptides might be larger than tryptic peptides and present 
large numbers of basic amino acids within their sequence. All this 
not only increases the heterogeneity of the sample, but also changes 
the physical properties of the endogenous peptides, affecting their 
fragmentation and further identification [14] (see Note 12).

Therefore, when available, alternatives to the routinely used 
collision-induced dissociation (CID) fragmentation, such as higher 
energy collisional dissociation (HCD) and electron transfer disso-
ciation (ETD), usually provide additional information on sample 
composition [10, 11, 15]. Moreover, specific parameters for these 
methods might be necessary for the successful acquisition of data.

However, in our experience and depending on sample origin 
and nature, default acquisition methods routinely used for the 
analysis of tryptic peptides can also be successfully used for the 
analysis of naturally occurring peptides. Thus, a preliminary char-
acterization of the sample using different fragmentation methods 
might provide very valuable information in order to define the best 
strategy for its analysis (see Note 13).

Detailed information on the acquisition parameters used for the 
identification of naturally occurring peptides in an LTQ Orbitrap 
XL ETD is provided in Tables 1, 2, 3, 4, and 5. Parameters regard-
ing survey scan (Table 1), peptide selection for MS/MS analysis 
(Table 2), and HCD, and ETD fragmentation (Tables 3, 4, and 5, 
respectively) are summarized. Parameters for both the default (used 
for tryptic peptides) and natural peptide-specific workflows are pro-
vided, since both of them have been shown to be useful for the 
analysis of naturally occurring peptides in our lab (see Note 14).

N most intense: Selection of the n most intense peptides for trig-
gering an MS/MS event. NCE: Normalized collision energy. Act 
Q: Activation Q. Act. Time: Activation time. AGC target = Automatic 
gain control target. Max. IT: Maximum injection time.

Once acquired, each of the acquisition methods (default and dedi-
cated) may require different parameters for the identification of the 
peptides. Table 6 compiles some of the most relevant parameters 
used for these database searches, such as those performed using 

3.3 MS Acquisition 
of the Endogenous 
Peptides

3.4 MS Data 
Analysis
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Table 1 
MS method parameters for the survey scan of tryptic peptides (default) and natural peptides (Nat 
pepts)

Acquisition 
method m/z range MS used Resolution AGC target

Max. 
IT (ms)

Default 400–2000 Orbi 30,000 5.E+05 150

Nat pepts 400–2000 Orbi 100,000 7.E+05 150

AGC target Automatic gain control target, Max. IT Maximum injection time

Table 2 
Parameters for the selection of tryptic peptides (default) and natural peptides (Nat pepts) for 
selection to fragmentation

Acquisition 
method Min. sign. Ch. st. sel. Isol. wdw.

Dyn. excl.  
time (s)

Dyn. 
excl. N

Default 500–1000 2 and 3a 2 m/z units 60 1

Nat pepts 1000 2 or greater 5 m/z units 2400 2

Min. sign. minimum signal required for triggering a MS/MS event, Ch. st. sel. charge state selection for MS/MS events, 
Isol. wdw. isolation window, Dyn. excl. time dynamic exclusion time, Dyn. excl. N number of MS/MS acquisitions before 
subjection to dynamic exclusion
aCharge states 2 and 3 are specifically selected for CID and HCD, whereas greater charge states are also selected for 
ETD

Table 3 
CID parameters for the MS/MS scans of tryptic peptides (default) and natural peptides (Nat pepts)

Acquisition 
method

N most 
intense MS used Resolution NCE Act Q

Act. time 
(ms) AGC target

Max. 
IT (ms)

Default 6 IT – 35 0.25 30 5.00E+04 300

Nat pepts 3 Orbi 100,000 35 0.25 30 2.00E+05 1000

Table 4 
HCD parameters for the MS/MS scans of tryptic peptides (default) and natural peptides (Nat pepts)

Acquisition 
method

N most 
intense MS used Resolution NCE Act Q

Act. time 
(ms) AGC target

Max. 
IT (ms)

Default 4 Orbi 15,000 35 0.25 30 2.00E+04 100

Nat pepts 3 Orbi 100,000 35 0.25 30 2.00E+05 1000

N Most intense Selection of the n most intense peptides for triggering an MS/MS event, NCE Normalized collision 
energy, Act Q activation Q, Act. Time activation time, AGC target Automatic gain control target, Max. IT Maximum 
injection time
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Table 5 
ETD parameters for the MS/MS scans of tryptic peptides (default) and natural peptides (Nat pepts)

Acquisition 
method

N most 
intense

Suppl. 
Act.

Charge st. 
ETD time AGC target

Max. IT 
(ms)

Fluor. AGC 
target

Fluor. Max 
IT (ms)

Default 3 Yes Yes 5.00E+04 100 5.00E+05 500

Nat pepts 2 Yes Yes 5.00E+05 1500 1.00E+06 1000

N Most intense Selection of the n most intense peptides for triggering an MS/MS event, Suppl. Act. supplemental activa-
tion, Charge st. ETD time charge state-dependent ETD time, AGC target automatic gain control target, Max. IT Maximum 
injection time, Fluor. AGC target reagent automatic gain control target, Max. IT reagent maximum injection time

Table 6 
Parameters for the Mascot search of the acquisitions obtained using the 
default and dedicated methods

Parameter Default Nat pepts

Precursor mass tol. 10 ppm 10 ppm

Fragment mass tol. 0.5 Da 0.05 Da

Dynamic mods. Oxidation (M)
Acetyl (N-term)
Amidated (C-term)
Gln → pyro-Glu (N-term Q),
Glu → pyro-Glu (N-term E)

Fixed mods. Carbamidomethyl (C)

Deconvolution No Yes

Proteome Discoverer 1.4. Importantly, the data obtained using the 
dedicated method will need a deconvolution of spectra for a proper 
identification (see Notes 15 and 16).

Figure 2 shows the two different workflows used in Proteome 
Discoverer 1.4. Each workflow consists of different nodes that pro-
vide different steps for a successful data processing and identifica-
tion of the peptides (see Notes 17 and 18).

Figure 3 shows the fragmentation spectrum of the whole thymosin 
beta-4 protein identified using a CID-based dedicated method in 
human tears. This MS/MS event led to the successful identifica-
tion of the processed form of thymosin beta 4 (except the deleted 
initial methionine) with an ion score of 147.

The complementarity of different fragmentation methods when 
applied to the analysis of naturally occurring peptides has been 
shown elsewhere [10, 11, 15]. In this regard, Fig. 4 shows unpub-
lished data on the analysis of human natural peptides coming from 
urine samples using both CID and ETD. Ten different human urine 

3.5 Results
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samples were prepared using the method described in this chapter. 
These samples were individually analyzed using a CID-based default 
method. Then, in order to increase sample coverage, these samples 
were pooled and analyzed twice using an ETD-based default 
method. Charge states greater than 2 were specifically selected for 

Fig. 2 Mass spectrometry data processing workflows for the default acquisition 
(left) and dedicated acquisition (right) within Proteome Discoverer
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Fig. 3 Spectrum for the identification of thymosin beta-4 protein in human tears using the dedicated CID-based 
method from Table 3
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this acquisition. As the Venn diagram reveals, despite the difference 
in the total number of runs, the use of ETD contributes substan-
tially to the total number of identifications, with a total of 130 
 peptides (20% of the total) uniquely identified by this method. This 
example clearly illustrates the advantage of using alternative frag-
mentation methods for the analysis of natural peptides.

The following section pinpoints some of the analyses that can be 
performed with the protein and the peptide lists obtained after the 
MS analysis.

The function of the whole protein and the function of the natu-
rally occurring peptides arising from it may not necessarily be the 
same, but the group of identified proteins can be further character-
ized through a Gene Ontology enrichment analysis. This analysis 
will provide a brief description of the processes the identified  proteins 
are involved in. For this purpose, the free online DAVID functional 
annotation tool (https://david.ncifcrf.gov/) can be a good option 
[16, 17]. Typically enrichment in Biological Processes (BP), Cellular 
Component (CC), and Molecular Function (MF) is analyzed, but 
the program provides of other interesting processes, such as KEGG 
Pathways, that can be analyzed if desired. Processes enriched with a 
Fisher’s exact test p value <0.05 are considered as significantly 
enriched, although more restrictive cutoffs, such as <5% FDR, can 
also be used for a more reliable analysis.

In addition to general analyses, there are a couple of analyses 
that may provide valuable information about protein processing 
and characteristics of the peptides themselves. Antimicrobial activ-
ity can be determined using the AMP prediction tools in the 
CAMP Database (http://www.camp.bicnirrh.res.in/) [18, 19]. 
Three machine learning algorithms for prediction of antimicrobial 
activity are available: Random Forest (RF), Support Vector 
Machines (SVM), and Discriminant Analysis (DA). Prediction 

3.6 Bioinformatic 
Analysis

Fig. 4 Overlap between the identifications provided by CID- and ETD-based 
methods for natural peptides coming from human urine samples. Ten samples 
were analyzed independently using a CID-based method. Samples were pooled 
and analyzed twice using the ETD-based method. Despite the difference in the 
effort made using each of the methods, ETD contributes substantially to the total 
number of peptides identified
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results can be displayed as the sum of the probability scores of each 
classification model, corrected by their accuracy (0.93, 0.92, and 
0.88 for RF, SVM, and DA, respectively). Highest scoring peptides 
can be considered as putative antimicrobial peptides (see Note 19). 
This putative activity should be further demonstrated in vitro.

PROSPER webserver (https://prosper.erc.monash.edu.au/
webserver.html) provides an in silico prediction of protease sub-
strates and their cleavage sites in the list of protein sequences 
 provided as a FASTA format. Twenty-four different protease types, 
covering four major protease families—aspartic (A), cysteine (C), 
metallo (M), and serine (S)—are considered in this analysis, pro-
viding information on the possible proteases that are responsible 
for the formation of the observed natural peptides [20]. However, 
considering that there are hundreds of proteases and peptidases in 
mammals, this database is not comprehensive. Most importantly, 
the website lacks many enzymes that generate peptides in various 
tissues, such as the proprotein convertases that are responsible for 
the initial cleavage of the majority of neuropeptide precursors.

4 Notes

 1. AMBIC solution does not need pH adjustment (should be 
around pH 8).

 2. Do this in glassware instead of plasticware. It is recommended 
to use dedicated glassware for this purpose so no detergents or 
any other contaminants interfere with the MS analysis.

 3. Reduction and alkylation of the sample are necessary for the 
proper analysis of peptides containing disulfide bonds. 
Disruption and inactivation of the disulfide bridges formed by 
Cys residues help this analysis and have been shown to increase 
sample coverage when analyzing natural peptides.

 4. DTT/IAA ratio may vary depending on the protocol used, 
but a relation such as the one proposed has been shown to 
work in our laboratory.

 5. This protocol was originally intended to be used for the elimina-
tion of detergents in peptide samples. However, given that some 
biofluids may contain apolar contaminants such as lipids, its use 
may help obtaining a cleaner sample. A preliminary trial may be 
useful for a proper determination of its potential advantages and 
disadvantages, since sample losses may be expected.

 6. Accurate measurement of the solution volumes is not required 
here.

 7. Care should be taken when aspirating the sample. Avoid 
touching the aqueous phase with the pipette tip.
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 8. Sample recovery may increase with the number of uptakes. 
However, ten times is the recommended number. Please take 
care of the zip-tip load limit (2 μg for the product referenced 
in this chapter).

 9. The number of washes can be increased if desired for especially 
dirty samples. However, washing the samples too much is not 
recommended since part of the sample might get lost. Optimi-
zation of the protocol with a mock sample can help defining 
the steps to be performed.

 10. Sample resuspension volume and amount to be loaded may 
depend on the starting material.

 11. The columns and gradient are illustrative. However, a linear 
gradient followed by a washing step and an equilibration step 
are needed as part of the protocol. Length of each phase may 
depend on sample load, sample complexity, and/or column 
length, among others. Adaptation to the system and optimiza-
tion are therefore needed.

 12. In addition to these inherent physicochemical particularities, 
most of the search algorithms have been developed for their 
use with tryptic peptides, limiting even more the successful 
analysis of non-tryptic samples.

 13. We strongly recommend this preliminary step, since different 
methods may provide a very different output. A preliminary 
characterization may help defining the best strategy possible. 
Use one or a few samples to define if the default or the dedicated 
methods provide a larger number of identifications. There might 
be some natural peptide samples where a default method may 
work better than the dedicated method.

 14. Further optimization of the parameters provided might be 
needed depending on the spectrometer used and the sample 
under analysis.

 15. Proteome Discoverer provides Xtract as deconvolution soft-
ware, but different options can be used for this purpose.

 16. A non-deconvoluted search can be used in order to determine 
the original charge state of the peptides identified. These 
searches will provide no identification, but will assign a charge 
state to a certain scan number (MS/MS event). Subsequently, 
a correlation between the charge state and the peptide identi-
fied in that scan can be easily performed.

 17. Default parameters are used except for the ones mentioned 
before.

 18. A decoy validation of the results is recommended, although 
depending on the sample complexity and number of MS/MS 
events and their successful identification rate, the estimation 
might not be fully accurate. Therefore, again, a preliminary 
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characterization of the sample is recommended for a conve-
nient decision.

 19. A possible cutoff for an initial selection of putative antimicro-
bial peptides can be 0.75 over the weighed probability, but the 
selection of the highest scoring results is recommended.
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Chapter 5

Bioinformatics for Prohormone and Neuropeptide Discovery

Bruce R. Southey, Elena V. Romanova, Sandra L. Rodriguez-Zas, 
and Jonathan V. Sweedler

Abstract

Neuropeptides and peptide hormones are signaling molecules produced via complex post-translational 
modifications of precursor proteins known as prohormones. Neuropeptides activate specific receptors and 
are associated with the regulation of physiological systems and behaviors. The identification of 
 prohormones—and the neuropeptides created by these prohormones—from genomic assemblies has 
become essential to support the annotation and use of the rapidly growing number of sequenced genomes. 
Here we describe a methodology for identifying the prohormone complement from genomic assemblies 
that employs widely available public toolsets and databases. The uncovered prohormone sequences can 
then be screened for putative neuropeptides to enable accurate proteomic discovery and validation.

Key words Neuropeptide, Prohormone, Homology, Bioinformatics, Cleavage, Gene prediction

1 Introduction

The increased speed and decreased cost of genomic sequencing has 
revolutionized neuropeptide identification from primarily 
 experiment- driven discovery to bioinformatics-driven genomic 
searches. Currently, the number of sequenced genomes exceeds the 
number of species that have at least one experimentally confirmed 
prohormone and neuropeptide. The advances in genomics also 
enable  neuropeptide discovery to extend beyond the specific 
 experimental system being investigated, such as a defined tissue or 
developmental stage. We have developed a bioinformatics toolset 
that can be used to uncover neuropeptides in a broad range of 
 organisms, and to predict multiple putative novel neuropeptides that 
have not been previously  characterized, even in well-studied species.

The challenge in using genomic data to discover neuropeptides 
stems from the fact that one neuropeptide gene typically encodes 
multiple neuropeptides within a larger precursor protein, which is 
referred to as a prohormone. Prohormones undergo post- translational 
enzymatic cleavage and further chemical modifications, resulting in a 
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set of shorter neuropeptides [1], all products of the same gene. The 
bioinformatics approach to neuropeptide detection follows this 
 biological process, starting with the identification of the prohormone 
sequence in the genome. The characteristic features of a complete 
prohormone protein are (1) a signal peptide at the N-terminus that 
enables the co-translational translocation of the protein into the 
secretory pathway [2], and (2) at least one cleavage site that is recog-
nized by endopeptidases that delimits the neuropeptide sequence.

Our efforts to identify prohormones and neuropeptides across 
taxa and species (e.g., human, mouse, rat, cattle, pig, chicken, song 
bird, honey bee, flour beetle, California sea slug, fish, camelids [3–10]) 
have enabled us to identify the bioinformatics steps that are critical for 
the accurate identification and annotation of prohormones in genomes. 
These steps provide reliable prohormone gene, protein sequence, and 
neuropeptide prediction across sequenced genomes, regardless of the 
degree of experimental validation. Our web application NeuroPred 
[11, 12] expedites the bioinformatics tasks and has been successfully 
used to predict the putative neuropeptides nested in these prohormone 
sequences [7–9, 11, 13]. We have combined the sequence annotations 
obtained using NeuroPred with other bioinformatics tools into the 
web portal PepShop [14] to facilitate neuropeptide and prohormone 
discovery and usage in a wide range of species. Together they provide 
important resources for the neuropeptide research community.

A major undertaking of the bioinformatics approach for detect-
ing neuropeptides is the identification of candidate prohormones in a 
target species. The availability of the species genome is not sufficient 
by itself for accurate neuropeptide identification. Many prohormone 
genes are predicted using automatized methods to annotate the 
genome assembly. However, we have demonstrated that some of 
these prohormone gene predictions encompass inaccurate features 
due to incorrect exon predictions, and some prohormones have been 
completely missed. In addition, few neuropeptides from predicted 
proteins have been manually or empirically confirmed. Accurate 
 prohormone gene prediction also benefits from comparative 
 genomics and recognition of sequence similarities between gene 
structures of evolutionarily related species because neuropeptides are 
highly  conserved across the metazoans [15].

The prohormone and peptide sequences predicted by our 
 bioinformatics approach (Fig. 1) are readily available to support 
the identification of novel peptide sequences that have been experi-
mentally detected. The symbiotic integration of bioinformatics 
predictions with robust mass spectrometry (MS) sequencing 
enables identification of candidate and novel peptides [16]. 
Sensitive and specific identification of peptides and their PTMs is 
essential to the advancement of neuropeptide research.

We demonstrated the benefit of integrating our biologically 
driven informatics approach with MS analytics to accurately predict 
prohormones and neuropeptides in the particularly challenging 
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genome of Astatotilapia burtoni, a teleost fish [4]. The  evolutionary 
ancestor of A. burtoni underwent a whole genome duplication 
event after the divergence of tetrapods and teleosts [17]. Our 
 systematic bioinformatics approach proved to be well suited for sift-
ing through sequence duplications and rearrangements to harvest 
 useful sequence information from divergent species. Throughout 
this chapter, we provide examples of our approach by describing the 
individual steps we used in that work [4] to accurately identify and 
annotate the A. burtoni parathyroid hormone family.

2 Materials

The bioinformatic identification of prohormones integrates genomic, 
transcriptomic, and proteomic information from the genomic data of 
the target species. This genomic data include the nucleic assembly, 
which is typically composed of assembled chromosomes, and scaffolds 
(genomic sequence interspersed with sections of unknown nucleotides) 
or contigs (contiguous lengths of known genomic sequence). 
Transcriptomic data include RNA and expressed sequence tag (EST) 
sequences, and proteomic data that mainly include sequences predicted 
by automated tools that are used to annotate the genome assembly. The 
National Center for Biotechnology Information (NCBI) [18] and 
ENSEMBL [19] are examples of public repositories that archive 
genome assemblies and genome, transcriptome, and protein sequences. 
These public repositories are regularly updated to include the most 
updated revisions of the genome assemblies and sequence predictions.

2.1 Genomic Data 
of Desired Species

Fig. 1 Outline of the bioinformatic steps leading to the accurate identification and annotation of a prohormone
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Evolutionary relationships are shaped in part by molecular 
 similarities at both the DNA and protein levels. Therefore, the 
prohormone protein sequences of the phylogenetically related ref-
erence species are expected to be structurally and functionally 
similar to the target species. Many of these sequences can also be 
retrieved from the Universal Protein Resource (UniProt) [20] 
and NCBI RefSeq [21] databases, albeit in a less streamlined man-
ner since these databases are not dedicated to prohormone 
sequences. These online resources serve for initial prohormone 
annotation in the target species using cross-species homology. We 
have built libraries of annotated prohormones for a wide variety of 
species, including multiple mammalian species, insects, birds, and 
mollusks, available at the NeuroPred [22] and PepShop [14] web-
sites (see Note 1). There are other online databases [23–25] that 
also include prohormone information.

 1. UniProt: https://www.uniprot.org/.
 2. RefSeq: https://www.ncbi.nlm.nih.gov/refseq/.
 3. NeuroPred: http://stagbeetle.animal.uiuc.edu/neuropred/

sequences/Sequencedata.html.
 4. PepShop: http://stagbeetle.animal.uiuc.edu/pepshop.

Essential tools for finding cross-species sequence similarities 
include routines and software for sequence alignment. Foremost 
examples of these tools are the Best Linear Alignment Software 
Tool (BLAST) [26] for pair-wise alignment of a sequence to 
 database sequences, Clustal Omega [27] for multiple sequence 
 alignment, and GeneWise [28] for gene prediction from  nucleotide 
sequences. These web-based tools are highlighted because they 
are regularly updated, do not require local installation, and 
 outputs can easily be shared, reproduced, and  replicated. 
Additional desirable features of bioinformatic  toolsets are 
enhanced functionality that simplify the steps and allow easy trans-
fer of the output from one program to serve as input for another 
program. The bioinformatics demonstration described below uses 
NCBI databases and tools because of their  comprehensive scope 
and ease of integration. These resources will be complemented 
with Clustal Omega, GeneWise, SignalP, and NeuroPred.

 1. Blast: https://blast.ncbi.nlm.nih.gov/Blast.cgi.
 2. Clustal Omega: http://www.clustal.org/.
 3. GeneWise: http://www.ebi.ac.uk/Tools/psa/genewise/.
 4. SignalP: http://www.cbs.dtu.dk/services/SignalP/.
 5. NeuroPred: http://neuroproteomics.scs.illinois.edu/neuro-

pred.htm.

2.2 Prohormone 
Protein Sequences 
of Phylogenetically 
Close Species

2.3 Bioinformatic 
Tools
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Gene/protein databases provide important information,  notably 
prohormone gene names, gene locations, and complementary 
 database accession number identifiers that need to be stored for each 
prohormone gene. The application selected to hold this sequence 
information must support the addition or update of  fundamental 
information and addendum notes, multifactorial search, and reor-
dering of current information, all within a table format. These 
 features enable the rapid discovery of previously located  prohormone 
genes and entry of new genes and similar genes. Most open-source 
or commercial spreadsheet applications (e.g., LibreOffice calc and 
Microsoft Excel) provide these abilities and offer satisfactory 
 functions, including adding new columns and sorting by features 
such start and end positions of sequence matches or alignments to 
different genome regions (see Note 2). A text  editor (such as 
LibreOffice writer or Microsoft Word) primarily enables the 
 accumulation of protein sequences in a table format that can be used 
for other  programs or searched for specific short sequences.

3 Methods

The first step in neuropeptide discovery is the identification of 
candidate prohormone genes and retrieval of the corresponding 
protein sequences. Next, thorough confirmation of these 
sequences is required via additional resources, such as other publi-
cally available sequences from desired species and trace archives 
(raw, short sequences generated by a specific genome project) and 
comparison of sequences across related species. Finally, the signal 
peptide and putative neuropeptides contained in the predicted 
prohormone sequence are calculated. A detailed description of 
these bioinformatic steps follows.

Select the phylogenetically closest species that has extensive 
characterization of the prohormone complement as the refer-
ence species. Use this reference species to generate an initial list 
of candidate prohormone that will be searched in the target 
species (see Note 3).

Arrange the prohormones from the reference species in the 
rows of a spreadsheet application table. The columns of this table 
will record the sequence accession numbers of the reference and 
target species, information on the target genome, including loca-
tion of the reference sequence matches in the target genomic 
assembly, and miscellaneous details, e.g., the completeness of the 
reference sequence in the target genome assembly.

Each candidate in the list of prohormones from the reference 
species is evaluated in the target species following the bioinformat-
ics steps shown in Fig. 1. Keep in mind that there is no single ideal 

2.4 Spreadsheet 
and Text Editor 
Applications to Record 
Findings

3.1 Create a List 
of Putative 
Prohormones
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approach to use when evaluating the candidate list; therefore, the 
 candidate prohormones are processed individually. Searches can 
benefit from concurrent evaluation of all the sequences within a 
 prohormone family because of the high sequence similarity among 
prohormone family members. This sequential processing of the 
candidate list should be amended to accommodate new putative 
prohormones that are identified in subsequent bioinformatics 
steps. Novel prohormones identified in the target species and 
incorporated in the candidate list should be searched in the refer-
ence sequence in an iterative manner.

Putative matches to the candidate sequences identified in the 
target species must be recursively evaluated before moving to the 
next candidate prohormone in the list. Information on each 
 putative match, such as gene(s) identifier, genome location(s), 
significance threshold of detection (e.g., e-value, percentage 
identity), and comments, is added to the table (see Note 4). The 
evaluation of the best match (i.e., lower e-value) between the 
candidate and target sequences must be followed by the evalua-
tion of weaker matches (within 25% of the best match). This 
extended investigation permits identification of prohormones in 
the target species that originated from duplication events. 
Additional matches identified in the target species must be 
included in the candidate list, and the table entry should be 
 completed with any new information. A candidate prohormone 
sequence is considered  complete once all of the bioinformatics 
steps in Fig. 1 have been successfully completed.

Some candidate prohormones from the reference species will 
not have matches in the target species. An example of this is the 
mammalian relaxin 1 gene that has been lost in ruminants [6]. In 
other cases the lack of a candidate on the target genome may be 
associated with reference-specific duplication events after the 
branching of the reference and target species. An example of this 
is the insulin-like 4 gene that resulted from a primate-only gene 
duplication event [29]. Any candidates without a match should 
be denoted as not being present before moving on to the next 
candidate in the list.

Our bioinformatics approach was used to identify the A. bur-
toni members of the parathyroid hormone (PTH) family. 
Consistent with the Homo sapiens (human) PTH family [30], the 
fish PTH family contains at least three members: parathyroid 
 hormone 1 and 2 (PTH1 and PTH2), and parathyroid 
 hormone-related protein (PTHLH) [31, 32]. Therefore, the 
 initial  candidate list for A. burtoni had three entries: PTH1, 
PTH2, and PTHLH. This list does not account for the teleost 
 whole-genome duplication because it is uncertain if any of the 
duplicated  prohormone genes resulting from whole-genome 
duplication have been retained in A. burtoni.
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Searches for candidate prohormones include text searches for 
names and gene symbols of the prohormone genes that have 
already been annotated in the target species. The existing annota-
tion could be the output of the target genome project or other 
research efforts (e.g., evolutionary studies of specific prohormone 
genes). A text search in a gene-centric database, such as NCBI 
Gene [33], is recommended as the first step rather than a search in 
a protein database because gene databases are typically more com-
plete and maintain more information at both the nucleotide and 
amino acid levels than protein databases.

Effective text searches use the common prohormone name or 
neuropeptide, followed by one or more unique words that are part 
of the prohormone or neuropeptide name (see Note 5). Text 
matches are then recorded in the candidate prohormone table. 
These details may expedite the entire process since some of this 
information is identified in the subsequent steps and can assist in 
the discrimination between duplicated genes and homologous 
genes from the same prohormone family in the target species.

In our example, a text search was conducted within the NCBI 
Gene database using the phrase: “parathyroid hormone”[title] 
AND “Astatotilapia burtoni”[orgn]. Here the “[title]” and 
“[orgn]” are used to limit the search to specific words in the 
descriptive text, such as gene name and species, respectively. Our 
phrase identifies genes that have the compound word “parathyroid 
hormone” in the descriptive text and are found in the target spe-
cies, “Astatotilapia burtoni.” In addition to finding PTH1, this 
text search also identified the other genes, PTH2 and PTHL, 
because the phrase “parathyroid hormone” is part of the gene 
names, as well as part of the name of the prohormone family.

The outcome of this search included three prohormone genes 
and three prohormone receptors (Fig. 2), and is summarized in 
Table 1. An equivalent search within the NCBI protein database [34] 
only identified two proteins. A more general search for the phrase 
“parathyroid”[title] AND (“Astatotilapia burtoni”[orgn]) identified 
6 proteins corresponding to 3 receptor proteins, PTH1, and the 2 
PTHLH protein isoforms. PTH2 was not identified in the previous 
text search because the database entry referred to a former name, 
“tuberoinfundibular peptide of 39 residues” (TIP39).

The initial search of a protein sequence in a protein database 
uses BLASTP, a version of BLAST that searches protein sequence 
databases using a protein sequence as a query. The candidate 
prohormone protein sequence from the reference species is 
searched against the protein database of the target species. 
Consideration of BLASTP matches that have an e-value ≤10 
using the default BLOSSUM 62 substitution matrix enables the 
identification of matches that have conserved, albeit small, 
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Databases
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regions across species. Effective BLASTP searches disable 
 filtering and masking of low- complexity regions to favor the 
visualization of long sequence alignments. BLASTP searches 
using a less significant (higher) e-value threshold, as well as sub-
stitution matrices that support more distance sequence matches 
(e.g., BLOSSUM 50), should be investigated when the original 
search fails to identify matches.

Fig. 2 Result of a text search for parathyroid hormone family genes in Astatotilapia burtoni within the NCBI 
Gene database where Haplochromis burtoni is the former name of A. burtoni

Table 1 
Summary of a text-based search for parathyroid hormone family genes in Astatotilapia burtoni within 
the NCBI Gene database

Prohormone Gene ID

Genomic information

NCBI protein accession 
number

NCBI accession  
number of Contig Position with contig

PTH1 102295615 NW_005179605.1 11468..12171, 
complement

XP_005936534.1

PTH2 106633640 NW_005179731.1 310219..312857 XP_014195500.1

PTHLH 102305631 NW_005179673.1 98846..102040 XP_005939766.1; 
XP_014194690.1a

aPTHLH has two predicted protein isoforms due to different initiation codons. Subsequent evaluation indicated that 
the isoform (XP_005939766.1) has the same sequence length as the mammalian protein homologs and thus will be 
entered in the prohormone table of candidate prohormones

Bruce R. Southey et al.



79

All BLASTP matches that meet the e-value cutoff and have at 
least one conserved region should be recorded in the table of 
 candidate prohormones, including locations and e-values. Each 
BLASTP match should be referenced to the candidate list, as all of 
the entries identified by the text search should also be identified 
from this sequence similarity search. These existing entries should 
be updated with the BLASTP match details.

Matches to the candidate prohormone protein sequence could 
correspond to predicted splice variants resulting from alternative splic-
ing, duplicated genes, other members from the same prohormone 
family, and other homologs (see Note 6). Information from the text 
and any prior searches enables the initial differentiation of these 
redundant matches and elimination of matches already evaluated, or 
matches to another member from the same prohormone family. The 
best BLASTP match (lowest e-value) should be evaluated for com-
pleteness, even if the protein sequence was identified by the previous 
text search. This enables the identification of possible splice vari-
ants or correction of inaccurate protein sequences, such as those gen-
erated by automated methods in annotation of the genome assembly.

Each candidate prohormone protein sequence match must be 
aligned against the prohormone sequence in the reference species, 
and potentially other species, using tools such as Clustal Omega (see 
Note 7). True matches are characterized by alignments that have 
similar lengths and regions of high amino acid identity or similarity. 
The information gained from the alignment of the best prohormone 
sequence match to sequences in multiple species must be added to 
the table of candidates. These details can include the additional 
 species that contain matches, accession numbers, matching 
sequences, and the most complete and longest alignments between 
the candidate sequence and the sequences in other species. All can-
didate  prohormone sequences that have at least one complete 
 protein match that surpasses the e-value cutoff in another species 
must be marked as completed in the candidate prohormone table. 
Protein sequence matches supersede text matches, and thus a text 
match must be replaced with a protein match when available.

The remaining BLASTP matches that surpass the e-value cutoff 
(other than the best match) include those that contain a high degree of 
homology (likely duplicated genes), homologous genes from the same 
gene family, and new prohormone genes. All these matches should be 
collected into a single table of protein matches and then each entry 
evaluated one at a time. Entries that match existing complete entries in 
the candidate prohormone table, or are clearly not prohormone pro-
teins, are removed from the table of protein matches. Entries that 
match any candidate prohormone or new prohormones should be 
evaluated in a similar manner to the best match. The resulting com-
plete entries are used to update the table of candidate prohormones, 
including information on sequence and  accession number, before the 
entry is removed from the table of protein matches.
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Some of the remaining entries may be resolved with alternative 
searches that can result in the identification of a new prohormone 
that may be unique to the target species. Conducting a protein 
search in the protein sequences from another species can provide 
matches that can determine if the current entry is a match to a 
prohormone, or that can be used instead of the candidate protein 
sequence. Similarly, searches using the EST database may provide 
the gene identity or provide a larger region that aids in the resolu-
tion of the initial match. Any remaining entries in the table of 
 protein matches must be resolved with genome searches.

In our example, a BLASTP search was initially conducted with the 
H. sapiens PTH1, PTH2, and PTHLH sequences because this species 
is not encumbered by the teleost whole genome duplication event. Our 
searches (results not shown) did not uncover additional information to 
add to our initial text search (Table 1). Searches with Danio rerio 
(zebrafish) also did not uncover additional protein sequences. However, 
the D. rerio search results indicated that expected gene duplications 
resulting from the teleost whole genome duplication event were also 
not present in the A. burtoni protein sequences (results not shown).

Genome searches need to be conducted for any candidate pro-
hormones that were not identified in the previous BLASTP searches 
and any remaining entries in the table of protein matches. A 
genome search should also be conducted if additional gene dupli-
cations are expected, e.g., from whole genome duplications or 
known tandem duplications. The TBLASTN version of BLAST 
that searches a protein sequence against translated nucleotide 
sequences of the genome should be used with the same settings as 
the previous BLASTP search. The expected matching regions 
should comprise the exons of the candidate gene as well as exons 
from genes homologous to the candidate protein sequence. All of 
these matches should be collected into a single table of genome 
matches and any duplicate matches should be removed. Any entries 
that correspond to exons of identified prohormones should be 
removed, after ensuring that the genomic region only contains the 
identified prohormone gene.

The remaining entries in the genome table that are likely to be 
from the same gene should be grouped together. These groups 
should contain the genomic regions of at least one of the prohor-
mone gene exons, and then evaluated one at a time. Each group 
must be evaluated for assembly artifacts that must be resolved 
before continuing (see Note 8). Subsequently, the genome region 
of the group entry is expanded by ~ 2000 bp beyond the 5′ and 3′ 
ends of the group entry and the sequence from this extended 
region corresponding to the correct reading frame of the TBLASTN 
match is then extracted. This strategy maximizes the likelihood 
that the complete prohormone gene will be identified. A gene pre-
diction program (e.g., GeneWise) is used to predict a protein 
sequence from this extracted genome region (see Note 9). If the 
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predicted protein sequence is a new prohormone, then the table of 
candidate prohormones is updated accordingly. All entries in the 
genome table corresponding to genome group are then removed.

We performed genome searches for PTH1, PTH2, and 
PTHLH in the A. burtoni genome using TBLASTN (results not 
shown). All matches from the protein sequences of the three genes 
were entered as a single list of matches since the same match can 
occur with different members of the same prohormone family. Any 
duplicate entries were removed so that each match was only pro-
cessed once. The first entry processed was a single match to PTH2, 
corresponding to the previously identified PTH2 gene (Table 1). 
This result indicated that there is only one copy in the genome, so 
this entry was removed from the list of matches.

The next entries processed were 2 matches to PTH1 (Fig. 3). 
The first of these entries matched the region of the 
NW_005179605.1 contig, which contains the previously identi-
fied PTH1 gene (XP_005936534.1; Table 1). This entry did not 
provide additional information and was removed from the list of 
matches. The second PTH1 entry corresponded to another con-
tig, NW_005179496.1, and exhibited high similarity to the start 
of the second exon of PTH1. This discovery likely corresponds to 
the duplicated PTH1 gene resulting from the teleost whole 
genome duplication event.

Fig. 3 Output of the NCBI TBLASTN search of the parathyroid hormone 1 (PTH1) gene in the Astatotilapia 
burtoni genome

Bioinformatics for Neuropeptide Discovery



82

To confirm that this match was a duplication of PTH1, we 
used the “GenBank” link in NCBI output to retrieve the genome 
record and the matched sequence. The TBLASTN search had 
located a match in the complement strand, and a customized view 
was developed by selecting the reverse complement option and 
“update view” in NCBI (Fig. 4). This region was expanded 
~2000 bp from the 5′ and 3′ ends and extracted. The GeneWise 
program was then used to predict a protein sequence from this 
region. The input (Fig. 5) included the A. burtoni PTH1 protein 
sequence (denoted as PTH1A) and the extracted A. burtoni 

Fig. 4 Output of the sequence of a TBLASTN match of PTH1 in the Astatotilapia burtoni genome

Fig. 5 Input to the GeneWise program using the Astatotilapia burtoni parathyroid hormone 1 protein sequence 
and genome region containing the suspected duplicated parathyroid hormone 1 gene
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genomic region. The output confirms our hypothesis of a  duplicated 
PTH1 gene, providing the complete predicted gene sequence 
(Fig. 6), including an intron that is consistent with the known 
PTH1 gene. The previous PTH1 gene was renamed as PTH1A, 
and this new prediction denoted as PTH1B; the letters after the 
initial gene symbol (PTH1) are used to differentiate the different 
copies of the parathyroid hormone 1 gene. The protein sequence 
and information pertaining to PTH1B were added to candidate list 
and the entry was removed from the list of matches.

Our TBLASTN search of PTHLH in the target A. burtoni 
genome uncovered five matches with an e-value <10 (Fig. 7). The 
best match (lower e-value) was to the region of the 
NW_005179673.1 contig containing the previously identified 
PTHLH gene (XP_005939766.1; Table 1). This entry was 
removed from the list of matches because no additional  information 
was obtained. The two matches with the highest e-values matched 
non-prohormone genes and these entries were discarded from the 
list of matches. The second-best match exhibited high similarity to 
the signal peptide region of PTHLH and the third- best match 
mapped to the start of the PTHLH sequence (Fig. 7). The loca-
tions of the second and third matches excluded the other known 
members of the parathyroid hormone family. This implied that 
these could be 3 A. burtoni PTHLH genes. Following the same 
approach previously used to obtain the PTH1B gene, augmented 
genome regions corresponding to these matches were extracted 
and the two different protein sequences were predicted. The initial 
PTHLH was renamed as PTHLH1 and the two predictions were 
denoted as PTHLH2 and PTHLH3 to differentiate the different 
PTHLH genes. After updating the candidate list and entering the 
proteins for these three PTHLH genes, these final entries were 
removed from the list of matches, marking the successful comple-
tion of the homology search step.

We recommend homology searches centered on conserved regions, 
such as neuropeptides, and using relatively lax criteria as helpful 
strategies to identifying novel prohormones. A more general 
approach is to search for neuropeptide motifs. This approach has 
successfully led to the discovery of new prohormones [35, 36]. 
However, searches for more generic motifs [37] or conserved 
regions inferred in silico using machine learning algorithms, such as 
hidden Markov models [38–40], have a high false-positive rate [41].

The predicted protein sequences must be validated for accuracy. 
This validation includes additional support from data not 
included in genome repository of the target species and 
 information from other species. Homology searches for the pro-
hormone protein sequences should be conducted in EST, RNA, 
and protein sequence databases that have not been incorporated 
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Fig. 6 Output from GeneWise depicting the alignment between the amino acid sequence from the region 
extracted and the Astatotilapia burtoni PTH1 prohormone sequence and the predicted protein sequence of 
duplicated parathyroid hormone gene (denoted as PTH1B)
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into the genomic repository of the target species. These  databases 
can also provide valuable complementary information, such as 
single nucleotide polymorphisms (SNPs), insertions, and dele-
tions. Moreover, this complementary information can be helpful 
when the coverage of the target genome assembly varies across 
regions or is incomplete.

Multiple matches between the protein sequence from the tar-
get species and the EST sequences, including the full sequence or 
overlapping regions, offer the strongest empirical evidence for the 
gene. Gaps in the alignment could be attributed to alternative 
splicing, and thus all EST forms should be extracted and tested for 
sequence accuracy and completeness. When protein isoforms from 
the same prohormone are available, then all isoforms should be 
predicted from the same genomic region.

Confirmation using sequence information from nongenomic 
databases of other phylogenetically close species can be used to 
further validate the prohormone predictions. Matches to EST or 
other transcriptomic databases provide evidence of the presence of 
the predicted prohormone. However, the actual protein sequence 
cannot be completely verified since differences between sequences 
can be actual sequence differences between species, as well as a 
result of sequencing errors.

Our predicted A. burtoni PTH1B gene has no supporting 
confirmatory experimental evidence in any of the current A. bur-
toni resources. A suitable match in Neolamprologus brichardi, a 
species very closely related to A. burtoni, was found to the NCBI- 
predicted protein, “XP_006804843.1 PREDICTED: parathyroid 
hormone-like.” This cross-species analysis offers further confirma-
tion of our A. burtoni PTH1B prediction.

The new A. burtoni PTHLH2 and PTHLH3 prohormone 
protein sequences were validated using the NCBI A. burtoni 
transcriptomic- based databases. The PTHLH2 protein sequence 
had multiple matches in the NCBI A. burtoni “Non-RefSeq 
RNA” database (this database contains RNA sequences that are 
present in GenBank but have not been included in the RefSeq 
database). One of these additional matches was an A. burtoni 

Fig. 7 Output of the Astatotilapia burtoni parathyroid hormone-like prohormone TBLASTN search
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RNA sequence in the Transcriptome Shotgun Assembly (TSA) 
database [42] (titled “GBDH01011309.1 TSA: Haplochromis 
burtoni comp20762_c0_seq1 transcribed RNA sequence”). The 
PTHLH3 protein sequence matched the A. burtoni EST, 
DY630955.1. Extracting and translating these sequences from 
each source confirmed the previously predicted PTHLH2 and 
PTHLH3 protein sequences. Recently PTHLH3 was identified 
in zebrafish (D. rerio) as parathyroid hormone 4 (PTH4; 
XP_005168342.1) and was shown to interact with the known 
zebrafish PTH receptors [43].

The comprehensive validation of the predicted prohormone in 
the target species enhances confidence in the detection. Further 
biological support can be gained using motif- or block-centered 
multiple sequence alignments. The alignment of the predicted 
prohormone sequences to databases of protein families using 
tools such as Pfam [44] further ensures that the target sequence 
is a member of the expected protein family. This additional vali-
dation step is particularly helpful when the candidate sequence or 
the validation information corresponds to a phylogenetically dis-
tant related species.

We recommend an additional bioinformatics step for accurate 
annotation of prohormone paralogs and orthologs in the target 
species, particularly in protein families that have a high level of 
homology. This step encompasses multiple sequence alignments 
of the candidate sequences and known prohormone sequences 
from multiple species, including phylogenetically distant species, 
using tools such as Clustal Omega. In addition to discrimination 
between prohormone family members and identification of new 
duplicates in the target species, multiple sequence alignments 
support the assessment of expected  structural features, such as 
conserved regions that are often  characteristic for bioactive neu-
ropeptides. For example, in our A. burtoni annotation [4], we 
confirmed the loss of melanocyte-stimulating hormone (MSH) 
peptide, γ-MSH [45].

To validate the accuracy of our parathyroid prohormone 
predictions, the 7 A. burtoni sequences were searched against 
the NCBI-predicted genes from 4 related cichlid species with 
sequenced genomes: Oreochromis niloticus (Nile tilapia), N. 
brichardi, Pundamilia nyererei, and Maylandia zebra. Matches 
to all of our parathyroid prohormone predictions were  identified 
in multiple species (Table 2). Two PTH2 protein isoforms with 
corresponding mRNA evidence were detected in O. niloticus. 
Based on this evidence, both PTH2 protein isoforms were sub-
sequently predicted from the same A. burtoni genomic region 
using GeneWise. Our bioinformatics approach uncovered 2 A. 
burtoni PTH2 isoforms that are the result from  alternative 
 splicing events.

3.3 Sequence 
Verification 
of Predicted 
Prohormone Proteins
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Phylogenetic trees depicting the relationship between the 
sequences from the same prohormone or prohormone family across 
species can also be constructed using tools such as ETE3 [46]. 
These trees facilitate the identification of potential sources of 
 prohormone sequence alignment errors, such as unusual or 
 unexpected prediction, gaps, large mismatched regions, or mis-
named predictions. Also, these phylogenetic trees provide insights 
into the evolutionary relationship between the sequences and can 
be used to discover novel taxa-specific prohormone genes.

All of the known sequences from the A. burtoni, D. rerio, and 
H. sapiens parathyroid prohormone family were aligned together 
using Clustal Omega. A phylogenetic tree (Fig. 8) depicting the 
relationship between these parathyroid prohormone family 
sequences was constructed using the GenomeNet ETE 3 
(v3.0.0b32) implementation [47]. This tree confirms that the 
sequences appear to be correctly named and illustrates the expected 
relationships between members of the parathyroid prohormone 
family. The branching in the PTHLH tree suggests 2 gene duplica-
tion events. The first is the teleost-specific whole genome  duplication 
that resulted in PTHLH1 and PTHLH2; the second event occurred 
prior to the teleost-specific whole genome duplication and resulted 
in PTHLH3 (PTH4) and PTHLH. There is no H. sapiens PTHLH3 
because PTHLH3 (PTH4) was lost in eutherian mammals after the 
eutherian-metatherian split [43]. These discoveries highlight the 
potential of our bioinformatic approach to annotate prohormones 
in target species, discover novel taxa- specific  prohormone genes, 
and identify losses of prohormone genes.

Tools such as SignalP [48] can be used to predict the signal 
peptide and associated cleavage site in the N-terminal region of 
the predicted prohormone sequence in the target species (see 
Note 10). Rigorous application of the previous prohormone 
prediction steps guarantees the identification of a complete or 
nearly complete prohormone sequence. Incomplete protocol 
implementation or limited sequence information could pro-
duce partial, incorrect, or chimeric sequences. The predicted 
prohormone protein sequence must be revised when the signal 
peptide cleavage site cannot be identified. The sequence must 
also be revised when the location of the signal peptide cleavage 
site is predicted >40 amino acids from the prohormone initia-
tion methionine because this location is generally atypical.

The predicted prohormone sequence must be subsequently 
 analyzed using NeuroPred. This public web service supports the 
 prediction of putative peptide cleavage sites in a protein 
sequence, assessment of the likelihood of cleavage, and 
 evaluation of potential PTMs. This resource accepts one or 
more  protein sequences, and signal peptides are identified using 

3.4 Peptide 
Prediction 
from Prohormone 
Protein Sequences

3.4.1 Signal Peptide 
Prediction

3.4.2 Prediction 
of Putative Peptides
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default or user-defined specifications (see Note 11). NeuroPred 
encompasses multiple peptide cleavage prediction methods that 
have been optimized for multiple species (see Note 12). After 
removal of the signal peptide, NeuroPred predicts the cleavage 
sites and, depending on the selected options, identifies the 

Fig. 8 Phylogenetic tree of parathyroid prohormone genes obtained using the GenomeNet ETE3. Leaves represent 
the gene symbol followed by species suffix: Astatotilapia burtoni (Ab); Danio rerio (Dr); Maylandia zebra (Mz); 
Oreochromis niloticus (On); Neolamprologus brichardi (Nb); Pundamilia nyererei (Pn); and Homo sapiens (human)
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resulting  peptides. The peptide sequences, PTMs, and masses 
predicted by NeuroPred have been successfully used in support 
of neuropeptide identification in MS analyses.

We used NeuroPred to predict the peptides in the A. burtoni 
PTH1B protein sequence (Figs. 9 and 10). The NeuroPred input 
options depicted in Fig. 9 include the model used to predict the 
cleavage sites (the “Known Motif” and “Mammalian” cleavage 
models were selected for the A. burtoni example). The NeuroPred 
output depicted in Fig. 10 includes a cleavage diagram that local-
izes the signal peptide used and all predicted cleavage sites. The 
output also includes information on the peptides resulting from 
cleavage at the predicted sites.

Fig. 9 Input to the NeuroPred tool to predict cleavage sites for Astatotilapia burtoni parathyroid hormone 1B 
(PTH1B) prohormone protein sequence with the “Known Motif” and “Mammalian” cleavage models selected
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4 Notes

 1. The accuracy of the prohormone gene prediction increases 
exponentially with increasing sequence similarity between 
species studied. Thus, the species phylogenetically closest to 
the target species should be used in the first bioinformatics 
steps. Sequences from more phylogenetically distant species 
should be used to resolve contradictory findings among 
closest species and whenever substantial uncertainty arises 
from poor matches or unreliable predictions during the final 
bioinformatic steps.

Fig. 10 Output of the NeuroPred tool showing the cleavage diagram, where the predicted cleavage sites are 
denoted by the letter “C” for “Known Motif” and “Mammalian” cleavage models, and sequences and masses 
of first putative peptides
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 2. The ability to identify the start and end locations of exons from 
multiple genome matches is critical to the discrimination between 
duplicated genes located on the same chromosome or contigs in 
the target species. Furthermore, accurate exon delimitation 
enables the reduction of multiple matches to the same region by 
different genes, typically from the same gene family.

 3. The nomenclature used to name a prohormone on a target 
species should follow community annotation guidelines. When 
these guidelines are not in place, the recommendation is to 
follow the guidelines of a major genome annotation project 
within the taxa. Accepted gene symbols should be used for 
prohormones to facilitate search and validation, especially 
across species, and to avoid confusion between proteins and 
peptides and between duplicated genes.

 4. Characterization of prohormones resulting from tandem 
duplication requires recursive iteration of the bioinformatic 
steps described. An example of this scenario is mammalian cal-
citonin, which has varying copy numbers among mammalian 
species. Knowledge of potential tandem duplication aids in the 
accurate identification of the individual prohormone genes.

 5. Known genes may not be found using text searches because 
the names of genes, proteins, and neuropeptides can vary 
between species and across time. In the absence of identifica-
tions using text searches, subsequent searches should explore 
gene symbols and synonyms. In some cases, text searches in 
other species may uncover alternative annotation, nomencla-
ture, and search terms. The candidate prohormone table 
should include all synonyms of gene names and symbols.

 6. Duplicated genes or homologs may match to the same region as 
the candidate protein sequence in addition to other regions in 
the genome of the target species. Expected regions based on 
comparative mapping information should be evaluated first to 
identify the primary ortholog gene, and nearby matches are 
likely to be the result of tandem duplication. Also, incomplete 
coverage or assembly may cause one gene sequence to be mapped 
to substantially different regions. In these cases, the matches 
tend to be short and lack conserved regions. Other types of 
sequences such as ESTs can be very helpful to address gaps or 
low quality sequences.

 7. Multiple sequence alignment is the favored method for identi-
fying inaccuracies in prohormone protein prediction. An 
incorrect initiation codon will result in predicted protein iso-
forms that are contained within a subset of a larger protein 
isoform. Incorrect termination codons will result in the last 
exon being incorrectly predicted or completely missed. Gaps 
and mismatches indicate incomplete coverage or species dif-
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ferences that can only be resolved by other sources. Multiple 
sequence alignment should be used to resolve inaccuracies in 
the prediction, starting from the conserved regions and 
extending to both ends.

 8. There are various assembly artifacts that have varying impacts 
on prohormone gene identification. Often many of these 
artifacts, such as matches in different strands or where exons 
of the gene are not sequentially located on the same contig, 
can be resolved by manually placing the translated sequence 
from exons in the correct order based on the candidate pro-
hormone protein sequence. A different resolution is required 
for erroneous insertions that result in part of all of an exon 
located multiple times in nearby regions. Typically only one 
of these regions will provide a complete gene prediction. If 
remaining incorrect regions does not provide a complete 
prohormone gene prediction, then the matches to those 
regions can be safely discarded.

 9. Alternative specifications of the gene prediction tool should 
be investigated when the extracted genome sequence does 
not support the prediction of a complete or nearly complete 
protein, or when the predicted protein is substantially shorter 
or longer than expected. Effective strategies include varying 
the sequence region being analyzed and removing excessive 
gaps or strings of ambiguous nucleotides. The global model 
option in GeneWise should be used when a high degree of 
homology is expected between the protein sequence and the 
genome of the target species. Using the gene prediction tool 
to predict the protein from the genome sequence of other 
species can offer insights into the expected prediction. 
Searching for the prohormone in other nucleotide databases 
of the target species could improve the prohormone predic-
tion. Protein sequences should not be predicted using 
TBLASTN, because this tool may provide a low prediction 
accuracy at the intron- exon splice boundaries and may fail to 
identify all prohormone exons.

 10. Signal peptide cleavage sites are typically located between 15 
and 40 amino acids from the N-terminal start of the protein 
sequence. Signal peptides are highly conserved, and thus the 
predicted signal peptide cleavage is identical or very similar 
across related species, and often across members within a 
prohormone family. Multiple sequence alignment of prohor-
mone sequences from multiple species that have known or 
predicted signal peptide cleavage sites will enhance the accu-
racy of the prediction when the predicted prohormone 
sequence in the target species is partial or encompasses highly 
uncertain positions. If a site is not predicted, alternative 
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specifications of the signal peptide prediction tool or different 
tools should be investigated.

 11. The default specifications to predict peptides cleaved from  protein 
sequences in NeuroPred were designed based on  information for 
a large number of prohormones across multiple  species and 
accommodate the sequences of many prohormones and neuro-
peptides. Users can overwrite these default  specifications, e.g., by 
specifying the position of the signal peptide cleavage site when 
the input sequence is incomplete. The NeuroPred specifications 
for false-positive and false- negative cleavage predictions can also 
be adjusted according to the goals of the study.

 12. Multiple species-specific models to predict cleavage sites and 
resulting peptides are available in NeuroPred. Cleavage and 
resulting peptide prediction models from the species phyloge-
netically closest to the target species should be used first. Models 
from more phylogenetically distant species should be examined 
for confirmation. NeuroPred supports the estimation of cleavage 
probability for each predicted cleavage site, which further 
empowers users to prioritize among the predicted peptides.
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Chapter 6

Substrate Capture Assay Using Inactive Oligopeptidases 
to Identify Novel Peptides

Vanessa Rioli and Emer S. Ferro

Abstract

Researchers are always searching for novel biologically active molecules including peptides. With the 
improvement of equipment for electrospray mass spectrometry, it is now possible to identify hundreds of 
novel peptides in a single run. However, after identifying the peptide sequences it is expensive to synthesize 
all the peptides to perform biological activity assays. Here, we describe a substrate capture assay that uses 
inactive oligopeptidases to identify putative biologically active peptides in complexes peptide mixtures. 
This methodology can use any crude extracts of biological tissues or cells, with the advantage to introduce 
a filter (i.e., binding to an inactive oligopeptidase) as a prior step in screening to bioactive peptides.

Key words Catalytically inactive oligopeptidase, Bioactive peptide, Gel filtration “semi-dry”, 
Electrospray mass spectrometry

1 Introduction

Peptides are produced by cells from proteins specifically synthesized 
for this purpose, or as protein metabolism products [1, 2]. Many of 
the products formed in the first cases are known modulators of cellular 
communication known as neuropeptides [3]. In the second case, in 
compartments other than those specializing in protein degradation, 
specific cellular mechanisms induce proteins to limited digestion, 
 generating intermediate peptides, many of which are completely 
unknown [1, 2]. The enzymes involved in the synthesis and  metabolism 
of  neuropeptides, as well as where this process takes place within cells 
is well known [3]. On the other hand, not much is known about the 
products of limited protein degradation that are formed in cells.

Several metalloendopeptidases have been isolated and 
 characterized as putative peptide-metabolizing enzymes [4]. However, 
for most of these enzymes no natural substrates have been  characterized. 
Here, we describe a feasible method that allows the inactivation of 
metalloproteases by site-direct mutagenesis and their further use for 
the isolation of substrates from crude tissue extracts [5].
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2 Materials

Prepare all solutions using ultrapure water (prepared by purifying 
deionized water, to attain a sensitivity of 18 MΩ∙cm at 25 °C) and 
analytical grade reagents (see Note 1).

Use only low-binding tubes and low-binding filtration membranes.

Homogeneously purified recombinant inactive form of oligopepti-
dase (1–5 nmol) or site-directed inactive protease of choice. 
Expression and purification of the inactive form “E474A” of 
 thimet oligopeptidase (EC 3.4.24.15; EP24.15) was conducted as 
previously described [4, 5] (see Note 2).

The procedures described in this section have been previously 
 published [6–8].

 1. Microwave oven (see Note 3).
 2. Homogenizers, such as a mechanical tissue disruptor (e.g., 

Polytron) and sonicator with microtip probe.
 3. 80 °C water bath.
 4. Refrigerated centrifuge.
 5. Refrigerated ultracentrifuge.
 6. Sonicator.
 7. 5 M HCl.
 8. 1 M Tris–HCl (pH 7.4).
 9. HCl 50 mM at 70 °C.
 10. Phosphate-buffered saline (PBS).
 11. Universal polymeric reversed-phase sorbent (we use Oasis 

HLB 1 cc Vac Cartridge, 30 mg Sorbent per Cartridge, 30 μm 
Particle Size from Waters).

 12. Centrifugal Filter Unit “low binding” of 10 kDa MW cutoff 
(we use units from Millipore).

 13. Gloves, latex, which should be worn at all times to prevent 
contamination of the samples.

 1. Inactive protease (1–5 nmol).
 2. Crude peptide extracts (50–100 μg) from biological material 

of interest (see Subheading 3.1.1).
 3. TBS buffer (25 mM Tris–HCl, pH 7.5, containing 125 mM 

NaCl) containing 0.1% of bovine serum albumin (TBS/BSA).

 1. Size exclusion gel (we use Sephadex G-25 fine from Sigma) 
previously washed in TBS buffer, and maintaining humidity 
(“semi-dry”).

 2. Centrifuge with swinging rotor (to be used at 1000 × g at 
room temperature).

2.1 Inactive Protease

2.2 Preparing Crude 
Peptide Extracts

2.3 Enzyme–Peptide 
Binding Assay

2.4 “Semi-Dry” Gel 
Filtration

Vanessa Rioli and Emer S. Ferro
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 1. Reverse phase C18 column.
 2. Acetonitrile, grade HPLC (≥99, 9% purity).
 3. Trifluoroacetic acid (TFA).

 1. Electrospray mass spectrometer coupled to a capillary LC sys-
tem (e.g., Synapt G2 coupled to a nanoAcquity LC system, or 
equivalent).

 2. Reverse phase trapping column with 5 μm particles, 180 μm 
inner diameter, 20 mm length (we use Symmetry C18, Waters).

 3. Reverse phase C18 column of 75 μm inner diameter, 100 mm 
length and around 1.7 μm particles; we use BEH 130, 
Waters).

 4. Eluents: 7–65% of phase B (0.1% formic acid in acetonitrile).

3 Methods

Peptides sourced from animal tissues or cell culture, as previously 
described [5–8].

 1. Dissect the organ and immediately heat it for 10 s in the 
 microwave oven; the temperature in the interior of the organ 
must reach 80 °C during this time without cooking the tissue 
(see Note 3).

 2. Homogenize the tissue in 10 volumes (vol:vol) of hot water 
(80 °C) using a mechanical tissue disrupter device (e.g., 
Polytron). It is also desirable to further homogenize your 
 samples using a sonicator, usually 20 pulses of 1 s each pulse, 
at a power output of 10 W.

 3. Cool the homogenate in ice bath to 4 °C (see Note 4).
 4. Add cold HCl solution to a final concentration of 10 mM and 

briefly homogenize using both the mechanical homogenizer 
(e.g., Polytron) and sonicator (see Note 5).

 5. Centrifuge at 35,000 × g for 10 min at 4 °C. Collect the 
 supernatant and discard the pellet (see Note 6).

 6. Centrifuge at 100,000 × g for 1 h at 4 °C. Collect the 
 supernatant and discard the pellet (see Note 7).

 1. At least 1 × 108 cells (see Note 8) are needed.
 2. Wash cells three times with warm phosphate-buffered saline 

(PBS).
 3. Gently remove cells using cell scraper and rinse using five 

rounds of centrifugation at 800 × g for 5 min/resuspension 
(see Note 9).

2.5 High 
Performance Liquid 
Chromatography 
(HPLC)

2.6 Mass 
Spectrometry 
(ESI-MS/MS) Coupled 
to a Capillary Liquid 
Chromatography (LC) 
System

3.1 Crude Peptide 
Extracts

3.1.1 Tissues

3.1.2 Cell Culture

Substrate Capture Using Inactive Oligopeptidases
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 4. Resuspend the final rinsed cell pellet in 10 mL (i.e., 10 vol-
umes of the corresponding cell pellet; 10 vol:vol) of hot 
(80 °C) water and heat it for 20 min in a water bath at 80 °C, 
in order to inactivate proteases.

 5. It is also desirable to further homogenize your samples using a 
sonicator, usually 20 pulses of 1 s each pulse, at a power output of 
10 W.

 6. Cool the homogenate in ice bath to 4 °C (see Note 4).
 7. Add cold HCl solution to a final concentration of 10 mM and 

briefly homogenize using the polytron and sonicator (see 
Note 5).

 8. Centrifuge at 35,000 × g for 10 min at 4 °C. Collect the 
 supernatant and discard the pellet (see Note 6).

 9. Centrifuge at 100,000 × g for 1 h at 4 °C. Collect the 
 supernatant and discard the pellet (see Note 7).

The supernatants collected should be filtered into size-exclusion 
filter device of 10 kDa at 1500 × g at 4 °C (see Note 10). The 
 eluate containing the peptide crude fraction (MW < 10 kDa) must 
be reserved, and further subjected to concentration and chroma-
tography onto a universal polymeric reversed-phase sorbent 
 column according to manufacturer instructions (see Note 11). 
The volume of the crude peptide fraction eluted from these 
columns can be further concentrated to approximately 20–50 μL 
in speed vacuum centrifuge at 30 °C (see Note 11). Peptide 
concentrations in the crude extracts can be determined using fluo-
rescamine, using a peptide of known concentration as standard 
[6, 9–11] (see Note 12).

 1. Incubate for 30 min, at 21 °C (room temperature), the recombi-
nant catalytically inactive oligopeptidase (1–5 nmol) with 50 μg 
of crude peptide diluted in TBS/BSA buffer to a final volume of 
200 μL. For the control reaction, use the crude  peptide mixture 
without the inactive oligopeptidase (see Note 13).

 2. Add the above reaction mixture containing the inactive enzyme 
and the crude peptide mixture to a 1 mL bed of semi-dry 
Sephadex G-25 column (the plastic column device has 5 mm 
of diameter). Proceed with the control reaction similarly. 
Collect the flow-through (~200 μL) from experimental and 
control reactions, and analyze the peptide content by high per-
formance liquid chromatography (HPLC) as described below. 
The flow through can be collected by gravity into a 1.5 mL 
low-binding plastic tube (see Note 14).

 3. Analyze the peptide content by high performance liquid 
 chromatography (HPLC) using a standard reverse phase C18 

3.1.3 For Tissues 
and Cell Culture

3.2 Enzyme–Peptide 
Binding Assay (Fig. 1)

Vanessa Rioli and Emer S. Ferro
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Fig. 1 Schematic representation of the steps needed for the isolation of novel bioactive peptides from complex 
biological peptide samples using mutated an inactive oligopeptidase

Substrate Capture Using Inactive Oligopeptidases



102

 column, in a linear gradient of 5–35% acetonitrile in 0.1% tri-
fluoroacetic acid, for 20 min at a flow rate of 1 mL/min (see 
Note 15). First, run the control reactions and later the experi-
mental samples containing the inactive enzyme. Manually col-
lect specific chromatographic peaks that have shown increase 
in signal  intensity when compared to the same peak from the 
control reaction (according to the retention time from the 
HPLC chromatogram, Fig. 1) and identify every tube with a 
crescent number according to the retention time it elutes.

 4. Chromatographic peaks collected manually should be individ-
ually injected and containing peptides sequenced by elec-
trospray mass spectrometry (see Note 16). MS spectra are 
analyzed using the manufacturer’s software (we use MassLynx 
4.0 software, Waters). To identify peptides, MS/MS data 
were analyzed using the Mascot search engine (Matrix Science 
Ltd., UK). No cleavage site should be specified. Modifications 
can include N- terminal protein acetylation and methionine 
oxidation. Results should be manually checked and inter-
preted to eliminate false positives. To identify the putative 
protein precursors of the peptides sequenced by ESI-MS/
MS, a protein data base (available on the World Wide Web) 
will be searched for short, nearly exact matches (rodent origin), 
as previously described [12]. The prediction of posttransla-
tional modification sites in sequenced peptides will be able to 
be made with the ExPASy Proteomics Server on the World 
Wide Web.

4 Notes

 1. Having the best water quality is the key if you are working with 
peptides and mass spectrometry. Make sure your purification 
system is all set up and filters have been replaced appropriately.

 2. Before using your enzyme preparation make sure you run it on 
a SDS-PAGE and check its homogeneity. It is not uncommon 
that after freezing some proteases may aggregate and/or pre-
cipitate and start to show more bands than originally in the 
SDS-PAGE. The enzyme used in this step must be at least 
95–98% pure on the gel after coomassie staining.

 3. The strength of microwave ovens varies among different mod-
els. Before starting you must standardize these conditions, for 
example, using a digital temperature probe inserted into the 
animal organ to check the temperature after microwaving. You 
want to reach a temperature of 80–90 °C within the organ 
from which the peptides will be extracted. Temperatures in this 
range are ideal because they inactivate proteases that can 

Vanessa Rioli and Emer S. Ferro
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destroy the peptides you are trying to isolate. For small animal 
organs (e.g., mice brain) we usually add 2–3 beakers  containing 
50 mL of water into the microwave to help absorb  microwave 
radiation and provide for more consistent heating of the tissue 
between replicates.

 4. When homogenizing your tissue you want the temperature to 
be 80 °C or higher to inactivate proteases. However, before 
acidification with HCl (to reach pH 2), you must cool down 
your homogenate to prevent undesired hydrolysis of Pro-Asp 
peptide bonds, which can occur under hot acidic conditions.

 5. This acidification step seems important to release peptides 
from the proteins, as it is believed that many peptides can 
escape further degradation binding to proteins inside the cells.

 6. If you have a large volume of homogenate that contains consid-
erable debris, you can centrifuge at 1000 × g for 10 min and use 
the supernatant for the next step. Usually this first centrifugation 
will clear your supernatant and make the next step easier.

 7. You can skip this step if you don’t have an ultracentrifuge. 
There will be not much difference in the peptide recovery at 
the end, but you may experience some delay during filtration 
in the next steps.

 8. The amount of cells depends on its peptide content. For HEK293 
cells, for example, two 150 mm cell culture plates containing 
confluent cells are fine. If you can start with more cells, it may be 
better. If you recover more peptides than required for subse-
quent steps, you can freeze them and use at later times.

 9. We have found that five times of rinsing cells with PBS buffer 
greatly reduces contamination from fetal bovine serum. However, 
you can rinse the cells additional times, especially if the amount 
of serum is higher than the regular 10%, or if the amount of cells 
is larger than 1 × 108 cells. In these cases, you may also want to 
increase the PBS volume during the washing.

 10. Before using the size-exclusion filter device you must wash it 
five times with ultrapure water to remove any traces of 
 contaminants that may be present. For example, some 
 size- exclusion filters contain polyethylene glycol (PEG) which 
greatly interferes in the mass spectrometry analysis. PEG also 
interferes with the nano columns.

 11. We prefer using the Oasis HLB cartridge columns that cannot 
dry during the process without losing the chromatography 
capacity. Other types of reverse phase cartridge columns can 
be used but be aware to follow the instruction from the 
 manufacturer. You can reduce the final volume of the eluent 
even more, but don’t let the pellet dry—this will make the 
pellet hard to solubilize.

Substrate Capture Using Inactive Oligopeptidases
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 12. This step can be avoided if you don’t trust fluorescamine to 
quantify peptides (some researchers suggest that fluorescamine 
can quantify other compounds such as free amino acids, and is 
not useful to determine the peptide concentrations of your sam-
ples), and/or you simply don’t need to estimate the amount of 
peptide you have at this step. However, we strongly encourage 
the use of fluorescamine to quantify peptides at this point as it 
gives you at least a good estimative of how much peptide you 
recovered in your samples. In our laboratories we use a standard 
peptide of amino acid sequence LTLRTKL, because it contains 
one internal lysine plus the N-terminal amine. This is an empiri-
cal rough estimate of the average natural short peptide, which 
typically has two reactive amines to react with fluorescamine.

 13. The incubation period and volume can be adapted to your 
experiments. In our experience, this time is sufficient to equili-
brate the enzyme–substrate interactions. If you change the 
reaction volume make sure to use larger columns, keeping the 
proportion of 1/5 of the columns bed volume (here of 1 mL).

 14. It is possible to use a quick spin into a micro centrifuge to 
speed the process. However, it is very important to use low- 
binding tubes. Many peptides bind to plastic tube surfaces, 
creating undesired bias to your experiments, as it will analyze 
only peptides that don’t interact with the plastic surface. Low 
retention tubes reduce this bias.

 15. Here, the recommendation is to use a pre-column as the BSA from 
the TBS/BSA buffer reduces the half-life of your C18 column.

 16. Typical mass spectrometry conditions are: LC-MS/MS 
 experiments can be performed on a Synapt G2 mass spectrom-
eter  coupled to a nanoAcquity capillary liquid chromatography 
(LC) system (Waters, Milford, MA, USA). The peptide mix-
ture is desalted online for 3 min at a flow rate of 5 μL/min of 
phase A (0.1% formic acid) using a Symmetry C18 trapping 
column (5-μm particles, 180-μm inner diameters, 20-mm 
length; Waters). The mixture of trapped peptides is subse-
quently separated by elution with a gradient of 7–65% of phase 
B (0.1% formic acid in acetonitrile) through a BEH 130 C18 
column (1.7-μm particles, 75-μm inner diameter, 100-mm 
length; Waters) in 42 min. The data is acquired in the data- 
dependent mode and the MS spectra of multiple-charged pro-
tonated peptides generated by electrospray ionization were 
acquired for 0.2 s from m/z 300–1600. The three most intense 
ions exceeding base peak intensity threshold of 2500 counts 
are automatically mass selected and  dissociated in MS/MS by 
15- to 60-eV collisions with argon for 0.2 s. The typical LC 
and electrospray ionization conditions consist of a flow rate of 
250 nL/min, a capillary voltage of 3.0 kV, a block  temperature 
of 70 °C, and a cone voltage of 50 V. The dynamic peak exclu-
sion window was set to 90 s.

Vanessa Rioli and Emer S. Ferro
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Chapter 7

Non-targeted Identification of d-Amino Acid-Containing 
Peptides Through Enzymatic Screening, Chiral Amino Acid 
Analysis, and LC-MS

Hua-Chia Tai, James W. Checco, and Jonathan V. Sweedler

Abstract

d-Amino acid-containing peptides (DAACPs) in animals are a class of bioactive molecules formed via the 
posttranslational modification of peptides consisting of all-l-amino acid residues. Amino acid residue isom-
erization greatly impacts the function of the resulting DAACP. However, because isomerization does not 
change the peptide’s mass, this modification is difficult to detect by most mass spectrometry-based pepti-
domic approaches. Here we describe a method for the identification of DAACPs that can be used to sys-
tematically survey peptides extracted from a tissue sample in a non-targeted manner.

Key words d-Amino acid-containing peptides, Posttranslational modifications, Bioactive peptides, 
Peptide isomerization, Chirality

1 Introduction

While peptides derived from ribosomal synthesis are translated exclu-
sively using l-amino acids, a bioactive group of d-amino acid-con-
taining peptides (DAACPs) exists in diverse animal species [1, 2]. 
Formation of d-amino acid residues in animal peptides often appears 
to result from a posttranslational modification (PTM) in which an 
l-amino acid residue is enzymatically converted into a d-amino acid 
residue in the peptide chain. This modification has a profound impact 
on the structure and functional properties of a peptide, and often 
leads to enhanced biological activity and increased protease stability 
for the DAACP relative to its all-l-residue counterpart [3–8].

Despite the functional importance of peptide isomerization, 
this PTM is seldom explored in peptidomic studies. This is 
because l- to d-residue isomerization does not change the mass 
or chemical composition of a peptide, making it difficult to 
detect in mass spectrometry (MS)-based peptide characteriza-
tions. Although a number of analytical approaches have been 
developed for differentiating peptide diastereomers using 
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 tandem MS (MS/MS), capillary electrophoresis, ion mobility 
MS, radical-directed dissociation MS, and other techniques [9–14], 
specific optimization of experimental conditions for a particular 
peptide of interest is often required. Therefore, these methods 
are useful for confirming the chirality of a peptide already sus-
pected to exist as a DAACP, but are less efficient at identifying 
new DAACPs without prior knowledge. In this chapter we 
describe a non-targeted method to identify DAACPs extracted 
from complex biological samples [15]. This approach does not 
require prior knowledge about suspected DAACPs and can be 
applied to peptides extracted from various tissues or regions of 
interest across different animal models.

The first stage in this method involves a screening process 
based on the observation that DAACPs tend to have increased 
resistance to degradation by peptidases relative to their all-l-res-
idue peptide analogs [16]. Since nearly all known DAACP neu-
ropeptides and neurohormones have the d-residue near the 
N-terminus [2], an aminopeptidase should degrade these 
DAACPs at a slower rate than it degrades most peptides contain-
ing only l-residues. Aminopeptidase M (APM) is used in this 
protocol to assay complex mixtures of peptides extracted from 
animal tissues. By analyzing the APM reaction mixture over time 
using liquid chromatography coupled to mass spectrometry 
(LC-MS), peptides that are digested relatively slowly are marked 
as DAACP candidates and isolated for further study. In the sec-
ond stage, purified DAACP candidates are hydrolyzed into their 
component amino acids, derivatized with Marfey’s reagent to 
enhance chiral separation [17], and then analyzed with an 
LC-MS/MS system suitable for multiple reaction monitoring 
(MRM) to determine the chirality of the amino acids. If a pep-
tide is found to contain a d-amino acid residue, the final stage is 
to chemically synthesize the proposed DAACP and compare its 
LC-MS retention time to that of the endogenous peptide. If the 
synthetic DAACP matches the retention time of the endogenous 
peptide obtained by LC-MS (and differs from that of the all-
l-residue analog), then one can conclude that the endogenous 
peptide is indeed a DAACP. The method described is derived 
from our prior work characterizing DAACPs from the GFFD 
prohormone in Aplysia californica [8, 15, 18].

2 Materials

Prepare all solutions using LC-MS grade solvents, reagents and 
ultrapure water. Use low protein binding microcentrifuge tubes for 
peptide samples.
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 1. Aminopeptidase M, E.C. number 3.4.11.2, activity 
≥50 units/mL.

 2. Reaction buffer: 25 mM Tris–HCl, 0.5 M NaCl, pH 7.5.
 3. pH paper.
 4. 37 °C water bath or incubator.
 5. Reversed-phase C18 solid-phase extraction columns for sample 

cleanup (e.g., ZipTipC18 pipette tips or C18 spin columns). 
Wetting solution: 100% acetonitrile (ACN). Equilibration solu-
tion: 0.1% trifluoroacetic acid (TFA) in water. Wash solution: 
5% methanol in water, 0.1% TFA. Elution solution: 50% ACN 
in water, 0.1%  formic acid.

 6. LC-MS/MS system for peptide characterization and for struc-
ture confirmation; e.g., a nanoLC system (we use Dionex 
Ultimate, Thermo Fisher Scientific) coupled to a QTOF mass 
spectrometer (we use Impact, Bruker).

 7. Data analysis software for peptide identification; e.g., PEAKS 
Studio (Bioinformatics Solutions Inc.).

 1. Microwave reactor, e.g., Discover (CEM Corporation), with 
fiber optic temperature probe for acid hydrolysis, valve panel 
connected to a nitrogen source and a vacuum source, with 
vacuum gauge and pressure sensor, and Teflon PFA vessel 
with microvial insert tray and tubing.

 2. 300 μL glass sample vials.
 3. 200 μL extra-long pipet tips.
 4. 6 N DCl with 1% phenol: add 2.5 mL of concentrated DCl to 

2.5 mL of 2% (w/w) phenol dissolved in D2O (see Note 1).
 5. Centrifugal evaporator; e.g., Savant SpeedVac (Thermo Scientific).
 6. 0.5 M NaHCO3 solution in water.
 7. Marfey’s reagent (1-fluoro-2,4-dinitrophenyl-5-l-alanine 

amide), 1 mg/mL dissolved in ACN.
 8. Standard amino acids mixture: a 200 μM (total) mixture of 

glycine plus the l- and d-forms of the other 19 proteinogenic 
amino acids.

 9. Mixing block with temperature control.
 10. LC-MS/MS-MRM system; e.g., an UHPLC system (we use 

Advance, Bruker) coupled to a triple quadrupole mass spec-
trometer (we use EVOQ, Bruker).

 11. LC column suitable for separating aromatic hydrocarbons; 
e.g., a phenyl-hexyl column (we use Kinetex, Phenomenex).

 12. LC solvents: Solvent A: 25 mM ammonium formate in water; 
Solvent B: methanol.

2.1 Aminopeptidase 
M Digestion

2.2 Chiral Amino 
Acid Analysis
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3 Methods

 1. Mix 15 μL reaction buffer with 5 μL peptide sample (5–10 μg 
in aqueous solution) in a low protein binding microcentrifuge 
tube. Check the pH of the solution with pH paper and adjust 
to ~pH 7.5 using 0.1 M HCl or 0.1 M NaOH solutions. Add 
1 μL of APM (at 60 U/mL) and pipette up and down to mix. 
Save half of the mixture as the “0 h” sample and incubate the 
other half of the mixture at 37 °C for 24 h. For the 0 h sample, 
proceed immediately to the next step; for the 24 h sample, 
perform sample cleanup after incubation (see Note 2).

 2. Sample cleanup by solid-phase extraction using reversed-phase 
C18 pipette tips: adjust sample to 0.1% TFA, pH < 4. Attach 
pipette tip to a pipettor set at 10 μL maximum volume. Wash 
the tip twice by slowly aspirating the wetting solution, then 
dispense to waste. Repeat twice with the equilibration solu-
tion. Aspirate and dispense the sample for 10 cycles to bind 
peptides to the pipette tip. Wash the tip twice with the wash 
solution to remove salts, contaminants, and unbound mole-
cules. Elute the purified peptide sample in 5 μL of elution 
solution. Samples can be stored at −20 °C (see Note 3).

 3. Analyze samples with the LC-MS/MS system for peptide 
characterization. Use the data analysis software to identify 
peptide sequences through database searching and/or de novo 
sequencing.

 4. Compare peptide content between the 0 and 24 h APM diges-
tion samples to identify peptides that reproducibly show resis-
tance to digestion by APM as possible DAACP candidates 
(Fig. 1) (see Note 4).

 5. Isolate DAACP candidates using successive rounds of HPLC 
purifications. Detailed strategies vary with each specific pep-
tide. Different LC gradients, solvents, and column binding 
properties are commonly employed to achieve peptide isola-
tion [19, 20]. At least 5 nmol of each peptide should be iso-
lated (purity >80%) for the next stage of analysis (see Note 5).

 1. Place each glass vial inside a 1.5 mL microcentrifuge tube for 
easy handling. Transfer peptide sample (1–5 nmol in solution) 
into a glass vial, then evaporate the solvent using a centrifugal 
evaporator (see Note 6).

 2. Add 5 mL of 6 N DCl with 1% phenol to the bottom of the 
Teflon PFA vessel. Place glass vials containing the dried peptide 
samples into the microvial insert tray, and place the tray inside 
the vessel body. Assemble the vessel and seal tightly, then con-
nect the vessel to the valve panel and place it into the microwave 

3.1 Aminopeptidase 
M Digestion

3.2 Chiral Amino 
Acid Analysis
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reactor cavity. The valve panel should be connected to a nitro-
gen source (set at 15 psi) and a vacuum source. Flush the vessel 
with nitrogen for 10 s, then evacuate down to −20 mmHg. 
Repeat for three cycles. Adjust the final pressure to 5–10 psi of 
nitrogen in the vessel. Insert the fiber optic temperature probe 
(see Note 7).

 3. Run the microwave reactor using the following conditions: 
power = 200 W, pressure limit = 120 psi, temperature = 165 °C, 

Fig. 1 Identify peptides that are resistant to APM by comparing peptide signals before (black chromatogram) 
and after (red chromatogram) digestion. In this example, an extracted peptide mixture from Aplysia ganglia 
was subjected to APM digestion for 8 h at 37 °C. (a) LC-MS results showed that peptide (1) was degraded 
while peptide (2) remained at similar levels throughout the APM digestion. Therefore, peptide (2) becomes a 
putative DAACP candidate and was isolated for further analysis. (b) The identities of peptides (1) and (2) were 
determined based on MS/MS data in a database search

Non-targeted Identification of d-Amino Acid-Containing Peptides Through Enzymatic…
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and hold time = 15 min (power and pressure settings may 
need to be adjusted based on the specific instrument used). At 
the end of the hydrolysis run, allow the vessel to cool before 
disassembling.

 4. Remove glass vials from the vessel using forceps and place 
them back into 1.5 mL microcentrifuge tubes. Dry sample 
vials in the centrifugal evaporator to remove any solvent intro-
duced to the sample during the hydrolysis.

 5. Using extra-long pipet tips, add 25 μL of 0.5 M NaHCO3 solu-
tion to each glass vial to redissolve the amino acid hydrolysate. 
Transfer samples to 0.5 mL microcentrifuge tubes and add in 
20 μL of 1 mg/mL Marfey’s reagent in ACN. In a separate vial, 
also prepare a sample consisting of 25 μL of the standard amino 
acids mixture and 20 μL of Marfey’s reagent. Place tubes in a 
heated mixing block at 60 °C for 3 h under gentle mixing.

 6. Separately prepare amino acid standards derivatized with 
Marfey’s reagent and use them to establish MRM channels for 
each derivatized amino acid on the LC-MS-MRM system. 
Ensure that the LC method is capable of separating the l- and 
d-forms of every derivatized amino acid. Our setup uses a phe-
nyl-hexyl column (2.6 μm particle size, 100 Å pore size, 
100 × 2.1 mm, Phenomenex Kinetex) with a gradient elution 
using 25 mM ammonium formate as Solvent A and methanol 
as Solvent B, at a flow rate of 300 μL/min. The gradient is as 
follows: 5% B for 2 min, 5–15% B over 5 min, 15–60% B over 
5 min, 60% B for 3 min, 60–100% B over 3 min, 100% B for 
3 min, 100–5% B over 1 min, and 5% B for 2 min (see Note 8).

 7. Analyze the derivatized amino acid hydrolysate samples on the 
LC-MS/MS-MRM system. Also include a run of the standard 
amino acid mixture in the same batch. Determine the chirality 
of each amino acid residue from a peptide sample by matching 
the peak retention time from the experimental sample to the 
retention times of the l- or d-amino acid standards (Fig. 2). 
For peptides that are suspected to contain a d-amino acid resi-
due based on the chiral amino acid analysis, proceed to the 
next stage for final structure confirmation.

 1. Synthesize both the all-l-residue peptide and the proposed 
DAACP through commercial custom peptide synthesis or in-
house synthesis (see Note 9).

 2. Develop an LC method that separates the two peptide isomers 
on the LC-MS/MS system for structure confirmation.

 3. Analyze each synthetic peptide separately on this LC-MS/MS 
system to establish retention times, MS, and MS/MS data for 
these standards. Analyze a sample of the endogenous peptide 
on the LC-MS/MS system. The existence of an endogenous 

3.3 LC-MS 
for Structure 
Confirmation
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DAACP can be confirmed if the retention time, mass, and 
MS/MS fragmentation pattern of the endogenous peptide 
matches that of the synthetic DAACP (Fig. 3) [15].

4 Notes

 1. Prepare this solution immediately before use. “D” refers to deu-
terium (i.e., 2H). DCl and D2O are used in place of HCl and 
H2O so that d-amino acids resulting from spontaneous racemi-
zation during acid hydrolysis would have a mass shift of +1 
Dalton and thus be distinguished from any d-amino acid resi-
due originally present in the peptide [21]. Phenol is added to 
prevent degradation of tryptophan and other amino acids [22].

 2. The peptide sample should be prepared from peptides 
extracted from a target tissue using a suitable peptide extrac-
tion procedure, dried, and then reconstituted in aqueous solu-
tion. Peptide extraction protocols differ based on the tissue 

Fig. 2 Chiral amino acid analysis determines the chirality of amino acid residues in a candidate peptide. In this 
example of a chiral analysis on the extracted Aplysia peptide GYFD, d-tyrosine was detected in the tyrosine 
MRM channel (a) while only l-phenylalanine was detected in the phenylalanine MRM channel (b). This sug-
gests that the endogenous peptide exists as GdYFD

Non-targeted Identification of d-Amino Acid-Containing Peptides Through Enzymatic…
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type and are not described here. Total peptide concentration 
may be measured with a commercial kit (e.g., Pierce 
Quantitative Colorimetric Peptide Assay). One or more all-
l-residue peptide standards (avoid peptides with pyrogluta-
mate or proline near the N-terminus since these peptides may 
have higher resistance to APM) and DAACP standards (e.g., 
deltorphin) may be spiked into the sample as controls for 
enzyme activity. Choose peptides that are not endogenous to 
the biological sample for these controls. Each all-l-residue 
peptide standard should be present in the analysis of the 0 h 
time point but absent after 24 h. Failure to degrade all-l-resi-
due standards indicates insufficient APM activity. Reaction 
conditions (APM concentration, digestion time) should then 
be adjusted accordingly. Each DAACP standard should be 
present at the 24 h time point at concentrations similar to 

Fig. 3 Structure confirmation using synthetic peptide standards. LC-MS/MS analy-
sis showed that the retention time (base peak chromatograms shown above) of the 
endogenous peptide, after 48 h of APM digestion, matches that of the synthetic 
DAACP standard, thereby confirming the structure of the endogenous peptide as 
GdYFD. (Adapted with permission from ref. [15], Copyright 2016 American Chemical 
Society)

Hua-Chia Tai et al.



115

those seen at the 0 h time point. A dramatic loss of DAACP 
standards in the 24 h time point indicates excess APM or 
digestion time is being used. Test the activity of each batch of 
APM and adjust the enzyme concentration and reaction time 
to allow for full hydrolysis of all-l-residue standards while 
leading to minimal degradation of DAACP standards.

 3. A 2% solution of aqueous TFA can be used to adjust the sam-
ple to a final concentration of 0.1% TFA. The low pH pro-
motes peptide binding to the C18 stationary phase of the 
pipette tip, and also inactivates APM to stop the digestion 
reaction. Sample cleanup by solid-phase extraction is intended 
to desalt, purify, and concentrate peptide samples prior to 
LC-MS analysis. The capacity of a ZipTipC18 pipette tip is typi-
cally 5 μg. If higher binding capacity or higher loading volume 
(>15 μL) is needed, a good alternative is the Pierce C18 spin 
column, which can process samples of 10–150 μL and has a 
peptide binding capacity of up to 30 μg.

 4. Note that not all APM-resistant peptides are expected to be 
DAACPs. Some N-terminal modifications (e.g., pyroglu-
tamylation, acetylation) and certain sequences (e.g., proline 
residues near the N-terminus) can also increase a peptide’s resis-
tance to APM digestion [23]. It is also possible that some 
DAACPs may be degraded by APM, depending on the position 
of the d-residue in the peptide sequence. DAACPs with a d-res-
idue far from the N-terminus may be degraded in this screening 
procedure (although they may give rise to truncated peptide 
fragments as APM stalls its digestion near the d-residue).

 5. Peptide concentration can be estimated by UV absorbance at 
280 nm (for peptides containing tryptophan or tyrosine), 
214 nm, or 205 nm [24–26], or with a commercial peptide 
assay kit (e.g., Pierce Quantitative Colorimetric Peptide 
Assay). In addition, MALDI-TOF MS may be used to assess 
the integrity and purity of the isolated peptide. The peptide 
purity needed for chiral analysis is flexible and can be deter-
mined on a case by case basis. If other peptides in the sample 
do not contain the amino acid residue suspected to be a 
d-amino acid, then these impurities may not interfere with 
interpretation of the chiral analysis data and a lower purity is 
acceptable. On the other hand, if the residue in question is 
present in multiple peptides in the sample, a higher purity 
might be desired at this stage to avoid testing a large number 
of peptide conformations in the confirmation stage.

 6. Transfer peptide sample in a solution of 20–100 μL so that the 
peptide sample is evenly distributed around the bottom of the 
vial rather than in a small clump; this allows for a more com-
plete hydrolysis of the peptides.

Non-targeted Identification of d-Amino Acid-Containing Peptides Through Enzymatic…
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 7. To check if the hydrolysis vessel is sealed properly after con-
necting the tubing, fill the vessel with nitrogen (15 psi), then 
turn the valve to the “run” position. Make sure the pressure 
reading is stable (for 30 s) before moving on to the vacuum/
nitrogen cycle. If the pressure drops while the valve is in the 
“run” position, check and tighten the ferrules, cap, and 
connections.

 8. MRM parameters will vary with the MS instrument. Table 1, 
adapted from prior work [15], shows the MRM transition, 
collision energy, and ionization mode of each derivatized 
amino acid analyzed on a Bruker EVOQ triple quadrupole 
mass spectrometer using a heated electrospray ionization 
source with the following settings: spray voltage at 3500 V, 
cone temperature at 250 °C, cone gas flow at 20 units, probe 

Table 1 
MRM parameters for amino acids derivatized with Marfey’s reagent

Amino acid Parent ion (m/z) Collision energy (eV) Fragment ion (m/z) Mode

Alanine 340.0 14 278.1 −

Arginine 426.9 10 70.1 +

Asparagine 382.9 33 175.9 −

Aspartic acid 384.0 24 267.9 −

Cysteine 372.1 21 284.9 −

Glutamic acid 398.0 24 202.0 −

Glutamine 396.9 20 353.0 −

Glycine 326.1 32 162.0 −

Histidine 658.2 30 549.1 −

Isoleucine/Leucine 382.0 18 319.8 −

Lysine 649.1 36 479.1 −

Methionine 400.0 17 337.9 −

Phenylalanine 416.0 20 337.1 −

Proline 365.9 15 321.9 −

Serine 355.9 16 263.9 −

Threonine 370.0 17 263.9 −

Tryptophan 457.1 10 188.0 +

Tyrosine(+2 Da)a 686.1 28 353.9 −

Valine 367.9 15 306.0 −

aDerivatized tyrosine was observed with a mass shift of +2 Da following DCl hydrolysis (but not HCl hydrolysis), per-
haps due to the incorporation of deuterons at positions ortho to the phenolic hydroxyl group [27]. (Table adapted with 
permission from ref. [15], Copyright 2016 American Chemical Society)
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temperature at 400 °C, and probe gas flow at 45 units. These 
parameters may be used as a starting point for new method 
development.

 9. Since chiral amino acid analysis does not provide information 
about the position of the d-residue in the peptide, multiple 
conformations may need to be synthesized. For example, if a 
d-phenylalanine signal was detected during chiral analysis, but 
the peptide sequence has more than one phenylalanine near 
the N-terminus, then peptide structures with d-phenylalanine 
at each position should be considered.
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Chapter 8

Quantitative Peptidomics: General Considerations

Lloyd Fricker

Abstract

Peptidomics is the detection and identification of the peptides present in a sample, while quantitative 
 peptidomics provides additional information about the amounts of these peptides. Comparison of peptide 
levels among two or more samples is termed relative quantitation. It is also possible to perform absolute 
quantitation of peptide levels in which the biological sample is compared to synthetic standards, which 
requires a separate standard for each peptide. In contrast, relative quantitation can compare levels of all 
peptides that are detectable in a sample, which can exceed 1000 peptides in a complex sample. In this 
chapter, various techniques used for quantitative peptidomics are described along with discussion of the 
advantages and disadvantages of each approach. A guide to selecting the optimal quantitative approach is 
provided, based on the goals of the experiment and the resources that are available.

Key words TMAB, Formaldehyde, Isotopic label, Isobaric tags, iTRAQ, DiLeu, Label-free quantitation

1 Introduction

Quantitative peptidomics provides information about the relative  levels 
of peptides between two or more samples, and has found many uses for 
biological studies. Unlike radioimmunoassays, which measure levels of 
a single peptide in a complex sample, peptidomics approaches can 
 measure the relative levels of hundreds or thousands of peptides  present 
in the sample. Radioimmunoassays require a specific  antiserum for 
each peptide and can detect low abundance peptides that are not read-
ily detected using peptidomics approaches [1]. While  radioimmunoassays 
are useful to measure absolute levels of a specific peptide, they are not 
able to measure levels of the vast majority of peptides present in 
 biological samples, and often cannot distinguish between highly similar 
peptides that differ by a single amino acid  residue or posttranslational 
modifications (e.g., phosphorylation,  amidation). In contrast, 
 quantitative peptidomics can easily  discriminate peptides with 
 posttranslational modifications that alter the mass of the peptide [2–4]. 
While quantitative  peptidomics are powerful techniques, the results 
need to be interpreted with caution, as would the results from any 
study that measures peptides (see Note 1).



122

Two fundamentally different approaches have been used for 
quantitative peptidomics. One approach takes the samples to be 
 compared and labels them with different stable isotopes (see Note 2). 
After labeling, the samples are pooled, fractionated by reversed- phase 
liquid chromatography (LC), and analyzed by mass spectrometry 
(MS), usually electrospray ionization (ESI)-MS [3]. The heavy and 
light forms of the peptide can be distinguished by MS and the relative 
peak intensity of each form can be determined, providing a measure of 
the relative levels of peptide present in the different biological samples 
(Fig. 1). The isotopic labels can be incorporated into the peptides dur-
ing their biosynthesis in cell culture, which is termed Stable Isotope 
Labeling with Amino Acids in Cell Culture (SILAC) [5, 6]. It is also 
possible to label whole organisms with heavy isotopes and compare 
with organisms exposed to the natural abundance of these isotopes 
(commonly referred to as “light”); this is described in detail in another 
chapter in this volume (Kunz et al.). While useful for small organisms 
such as Drosophila (Kunz et al.), the cost of the stable isotopes is very 
high for studies on mice and larger organisms, and this approach 
 cannot be used for studies on human samples. More commonly, the 
“heavy” and “light” isotopes are incorporated into peptides using 
 synthetic chemicals that covalently react with the peptides. Several 
 different isotopic tags have been used for quantitative peptidomics 
and the most commonly used reagents are described in this chapter. 
Some of these reagents are covered in more detail in other chapters in 
this volume (Boonen et al., Dasgupta et al., DeLaney et al.).

It is possible to perform quantitative peptidomics without using 
isotopic labels—this is referred to as label-free peptidomics. Because 
the label-free approach avoids the labeling step, it may seem that the 
label-free approach is simpler than quantitative approaches using iso-
topic labels. However, label-free approaches are usually more 
 complicated because they require many more LC runs and subse-
quent MS analysis (either by LC/MS with ESI, or MALDI analysis 
of the LC fractions). Furthermore, label-free approaches previously 
used for peptidomic studies have not reliably quantified small 
changes of 50% or less [7], although there are some mass spectrom-
eters that can provide highly accurate label- free quantitation (see 
Subheading 1.1). In contrast, some studies with isotopic labels have 
detected statistically significant differences as small as 15%, providing 
that there is low variability among the replicates [8–13]. One reason 
for the greater accuracy of quantitation using isotopic labels is that 
the replicates being compared are analyzed on the same LC-MS run, 
whereas for label-free quantification each replicate is run separately, 
introducing run-to-run variation. This run-to-run variation can be 
reduced by performing technical replicates of each biological repli-
cate and averaging the technical  replicates, but this adds to the total 
number of runs. For example, a study to compare five biological 
replicates of a treated sample with five biological replicates of a 
 control sample using label-free  quantitation with three technical 
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Fig. 1 General scheme for quantitative peptidomics using two isotopic tags (top) or five isotopic tags (bottom). In 
both schemes, a total of five wild-type (WT) and five mutant mice (knock-out, or KO) are shown, but the actual 
number of replicates needs to take into account the experimental objectives, animal-to-animal variation, and the 
expected degree of the changes. To accurately measure small changes, a large number of biological replicates are 
needed, especially for peptides that show large animal-to-animal variation. Note that in both schemes, the two 
conditions (WT and KO) are switched between runs to control for possible variation in the chemical reactivity of the 
different isotopic reagents, and it is important that replicates “reverse” the labels. For example, in the top panel with 
two labels, runs 1, 3, and 5 involve WT samples labeled with D0, while in runs 2 and 4 the WT samples are labeled 
with D9. In the bottom panel with five labels, the WT samples are labeled with D0, D6, and D12 (Run 1) or with D3 
and D9 (Run 2). As shown, the experiment with two isotopic tags requires five LC/MS runs, but this does not include 
separate runs that compare WT and WT animals. Thus, five additional LC/MS runs are needed in order to establish 
the baseline of variation of each peptide among biological replicates, so that statistical calculations can compare 
the observed KO/WT ratio to the WT/WT ratio. However, when using five isotopic tags, it is possible to compare WT/
WT variations in the same experiment used to measure the KO/WT levels, and only two LC/MS runs are necessary 
for the entire experiment. To quantify using label-free approaches would require 30 LC/MS runs if three technical 
replicates were included for each of the five WT and five KO mice. Figure modified from [65]
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 replicates for each sample would require 30 LC/MS runs. In 
 contrast, these samples could be analyzed on a single LC/MS run if 
using a 10-plex set of isotopic tags, or in two LC/MS runs if using 
a 5-plex set of isotopic tags (Fig. 1).

This chapter provides a brief overview of the major approaches 
that have been used for quantitative peptidomics. In addition, a 
general list of materials required for quantitative peptidomics is 
provided, and an overview of the technical methods. Guidelines 
are provided to help select the optimal method based on the exper-
imental objectives and the resources that are available.

Many proteomic studies, and some peptidomic studies, have quan-
tified protein/peptide levels by label-free approaches [7, 14–17]. 
In general, MS is not quantitative when comparing two or more 
distinct peptides because the ionization efficiency of peptides is 
dependent on their amino acid composition and posttranslational 
modifications. One solution is to synthesize standard peptides and 
analyze them on the same LC/MS system that will be used for the 
biological samples. Some instruments, such as triple quadrupole 
MS, are capable of high accuracy quantitation of peptides and 
other analytes. Large libraries containing tens of thousands of pep-
tides have been synthesized and used to quantify levels of proteins 
in biological samples [18, 19]. Although not yet applied to pepti-
domic applications, the basic approach should be possible to adapt 
from proteomics to peptidomics applications for accurate label-free 
quantitation of known peptides in a biological sample.

For proteomic applications, most of the approaches include data 
from multiple peptides that are derived from the protein by enzy-
matic digestion, usually with trypsin [14]. By including distinct 
 peptides from a particular protein, the variations in ionization 
 efficiency between peptides are averaged out and the results can be 
reasonably accurate for proteomic studies [14]. For example, a typi-
cal protein is cleaved into 40 or more peptides of which many can be 
detected on LC/MS analysis, thus providing a large number of data 
points for consideration. In contrast, peptidomics is usually aimed at 
measuring individual peptides, and peptides from the same precur-
sor may not be co-regulated. For example, distinct neuropeptides 
are often produced from the same prohormone through differential 
proteolytic cleavages, and their regulation can be distinct [20]. Thus, 
while label-free approaches are common for proteomic applications, 
these techniques are difficult to adapt to peptidomic studies with 
high accuracy unless a large number of replicates are performed or 
synthetic standards of each peptide are produced and analyzed.

There are three basic methods for label-free quantitation: peak 
intensity, spectral counting, and selected reaction monitoring (SRM). 
Of these, SRM is the most accurate and has the largest dynamic range. 
This general approach has been used for many years by the pharmaceu-
tical industry to determine plasma or tissue levels of drugs and other 

1.1 Label-Free 
Approaches

Lloyd Fricker



125

small molecules. SRM is usually  performed on a triple quadrupole mass 
spectrometer, and requires a synthetic peptide standard for each  peptide 
to be quantified. Thus, this technique is limited to known peptides for 
which standards are  available, and while used for large-scale proteomic 
analysis [18, 19] it has not been used for peptidomic studies.

The other two label-free approaches have been used for pepti-
domic studies [7]. As the name implies, peak intensity involves the 
measurement of the ion current of the peptide as it elutes from LC/
MS, usually integrating the signal over the entire elution period, but 
on occasion taking the peak value. Spectral counting is simpler, and 
counts only the number of times a peptide is observed. For pro-
teomics this can be reasonably accurate because an abundant protein 
is likely to result in a larger number of detected fragments than a less 
abundant protein. However, this approach is quite limited for pepti-
domics because of the small number of data points. For example, if 
a peptide is detected in 2 out of 3 replicates of a treated sample, but 
only 1 out of 3 replicates of a control sample, are levels twice as high 
in the treated sample? It is possible, but there is no confidence in this 
interpretation due to the low number of data points. For this reason, 
it is important to include a large number of replicates when perform-
ing label-free peptidomics. Furthermore, there is a difference 
between a peptide being present in a sample and the identification of 
that peptide from its fragmentation pattern during MS/MS analysis 
and subsequent database searches. Only a fraction of the peptides 
present in a sample can usually be identified by MS/MS analysis and 
database searches. For complex mixtures of peptides analyzed by 
LC/MS, the MS instrument only has time to select a subset of pep-
tides for fragmentation. If not selected for fragmentation, there is no 
MS/MS data and the peptide cannot be identified in that run. 
Furthermore, of the peptides selected for fragmentation, many do 
not result in a sufficient number of fragment ions that can allow for 
the sequence to be determined (this is especially a problem for short 
peptides, but can be a problem for peptides of any length). Thus, if 
the spectral counting is based only on peptides identified in each run 
by database searches of MS/MS data, then this approach will incor-
rectly miss many peptides and this can lead to major errors in the 
analysis. Once again, this is less of a problem with proteomics because 
multiple peptides are detected for each protein and the results aver-
aged, but for peptidomics this represents a major problem.

Label-free quantitation using peak intensity takes into account the 
relative levels of the peptide in each LC/MS run. It is difficult to 
handle missing data—if a peptide is found in 2 out of 3 runs, is the run 
without the peptide considered “zero” and averaged with the other 2 
runs, or is the missing run not included in the average? Neither of 
these solutions to missing data is ideal, especially if the peptide isn’t 
really “missing” from the MS data (i.e., if it wasn’t detected from 
database searches due to missing or low quality MS/MS data, but was 
present in the MS spectra).

Quantitative Peptidomics
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Success with either of these label-free approaches depends on 
several factors. First, a key consideration for label-free (as well as 
methods using isotopic labels) is the quality of the samples and repro-
ducibility of the peptide extraction. Postmortem changes and loss of 
peptide can introduce variability, as can the presence of contaminants. 
The number of replicates is important, both biological (i.e., separate 
samples from different animals or plates of cells) and technical (i.e., 
repeat LC/MS runs of the same biological sample). Some investiga-
tors leave out the technical replicates and perform a larger number of 
biological replicates in cases where the sample preparation is relatively 
simple. If a large number of biological replicates are difficult to obtain, 
technical replicates can be included to increase the total number of 
replicates. The instruments available for MS analysis can also influ-
ence the results, as some are more quantitative than others (such as 
triple quadrupole MS instruments). This is also a consideration if the 
results are dependent on peptide identifications in each run from 
MS/MS data—if so, then instruments capable of rapid MS/MS sam-
pling times are ideal (see Note 3). Another important consideration 
is the software available for analysis, much of which has been 
 developed for proteomic (and not peptidomic) applications.

A final point to consider is the magnitude of the changes that 
are expected between the sample groups. If the changes are orders 
of magnitude, it will be difficult to determine the precise value 
(e.g., 10-fold increase versus 20-fold increase) but relatively easy to 
determine that there was a major change (as shown in representa-
tive data in Fig. 2). This latter point is also true for methods that 
use isotopic (Fig. 3) and isobaric labels. As mentioned above, label- 
free approaches with SRM using a triple quadrupole mass spec-
trometer can detect a large dynamic range and accurately quantify 
both large and small changes of peptides, providing that synthetic 
standard peptides are available. If these resources are not available 
and small changes in peptide levels are anticipated (20–50%), then 
isotopic or isobaric tags are preferable to label-free approaches.

Over the past 15 years, a number of different isotopic labels have 
been developed for proteomics and some have been tested for pepti-
domics [21–27]. None of these labels are truly ideal, although some 
are much better than others. One key property of the ideal isotopic 
label is that it can be incorporated into every peptide present in the 
sample. For this reason, one of the earliest reagents developed for 
proteomics, named ICAT (isotope-coded affinity tag), is not useful 
for general peptidomic studies because the ICAT reagent binds to 
Cys residues—these are rarely found in peptides [28]. Instead, it is 
optimal to use isotopic labels that will be incorporated into most, if 
not all peptides in the sample. Studies involving cell culture can grow 
the cells in amino acids labeled with stable heavy isotopes (2H, 15N, 
etc.)—these become incorporated into proteins and peptides if cells 
are treated for a sufficient length of time [5]. However, the cost of 
labeled amino acids is high for cell culture studies and prohibitively 

1.2 Isotopic Tags
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expensive for most animal studies, except for small organisms that can 
be grown in a laboratory such as C. elegans and Drosophila (see Kunz 
et al. chapter in this volume). Thus, most quantitative peptidomic 
studies perform post- extraction labeling of peptides with reagents 
that target free amines. Greater than 90% of peptides in previous 
studies of mouse brain have a free primary amine, either on the 
N-terminus or the side chain of Lys residues [29]. While some pep-
tides will be missed by this approach, including some with important 
biological activities, reagents that target amines are preferable to 
those that target specific residues such as Cys. As a side point, reagents 
that target carboxylic acid groups could potentially be useful to com-
plement the amine-based tags, but the chemistry is not as simple and 
no multiplex tags have been reported.

Another important property of the ideal isotopic tag is that 
 peptides labeled with the light and heavy forms co-elute from the 
chromatography step, usually reversed-phase LC. If these forms do 
not precisely co-elute, the quantification is less accurate [22]. Some 

Fig. 2 MALDI-TOF analysis of peptides extracted from 20 mouse pituitaries and purified on an anhydrotrypsin 
column. (Upper) Extract from wild-type mouse pituitary. (Lower) Extract from pituitaries of mice with mutation 
of carboxypeptidase E (CPE). The observed [MH]+ mass of selected ions is indicated along with peptides that 
were subsequently identified by using MS/MS analysis. Abbreviations: CLIP, corticotropin-like immunoreactive 
peptide; LPH, lipotropin. Figure modified from [66]

Quantitative Peptidomics
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Fig. 3 Representative data from an experiment with isotopic tags. As with Fig. 2, this experiment compared 
wild-type (WT) mice with Cpefat/fat mice (mutant), in this case analyzing brain extracts without affinity chroma-
tography and using TMAB isotopic tags to compare the five mice, as shown in the schematic diagram at the 
top of the figure. A portion of the MS spectrum of the peptides eluting at 11.3 min is shown (the full range 
analyzed spans from m/z 300 to 1800). This spectrum shows groups of five peaks with generally comparable 
peak heights (indicated by red boxes), groups of two peaks (indicated by purple boxes), and single peaks with 
m/z 415, 432, and 445. The single peaks presumably represent peptides that do not contain a free amine, but 
may also represent peptides with amines that did not get labeled during the reaction. The region from m/z 512 
to 525 that eluted at 11.3 min is shown in the middle panel. From this analysis, there is no detectable signal 
for the D6, D9, or D12-labeled peptide, indicating that levels are >10-fold higher in mutant than in WT mouse 
brain. The peptide was subsequently identified by MS/MS analysis as a fragment of proenkephalin containing  

Lloyd Fricker
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of the isotopic tags that have been tested for peptidomics show a 
large isotope effect in the elution from reversed-phase LC columns. 
For example, peptides labeled with light and heavy forms of acetic 
 anhydride (which acetylates primary and secondary amines) elute at 
 different times, with the deuterated form eluting earlier than the 
hydrogenated form [22]. This is because hydrogen bonds  contribute 
to the retention of peptides on the reversed-phase  column, and 
 deuterium bonds are weaker than hydrogen bonds. Also,  acetylation 
converts primary and secondary amines to acetylated amides and 
these are not charged under the acidic conditions used for LC/
MS. Thus, unless the peptide contains an Arg or His residue, the 
acetylated peptide will not be positively charged and cannot be 
detected on MS using positive ion mode (which is more sensitive 
and more commonly performed than negative ion mode). Another 
relatively inexpensive reagent, succinic anhydride, largely avoids the 
problem of different elution time from LC columns—peptides 
labeled with the deuterated and light forms of succinic anhydride 
generally co-elute from reversed-phase LC columns [22]. However, 
succinic anhydride converts amines into succinylated amides and 
the resulting peptides cannot be detected in positive ion mode 
unless they contain an Arg or His residue.

The isotopic tags most commonly used for quantitative pro-
teomics and peptidomics avoid the problems with acetic and 
succinic anhydride, and also come in multiple isotopic forms 
which allows for inclusion of several replicates in the same LC/
MS run. All of these tags react with amines and maintain the 
charge state of the peptide. The main isotopic tags used for 
quantitative peptidomics are described in this section, and the 
related isobaric tags are described in Subheading 1.3.

Together with colleagues, we have performed many peptidomic stud-
ies with TMAB tags [8–13, 22, 30–47]. The TMAB tags were  originally 
developed in two isotopic forms by Regnier and colleagues [48] and 
extended to five isotopic forms by my colleagues [21]. The reagent 
used to label the peptides contains a carboxyl group activated with 
N-hydroxysuccinimide (NHS) [21, 48]. This reagent, referred to as 
TMAB-NHS, covalently labels primary and secondary amines. TMAB-
NHS can be synthesized in five isotopic forms that differ by 3 Da, and 
for most peptides this difference is sufficient for accurate determination 
of peak intensity without peak overlap from other isotopic forms [21]. 
The difference in mass is readily detectable on the MS spectra (unlike 
the isobaric tags). Because the deuterium in the heavy forms is adjacent 

1.2.1 Trimethylamino- 
butyrate (TMAB) Tags

Fig. 3 (continued) C-terminal Lys-Arg, which is expected to be elevated in mice lacking carboxypeptidase E 
activity (see other Fricker chapter in this volume). The proenkephalin fragment lacking the C-terminal basic 
residues was identified from MS/MS analysis of a peptide that eluted at 12.5 min, which was only observed in 
the D6, D9, and D12-labeled forms (bottom panel). This indicates that the peptide lacking C-terminal basic 
residues is >10- fold higher in the WT mice than in the mutant mice lacking carboxypeptidase E activity

Quantitative Peptidomics
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to a quaternary amine, this part of the molecule does not interact with 
the reversed-phase columns and as a result, peptides labeled with dif-
ferent isotopic forms of TMAB co-elute from LC columns [22].

While the TMAB reagents are excellent labels for many applica-
tions (described by Boonen et al. in another chapter in this book), 
there are problems with these labels. The reagents are not commer-
cially available and need to be custom synthesized. Although the 
reagents are inexpensive and the reaction can be performed in a 
 standard biochemistry laboratory with some specialized chemistry 
equipment (such as a rotary evaporator), it is difficult to achieve consis-
tent purity of the labels [21]. Impurities can contribute to side reac-
tions, such as iodination of His and Tyr residues in peptides [49]. If 
these impurities are present in any of the five reagents, it interferes with 
quantification of peptides that contain either His or Tyr  residues. The 
labeled peptides can be detected using quadrupole time-of-flight mass 
spectrometers (Q-TOFs) but are unstable on some mass spectrome-
ters, such as MALDI and ion traps (including the popular Orbitrap 
instruments). Another problem is that quantitation of peptides labeled 
with the five different TMAB reagents must currently be done manu-
ally. A computer program has been developed and is publicly available 
for quantification of peptides labeled with just two of the TMAB 
reagents: D0- and D9-TMAB. This is described in more detail in 
another chapter in this book (see Boonen et al.). However, the use of 
only two isotopic forms greatly increases the number of LC/MS runs 
needed for a typical experiment, and also requires separate analyses to 
establish a baseline variation of the peptides within the samples (Fig. 1).

Another approach for isotopic labeling of peptides is the reductive 
methylation of amines (described in more detail in Dasgupta et al. 
chapter in this volume). Both primary and secondary amines (e.g., 
N-terminal Pro residues) are labeled—the primary amines incor-
porate two methyl groups while the secondary amines incorporate 
a single methyl group. As a side point, this reaction is sometimes 
referred to as reductive dimethylation because nearly all peptides 
have free primary amines and therefore incorporate two methyl 
groups, but reductive methylation is technically the correct term. 
The labeling step is simple and uses reagents which are commer-
cially available and inexpensive [50]. Two reagents are needed: 
formaldehyde and sodium cyanoborohydride, both of which are 
commercially available in heavy and light forms. With various com-
binations of these reagents, one can generate five isotopic forms 
which differ by 2 Da per primary amine that is labeled (see Dasgupta 
et al.). Peptides with multiple primary amines (i.e., a free N-terminus 
and one or more Lys residues) incorporate four or more methyl 
groups, resulting in mass differences between each isotopic form 
that are sufficient for accurate quantitation without problems due 
to peak overlap (see Dasgupta et al.). But for peptides with a single 
primary amine, there is considerable overlap in the spectra between 

1.2.2 Reductive 
Methylation 
with Formaldehyde
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the isotopic forms, which complicates the analysis and requires cal-
culation of the contribution from 13C–containing peptides and 
subtraction of this signal. This labeling approach and the calcula-
tions for subtracting overlapping signals are described in another 
chapter in this book (see Dasgupta et al.).

In our experience, peptides labeled with different isotopic forms 
of formaldehyde and borohydride co-elute from reversed- phase 
HPLC columns. This is presumably because the H and/or D atoms 
are present on methyl groups attached to a tertiary amine which is 
protonated at the acidic pH used for HPLC, and therefore these 
methyl groups are positively charged and do not interact with the 
reversed-phase matrix. However, it has been claimed that the 
 deuterated peptides elute slightly ahead of the light ones when using 
a combination of basic pH reversed-phase chromatography followed 
by microcapillary LC-MS/MS on reversed-phase columns at acidic 
pH, although it was not specified whether the differential elution 
was observed at basic pH or acidic pH [51]. To minimize potential 
complications from differential elution of light and heavy forms, it is 
important to quantify the ratio of the forms over the entire peak and 
not use a single spectrum for quantification.

Whereas the isotopic tags described above are identical chemical 
reagents except for the difference of heavy/light isotopic atoms, 
isobaric tags are chemical reagents with distinct structures for each 
form. Isobaric tags include a balancing group on each of the differ-
ent tags so that each tag is the same mass until it is fragmented in 
the collision cell into products of different masses. Thus, the differ-
ent isotopic tags are isobaric (i.e., same mass) prior to fragmenta-
tion. Because the balancer group contains the opposite numbers of 
heavy/light isotopic atoms as the reporter group, peptides labeled 
with different tags generally co-elute from reversed-phase LC col-
umns. The differently labeled peptides show a single peak in the 
MS mode (unlike isotopically labeled peptides), simplifying the 
spectra with isobarically labeled peptides. However, quantification 
can only be achieved for those peptides which are selected for MS/
MS analysis, and this is usually a subset of the total peptides that 
are detected in complex mixtures.

The first isobaric tags developed for proteomic studies, which 
also work for peptidomic analysis, were named iTRAQ (isobaric 
tag for relative and absolute quantitation) [52]. Initially these were 
available in four forms (4-plex), and more recently in eight forms 
(8-plex). Another set of isobaric tags, named TMT (tandem mass 
tags) was originally developed for 6-plex, and is currently available 
for 10-plex quantitation [53]. All of these commercial isobaric tag 
sets are expensive, compared to the isotopic tags mentioned in 
Subheading 1.2. Several recent peptidomic studies have used the 
TMT reagents for quantitation [27, 54].

1.3 Isobaric Tags
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Another set of isobaric tags for quantitative peptidomics is N,N-
dimethyl leucine, abbreviated DiLeu that were developed by Li and 
colleagues [26]. These reagents can be easily synthesized in a stan-
dard chemistry laboratory, at a cost estimated to be 100-fold lower 
than the commercial isobaric tags (see DeLaney et al. chapter in this 
book). Li and colleagues have expanded the multiplexing capacity to 
8-plex [55] and 12-plex DiLeu [56] enabling simultaneous quantifi-
cation of 12 samples via the use of high resolution Orbitrap platforms 
and mass defect, which offers the highest throughput for isobaric 
tagging quantitation. In addition to isobaric quantitation enabling 
relative quantitation, DiLeu-based reagents can also be used for abso-
lute quantitation via the synthesis of 5-plex isotopic DiLeu reagents 
(iDiLeu) with differing masses by incorporation of different deute-
rium atoms for each tag [57]. Both DiLeu and iDiLeu tags were also 
found to increase the fragmentation efficiency of neuropeptides, 
which offers unique advantages for de novo sequencing of neuropep-
tides and improved confidence for peptide identifications [58]. 
Quantification of peptides with these tags can be further improved 
using an ion mobility technique to reduce co-isolation and co-frag-
mentation of labeled peptides [59]. These tags have been used for the 
relative quantification of peptides and proteins in animal and human 
studies [58–60]. These tags have also been used for the absolute 
quantification of peptides, by including a standard curve of synthetic 
peptide labeled with some of the tags and pooling together with a 
biological sample labeled with another of the tags [24].

The various approaches for quantitative peptidomics all have strengths 
as well as weaknesses. The choice of technique to use depends largely 
on the goals of the experiment. Another consideration is the MS 
instrumentation available as well as the expertise of the collaborators 
who will assist with the analysis. To help in the decision process, step 
1 of Subheading 3 describes the important considerations for selec-
tion of the ideal method for different types of experiments.

2 Materials

Only general materials are indicated here because this is not a 
detailed protocol for a specific method, and is instead an overview 
of the different types of quantitative peptidomics approaches and 
materials needed for each. The focus of this chapter is to provide a 
guide for the selection of the technique, described in step 1 of 
Subheading 3, based on what materials are available. An assumption 
is that the reader of this chapter is interested in peptidomics and will 
be working with a proteomics facility that will perform the MS and 
assist with the data analysis. But because of the differences between 
proteomics and peptidomics (described in Subheading 1), it is 

1.4 Summary

Lloyd Fricker



133

important to use methods that are optimal for peptidomics; these 
depend on the goal of the studies (Subheading 3) as well as the 
materials that are available (briefly described below in this section).

 1. Ultrapure water, such as distilled water that has been further 
purified through resins to remove ions and organic contami-
nants, the latter being the major problem for MS analyses.

 2. Low retention microfuge tubes. Peptides tend to be sticky 
molecules that bind to plastic surfaces. The use of low reten-
tion tubes improves the recovery of peptides.

 3. Biological samples containing peptides; minimum of three 
biological replicates of each group that is to be compared and 
ideally five or more.

 4. Microfiltration units with 10 kDa molecular weight cutoff. These 
need to be washed with water prior to use in order to remove 
contaminants that would otherwise interfere with MS analyses.

 5. C18 reversed-phase material to remove salts from peptides. 
Examples include spin columns, cartridges, or pipette tips 
(e.g., ZipTip) filled with C18 resin.

 6. Vacuum centrifuge/concentrator (e.g., SpeedVac or equivalent).
 7. HPLC system for fractionation of peptides, ideally coupled 

to ESI for direct interface with a mass spectrometer. 
Alternatively, some investigators use a fraction collector for 
the HPLC system that saves the eluate on plates that can be 
directly analyzed with a MALDI MS instrument (after addi-
tion of matrix).

 8. Mass spectrometer capable of fragmentation of the peptide 
and analysis of the fragments (i.e., MS/MS, such as QTOF, 
ion trap, Orbitrap, TOF/TOF or comparable instrument).

 9. Software for analyzing the spectra and converting raw data 
into searchable files. The choice of software will depend on the 
MS instruments used, and most proteomic facilities provide 
access to computers with the software installed.

 10. Software for database searches to identify peptides from MS/
MS data (see chapters in this volume by Azkargorta et al. and 
Southey et al.). Software is often provided by proteomic facili-
ties, and many databases of commonly studied species are 
available on the internet.

 1. Sufficient quantities of biological samples to allow for multiple 
technical replicates (ideally three) of each group, or a larger 
number of biological replicates if no technical replicates are 
performed.

 2. Software capable of comparing multiple LC/MS runs, identi-
fying peptides common to multiple runs, and quantifying levels 

2.1 Materials 
Required for Label- 
Free and Isotopic/
Isobaric Label 
Approaches

2.2 Additional 
Materials for Label- 
Free Quantitation
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in each run either by spectral counting or by peak intensity. For 
review of software developed for proteomic studies, see [61].

 1. Isotopic tags, with several options available, depending on 
goals of study.

 (a)  If the study uses cell culture or small organisms that can be 
raised in a laboratory, the cells/organisms can be grown 
with regular media/food (often termed “light,” see Note 
2) or with media/food enriched in a heavy isotope. For 
cell culture media, amino acids containing leucine with ten 
atoms of deuterium were used for a SILAC study on neu-
ropeptides in cultured cells [5]. The labeling of Drosophila 
with 15N is described in another chapter in this volume 
(Kunz et al.).

 (b)  For all other studies, chemical reagents are needed that 
covalently label peptides with light or heavy isotopes. 
Some are commercially available such as TMT, iTRAQ, 
and the reagents for methylation of amines using formal-
dehyde and borohydride/borodeuteride. Others require 
custom synthesis such as TMAB and DiLeu/iDiLeu (see 
chapters in this volume Boonen et al. and DeLaney et al.).

 2. Reagents to quench the reaction prior to pooling (unless using 
SILAC or comparable approaches).

 3. Software that can be used to quantify the data, either auto-
matically (for some isotopic labels) or manually by inspection 
of the MS spectra for each peptide. Many proteomic facilities 
provide computers with the appropriate software installed.

3 Methods

For people new to the peptidomics field, the choice of which quan-
titative approach to use is difficult. Most proteomic facilities use a 
particular approach and will guide the new user toward those tech-
niques, but they may not be optimal for peptidomics analyses. 
Instead, some of the better peptidomics methods are relatively easy 
to adapt to the equipment and techniques used in standard pro-
teomic facilities. In this section, a series of questions is intended to 
guide the selection of the optimal quantitative peptidomics tech-
nique for different types of research projects.

 1. What is the overall goal of the study?
If the goal is to compare two or more experimental groups 

and identify the major differences in abundant peptides, then 
any of the approaches can be used. If the goal is to identify all 
differences in peptide levels between two or more experimen-
tal groups, then isotopic labels with manual analysis of the data 

2.3 Additional 
Materials 
for Quantitation 
with Isotopic Labels
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is optimal; isobaric tags and label-free approaches will miss 
many peptides that can be detected by manual analysis of MS 
data performed with isotopic labels.

 2. What is the anticipated difference between levels of peptides in 
the two samples?

If peptides are expected to show major changes, then any 
method can be used. For example, if the experiment is compar-
ing extracts from a wild-type animal with extracts from an ani-
mal lacking a  peptide-processing enzyme, then it is likely that 
many peptides will be greatly affected (see representative data in 
Figs. 2 and 3). If the  peptides are expected to show small 
changes of only 20%, then it is better to use isotopic or isobaric 
labels to achieve accurate quantitation, and not the label-free 
approaches (unless using a triple  quadrupole with SRM, which 
is highly accurate).

 3. What is your knowledge of chemistry and access to standard 
organic chemistry laboratory equipment?

If you can perform simple chemistry procedures in your 
 laboratory or have access to equipment such as a rotary 
 evaporator and a chemical fume hood, then you can consider 
the isotopic and isobaric tags that require custom synthesis 
(e.g., TMAB, DiLeu, and iDiLeu). These reagents are easy to 
synthesize and very inexpensive (relative to many commercial 
tags) but not all biology laboratories have the equipment nec-
essary for their synthesis. An alternative is the formaldehyde/
borohydride reagents for methylation of amines—the chemis-
try is performed during the labeling procedure and is as easy 
as adding commercial reagents to tubes containing biological 
samples. A chemical fume hood is required, but this is stan-
dard equipment in most biology laboratories. The commer-
cial isotopic and  isobaric tags require no knowledge of 
chemistry—these procedures just involve adding reagents to 
tubes containing the biological samples. The label-free 
approaches require no chemistry.

 4. What is your budget, and do you have to pay for each LC/MS 
run?

If you have unlimited funding, then the commercial isotopic 
or isobaric tags are a good option. If you do not have to pay for 
the LC/MS runs, then label-free is an option. But if you have 
limited funding, and especially if you have to pay a sizable amount 
for each LC/MS run, then consider the custom- synthesized tags 
or the formaldehyde/borohydride reagents. The label-free 
approaches save money by not requiring isotopic/isobaric tags, 
but the down-side is the need for many more LC/MS runs.

 5. How many peptidomics studies do you plan to do?
If a small number, then it is probably not worthwhile to 

custom synthesize the TMAB, DiLeu, or iDiLeu reagents, 
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which are typically produced in gram quantities that can be 
used for dozens of experiments, each involving multiple sam-
ples and several replicates. The cost of the reagents for the 
commercial tags is high but approximately the same as the cost 
of reagents to synthesize a batch of the 5-plex TMAB reagents, 
so if you’re not going to do many experiments, it is not cost-
effective to synthesize your own reagents. The formaldehyde/
borohydride reagents are relatively inexpensive and the small-
est amount that can be ordered is sufficient for hundreds of 
labeling reactions, so this is a reasonable alternative.

 6. Do you want to see the primary data, or do you trust the com-
puters to interpret the results?

   Samuel Clemens (a.k.a. Mark Twain) popularized the saying 
“There are three kinds of lies: lies, damned lies, and statis-
tics.” If you are the type who likes to see the actual data 
and not just a computer-derived table of data and statistical 
 calculations, then isotopic tags with manual analysis of the 
MS data is your best option. The visual difference between 
peak intensities can be extremely convincing if sufficient 
replicates and low variability among these replicates. For 
example, the data in Fig. 3 show representative results from 
an experiment with isotopic tags that were manually ana-
lyzed, and it is clear that there is low variability among the 
replicates in each group of mice, but major differences in 
the levels of some (but not all) peptides between the two 
groups of mice. However, manual interpretation of MS 
data from peptides labeled with isotopic tags is time- 
consuming. Although manual interpretation provides the 
most coverage of the peptidome and the highest quality of 
data, many investigators want higher throughput 
approaches, even if the quality of the data is lower. In all 
cases, the results require statistical calculations to deter-
mine validity, but the difference with manual interpreta-
tion of isotopic tags and the automated approaches is that 
the former methods provide a sense of the actual results.

4 Notes

 1. Quantitative peptidomics reveals relative levels of peptides 
between two or more samples, but the interpretation of the 
results is not always straightforward. For example, changes in 
peptide levels between wild-type mice and animals lacking 
specific peptide-processing enzymes have been used to 
 determine which peptides are affected by the absence of a 
particular enzyme [8–10, 13, 31, 62]. Peptides that are sub-
strates of the enzyme should be elevated in tissues from 
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knock-out mice, while products should be decreased in the 
absence of the enzyme. This is generally the case for mice 
lacking neuropeptide processing enzymes carboxypeptidase 
E, prohormone convertase 1, or prohormone convertase 2—
in all three of these knock-out mice, peptides that were found 
to be increased or decreased in the knock-out mice matched 
peptides known from in vitro biochemical analysis to be sub-
strates or products of these enzymes [8–10, 13, 31, 62]. 
However, changes in levels of peptides in knock-out mice do 
not always reflect a substrate/product relationship, and it is 
possible that the enzyme has an indirect effect on peptides. 
For example, mice lacking cytosolic carboxypeptidase 1 show 
elevated levels of many peptides and these were initially 
thought to be direct substrates of this enzyme, but subse-
quent biochemical studies found this to be incorrect—the 
enzyme has a very specific requirement for peptides with 
C-terminal acidic residues, and therefore the increased levels 
of many cellular peptides (most of which did not contain 
C-terminal acidic residues) is therefore an indirect effect of 
the missing enzyme [33, 41, 46, 63, 64].

 2. The “light” isotopic form is more correctly termed “natural 
abundance” because it is not specifically enriched for the 
light isotope—it simply reflects the natural abundance of 
the isotope. For example, carbon is 98.9% 12C and 1.1% 
13C,  nitrogen is 99.6% 14N and 0.4% 15N, and oxygen is 
99.8% 16O and 0.2% 18O. Thus, cells/organisms grown in 
regular media/food, or peptides labeled with isotopic tags 
prepared from unenriched isotopic forms will be mostly 
the light forms of each of these isotopes.

 3. It is essential to obtain MS/MS data to determine the identity 
of a peptide—it is not sufficient to claim identification based 
on mass alone. But once a peptide has been identified by MS/
MS, it is not necessary to obtain MS/MS data in every LC/
MS run of sample replicates. For example, once a particular 
 neuropeptide has been identified by MS/MS analysis of mouse 
brain hypothalamic extracts, then in further experiments with 
extracts of mouse hypothalamus it is sufficient only to match 
the mass, charge, and elute time from the LC columns (assum-
ing the column and gradient were similar between the experi-
ments). And if the peptide precursor is also known to be 
expressed in mouse striatum (based on mRNA analysis), then 
it is reasonable to allow for this peptide to be “identified” in 
striatal extracts based only on mass, charge, and elute time. 
However, many programs for automatic quantitation require 
MS/MS identification each time, and when using these pro-
grams there will be many peptides missing from complex sam-
ples simply because the mass spectrometer did not select the 
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ion for fragmentation and subsequent MS/MS analysis (or the 
quality of the MS/MS results were insufficient for accurate 
identification). Manual inspection of the MS data can deter-
mine if the peptide was present in the sample (based on m/z 
of ion, charge, and elute time) if the MS/MS data was missing 
or insufficient for peptide identification.
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Chapter 9

Quantitative Peptidomics with Isotopic and Isobaric Tags

Kurt Boonen, Wouter De Haes, Joris Van Houtven, Rik Verdonck, 
Geert Baggerman, Dirk Valkenborg, and Liliane Schoofs

Abstract

In differential peptidomics, peptide profiles are compared between biological samples and the resulting 
expression levels are correlated to a phenotype of interest. This, in turn, allows us insight into how peptides 
may affect the phenotype of interest. In quantitative differential peptidomics, both label-based and label-
free techniques are often employed. Label-based techniques have several advantages over label-free 
 methods, primarily that labels allow for various samples to be pooled prior to liquid chromatography-mass 
spectrometry (LC-MS) analysis, reducing between-run variation. Here, we detail a method for performing 
quantitative peptidomics using stable amine-binding isotopic and isobaric tags.

Key words Differential peptidomics, Mass spectrometry, Label-based, 4-Trimethylammoniumbutyryl 
(TMAB), Tandem mass tags (TMT)

1 Introduction

In differential peptidomics, peptide profiles are compared between 
biological samples, often to test which (neuro-)peptides are 
 potentially involved in a phenotype of interest. The uses for 
 differential peptidomics are manifold and range from investigating 
peptide processing enzymes [1–3] to more functional studies 
 trying to relate peptide levels to phenotypes such as foraging or 
feeding behavior [4–6]. In the honey bee Apis mellifera for 
 example, differential peptidomics was employed to compare brain 
neuropeptide profiles between foragers and nurses and between 
nectar and pollen foragers, through which eight peptides were 
identified that may regulate honey bee behavior [4].

Both label-free and label-based techniques are often employed in 
quantitative peptidomics, and both have their own advantages and 
disadvantages. The advantages of labeling methods are that they are 
more robust to instrumental artifacts such as ion  suppression effects, 
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as can happen in experiments that add different concentrations of 
(nonremovable) compounds. The reason for this robustness is that 
multiplexed samples are influenced by the same amount of instrument 
variability allowing for a more efficient comparison of the signal inten-
sities. Furthermore, the lesser time needed for one single MS analysis, 
due to multiplexing, can allow a more in-depth LC-MS analysis by 
prefractionation techniques, leading to more peptide identifications 
(and quantifications). In this chapter, we focus on amine-binding 
label-based techniques, more specifically using isotopic 4-trimethyl-
ammoniumbutyryl (TMAB) [7] or isobaric tandem mass tags (TMT) 
[8]. Isotopic tags differ in mass and are used to differentiate peptides 
from different samples observed in the precursor scan of a mass spec-
trometry analysis (MS1) [7]. Isobaric tags, on the other hand, have 
the same weight, hence isobaric, but are conceived in such a way that 
they each release different labels, so-called reporter ions, with different 
mass upon fragmentation (MS/MS) during tandem mass spectromet-
ric analysis (MS2). This still allows for differentiation or demultiplex-
ing of the samples by fragmentation [8] (see Fig. 1). Isobaric tags were 
developed as a label for quantitative bottom-up proteomics, which 
uses mostly trypsin and/or LysC to digest proteins before labeling. 
This proteolytic cleavage creates peptides with basic amino acid exten-
sions, mostly lysine (K) or arginine (R), and can therefore be labeled 
at the primary amines of the N-terminus and lysine. Peptidomics, 
being focused on endogenous peptides, does not use proteolytic 
enzymes and the amine-binding label approaches are therefore limited 
to endogenous peptides with at least one primary amine. This leaves 
out neuropeptides with an N-terminal pyroglutamate, and without 
lysines. These conditions can of course be checked before choosing 
the appropriate quantitative strategy. Alternatively, TMT kits for cys-
teine and carbonyl groups are available.

Using isotopic labels such as TMAB has the advantage that it is 
a less expensive approach that is compatible with most mass 
 spectrometers. Isobaric tags, on the other hand, more easily allow 
for comparing a multitude of samples in the single experimental run 
(multiplexing), although the user is more restricted in his choice of 
mass spectrometer due to the need to properly fragment the  peptide 
and its bound label. For a more comprehensive discussion on the 
advantages and disadvantages of different quantification strategies, 
see the publications by Romanova et al. [9] and Fricker [10].

It is clear that both types of labels have their own set of  advantages. 
As such, here we provide detailed protocols for performing  differential 
peptidomics using either TMAB or TMT. For the analysis of duplex 
TMAB data, we utilize the open-source tool “labelpepmatch,” which 
allows for semi-automated mass matching of differentially labeled 
peptides, as this would otherwise be a mostly manual and laborious 
process [11]. The labelpepmatch tool also includes several modules 
for the visualization and quality control of your peptide samples (see 
Fig. 2), which increases the interpretability of your data.
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We also present a workflow for TMT-based quantitative 
 peptidomics, based on the data-driven normalization of the data by 
the CONSTANd (constrained standardization) algorithm [12]. 
Data that is normalized by CONSTANd can be combined 
 thereafter without the need of reference samples (see Note 1 for 
experimental design and combination of experiments) and can be 
used prior to explorative analysis like clustering or more in-depth 
statistical studies (like linear mixed models). Most importantly, 
CONSTANd normalization allows for extracting meaningful 
 biological data out of the combined data of multiple experiments, 
instead of just looking at experimentally induced differences (see 
Fig. 3). CONSTANd uses a table with (among other things) 
 peptide/protein identifications, together with the reporter ion 
 values as an input. The reporter ion values are normalized row wise 

Fig. 1 Overview of the TMAB (a) and TMT (b) labeling procedures. Peptides are labeled at their free primary 
amines by the isotopic TMAB or isobaric TMT labels. The different samples are pooled after labeling and 
 analyzed by LC-MS. TMAB quantification is performed in MS1, by comparing the peptide intensities that have 
been labeled with a light and heavy TMAB label. Up to five different isotopic TMAB labels are available. The 
labelpepmatch tool currently uses duplex TMAB labels (usually D0 and D9). TMT quantification is performed in 
MS2. Reporter ions are released from the label upon fragmentation and can be used to compare the relative 
concentrations between multiple samples. TMT sixplex is depicted in this figure, but TMT 10-plex is also 
 available and compatible with the CONSTAND++ workflow. TMT 10-plex analysis requires high resolution MS 
to distinguish between N and C isotopes
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Fig. 2 An example of the quality control graphs that are generated by labelpepmatch [11] for TMAB datasets. The 
top graph shows the distribution of the accuracy of each of the detected peak pairs (in Da), which should be a 
symmetrical distribution centered around an error of 0 Da. Labelpepmatch also contains a function to correct for 
false discovery rate (FDR): Semi-randomized data is also run through the labelpepmatch pipeline, which should 
result in much fewer detected peak pairs, as is the case here. The bottom graph shows a minus additive (MA) plot 
(also see Fig. 4) which reveals a bias toward higher intensity of light labeled peptides. A full run-through of the 
labelpepmatch pipeline and an explanation of each plot can be found in the vignette of the package (see Note 19)
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to sum up to 1 (transforming reporter ion intensities into 
 “percentages”). The average value of one row of reporter ion 
intensities is therefore 1/n (for TMT6 n being 6) after scaling. A 
column (sample) based normalization is performed by making 
their sum equal to m/n, with m being the total number of  peptides, 
or rows, in the tabular format. The constraint of m/n represents an 
equimolar pool from the samples of interest. This means that after 
normalization, the average value of reporter ions in a row of the 
table is 1/n. Sequential row and column normalization by itself 
would compromise each other, since the sum of the row 
 normalization would not be equal to 1 anymore after column 
 normalization. This problem can be addressed mathematically by 
the RAS procedure [12]. Most importantly, this procedure is fast 
and scales well with high-throughput omics data. The column 
 normalization corrects for experimental errors like preparation of 
the peptide sample and labeling errors. The latter is much less of an 
issue since the labeling procedure is quite robust [13]. In the case 
of peptidomics, this means that peptide samples should roughly 
contain equal amounts of peptides, e.g., samples that contain much 
more peptides due to protein degradation (because of improper 
sample handling) should be discarded. It should also be noted that 
the eventual peptide population for normalization is smaller for 
peptidomics than proteomics and is therefore inherently more 
prone to inducing biases (see Note 2 on normalization and 
 assumptions of CONSTANd).

Fig. 3 Hierarchical clustering of reporter ion intensities (dataset from [12]). 3 TMT six-plex experiments were 
combined (named PM, BM, and TAM) and each column represents one quantification channel. The rows 
 represent the peptides. The color intensity indicates overexpression (red), underexpression (green), or equal 
amounts (black). Figure (a) represents all experiments after quantile normalization, (b) after CONSTANd 
 workflow. Note that in figure (a) the conditions are more strongly correlated to the experimental conditions 
than to the biological conditions, while in (b), the biological conditions are grouped. This clearly indicates the 
power of the CONSTANd workflow when combining multiple experiments (see Note 1)
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TMT labeling is a fast and robust approach for quantitative 
peptidomics and, when applied to endogenous peptides, suffers 
less from its major drawback: the co-isolation of peptides in 
MS/MS. Co-isolation of peptides tends to suppress ratio differ-
ences between conditions to unity since the reporter ions of the 
selected peptide are contaminated with reporter ions of the co-
isolated or background peptide. Bias of peptide ratios can be 
solved by  selecting MS/MS fragments of the labeled peptides 
for further fragmentation (MS3) and using the MS3 reporter 
ions [14]. This of course requires MS3 capabilities. Another 
method consists of using the complement reporter ion cluster; 
this is possible since the “leftovers” of the reporter ions itself 
contain quantitative  information from the balancer group and 
since this cluster is  specific for a single peptide [15]. Co-isolation 
would therefore result in more than one complement reporter 
ion clusters, together with the “contaminated” reporter ion 
cluster. The difficulty is  recognizing the  correct cluster since 
they do not have a predefined mass. The problem of co-isola-
tion is less pertinent in peptidomic samples since these are usu-
ally less complex than shot-gun  proteomics samples. Peptidomic 
samples can contain highly intense peptides and these do often 
have a tail in LC. One should be  careful that such tailing is not 
interfering with the quantification of other peptides. This can 
again be checked by inspecting the raw data. The CONSTANd 
normalization tool is also optimized to handle proteome dis-
coverer data (but not exclusively), and this software gives a 
value for co-isolation of peptides (see further).

2 Materials

All solutions are prepared using ultrapure water unless stated 
 otherwise. All reactions take place at room temperature unless 
 otherwise indicated.

 1. Dried peptide samples representative of two conditions you 
want to compare, preferably eight or more biologically inde-
pendent samples per condition (see Note 3) (see other chap-
ters for sampling and extracting peptides).

 2. TMAB labels (see Note 4)—either D0 and D9, which have 
a mass difference of 9 Da, or all five forms that differ by 
3 Da (see Note 3). Store at 4 °C and in a dry environment 
(see Note 5).

 3. Water-free pure dimethylsulfoxide (DMSO) (see Note 5).
 4. Resuspension solution: 5%v/v acetonitrile (ACN) and 0.1%v/v 

trifluoroacetic acid (TFA).

2.1 TMAB Labeling
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 5. Buffering solution: 0.5 M disodium hydrogen phosphate 
(Na2HPO4) at pH 9.5.

 6. Alkalizing solution: 1 M sodium hydroxide (NaOH).
 7. Quenching solution: 2.5 M glycine. Make fresh before every 

experiment.
 8. Hydroxylamine solution: 2 M hydroxylamine in water-free 

DMSO (see Note 5). Make fresh before every 
experiment.

 9. A calibrated pH electrode capable of measuring pH in very 
small volumes (such as a Hamilton Biotrode).

 10. Mobile Phase A: 2% ACN and 0.1% formic acid.
 11. Mobile Phase B: 90% ACN and 0.1% formic acid.

 1. Dried peptide samples.
 2. TMT sixplex isobaric reagent set (Thermo Fisher) (see Notes 

6 and 7).
 3. 100 mM TEAB (triethyl ammonium bicarbonate) solution.
 4. 5% hydroxylamine in 100 mM TEAB.
 5. Anhydrous ACN.

 1. Hydrophilic lipophilic balance (HLB) solid phase extraction 
(SPE) cartridges (we use Oasis™ HLB, Waters).

 2. C18 concentrator pipette tips (we use ZipTip, Millipore).

 1. Nano liquid chromatography system (nano-LC system, see 
Note 8) coupled on-line to an electrospray MS/MS-capable 
mass spectrometer (see Notes 9 and 10).

 2. CONSTANd normalization tool is available online at the web-
site www.qcquan.net. This website also contains further infor-
mation on how to use the tool for protein and peptide centered 
quantification approaches.

 3. labelpepmatch [11].
 4. Progenesis LC-MS (Nonlinear Dynamics) according to the 

instructions given by Verdonck et al. [11] (see Note 11).
 5. MS/MS identification software (such as MASCOT, Matrix 

Science, London, or SEQUEST, Thermo Fisher).
 6. De novo protein identification software such as PEAKS 

[16–18] or SPIDER [19].
 7. R [20] (https://www.r-project.org/).

2.2 TMT Labeling

2.3 Desalting

2.4 LC-MS/MS 
Analysis and Software 
Packages

Label-Based Quantitative Peptidomics
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3 Methods

 1. Dissolve D0 and D9 TMAB at a concentration of 1.5 M in 
water-free DMSO. Prepare this fresh for every day of labeling 
(see Note 5). Vortex briefly to properly dissolve the label. 
Normally, 150 μL of each label (300 μL in total) suffices for a 
single day of labeling (see Note 12).

 2. Prepare a proper labeling design for each experiment (see 
Table 1 and Note 12). Always introduce a label swap, as 
shown in Table 1.

 3. Resuspend peptide samples in 50 μL of resuspension solution 
(see Note 13).

 4. Add 200 μL of buffering solution to each of the samples to 
ensure that the pH is optimal for the TMAB labeling reaction 
(see Note 14).

 5. Start the labeling reaction by adding 4 μL of either D0 or D9 to 
its respective sample, according to the labeling design (Table 1). 
As the TMAB labeling reaction acidifies the sample, the pH is 
measured after 10–16 min using a pH electrode. The pH is 
immediately adjusted to 9–9.5 using 0.5–2 μL of the alkalizing 
solution. Briefly vortex and spin down after every step.

 6. The previous step is repeated an additional six times in 
15–16 min intervals (Table 1) to ensure complete labeling.

 7. After the last pH adjustment, incubate the samples for 2 h at 
room temperature.

 8. Afterwards, add 30 μL of the quenching solution to each  sample 
to stop the labeling reaction. Immediately readjust the pH to 
9–9.5 using alkalizing solution. Following this, incubate the sam-
ples for 40 minutes at room temperature and then readjust the pH 
to 9–9.5 again after. Briefly vortex and spin down after every step.

 9. Add 2 μL of the hydroxylamine solution to each sample to 
remove labels from tyrosine residues. If necessary, immediately 
readjust the pH to 9–9.5 using alkalizing solution. Vortex and 
spin down every time you add a solution.

 10. The previous step is repeated an additional two times in 10 min 
intervals (see Note 15).

 11. Two differentially labeled peptides can be pooled into a single 
reaction tube (see Note 15). Always carefully note which two 
samples you pooled in each reaction tube.

 12. Desalt the pooled samples using HLB solid phase extraction 
cartridges according to the manufacturer’s instructions (see 
Note 16).

 13. Vacuum-dry the desalted pooled samples (see Note 16).
 14. Store the dried labeled peptides at −20 °C prior to MS analysis.

3.1 Differential 
Peptidomics Using 
Isotopic TMAB Labels

3.1.1 Labeling Peptides 
Using TMAB
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 1. Redissolve the dried peptide samples in 100 mM TEAB buffer.
 2. Immediately before use, equilibrate the TMT Label Reagents 

to room temperature. Add 41 μL of anhydrous acetonitrile to 
each 0.8 mg vial. Allow the reagent to dissolve for 5 min with 
occasional vortexing.

 3. Carefully add 41 μL of the TMT Label Reagent to each 
sample.

 4. Incubate the reaction for 1 h at room temperature.

3.1.2 Labeling Peptides 
Using TMT

Table 1 
Design for a single TMAB labeling experiment

Sample

Label

TMAB D0 (light) TMAB D9 (heavy)

Control 
1

Experimental 
2

Control 
3

Experimental 
4

Experimental 
1

Control 
2

Experimental 
3

Control 
4

TMAB 0 2 4 6 8 10 12 14

pH 16 18 20 22 24 26 28 30

TMAB 32 34 36 38 40 42 44 46

pH 48 50 52 54 56 58 60 62

TMAB 64 66 68 70 72 74 76 78

pH 80 82 84 86 88 90 92 94

TMAB 96 98 100 102 104 106 108 110

pH 112 114 116 118 120 122 124 126

TMAB 128 130 132 134 136 138 140 142

pH 144 146 148 150 152 154 156 158

TMAB 160 162 164 166 168 170 172 174

pH 176 178 180 182 184 186 188 190

TMAB 192 194 196 198 200 202 204 206

pH 208 210 212 214 216 218 220 222

Numbers in the table indicate time since start of labeling. As an example, here we show the labeling of four control and 
four experimental samples with a label swap. We recommend labeling at most eight samples simultaneously due to time 
constraints. It is preferable to adjust the pH of each sample after at most 16 min, and we recommend re-adding TMAB 
every 15–16 min thereafter. To leave sufficient time for re-adjusting pH, we leave a 2 min gap between each different 
reaction, thus limiting a single labeling experiment to eight samples. Following labeling and quenching, control and 
experimental samples are pooled to create four pools for subsequent LC-MS analysis (e.g., control 1 + experimental 1; 
control 2 + experimental 2). Because there are five TMAB tags that can be synthesized and used for this analysis, this 
table can be modified accordingly so that multiple controls and experimental samples can be labeled at the same time, 
pooled, and analyzed in a single LC-MS run.
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 5. Add 8 μL of 5% hydroxylamine to the sample and incubate for 
15 min to quench the reaction.

 6. Combine samples at equal amounts and desalt the pooled 
 samples using HLB solid phase extraction cartridges accord-
ing to the manufacturer’s instructions.

 7. Vacuum-dry the desalted pooled samples (see Note 16).

 1. Dissolve the sample in a 5% ACN 0.1% formic acid solution.
 2. Separate the samples on a nano-LC system (see Note 8) cou-

pled on-line to an electrospray MS/MS-capable mass spec-
trometer (see Notes 9 and 10).

 3. For TMAB-labeled peptides, export the MS1-mode results 
(see Note 17) for further analysis in Progenesis LC-MS 
(Nonlinear Dynamics) according to the instructions given by 
Verdonck et al. [11] (see Note 11).

 4. TMT-labeled peptides require LC-MS/MS analysis, making sure 
that the low mass reporter ions are also measured (see Note 10).

 1. Install R [20] (https://www.r-project.org/) on any computer.
 2. Open R and install the devtools package using the following 

command:
install.packages(“devtools”).

 3. In R, install labelpepmatch [11] using the following command 
(see Note 18):

devtools::install_github(“goat-anti-rabbit/labelpepmatch.R”, 
build_vignettes = F).

 4. Next, load labelpepmatch using the following command:
library(labelpepmatch).

 5. Use the read.progenesis() function (see Note 19) to open the 
Progenesis LC-MS file containing the results of your MS runs.

 6. Use the pepmatch() function (see Note 19) to mass match 
 peptides with a mass difference of 9 Da (or a multiple of 9 Da) 
due to differential labeling.

 7. Use the pep.id() function (see Note 19) to match peptides to 
one of several peptide database (see Note 20).

 8. Finally, use the lpm_linearmodel() function (see Note 19) to 
look for differential peptides with statistically different abun-
dances in different conditions.

 1. Creation of the data files containing the peptide IDs and reporter 
ion intensities. Information on the workflow and data file for-
mat is available at the website www.qcquan.net. The data is to 
be delivered (per experiment) as a .xlsx, .csv, or .tsv file into 

3.1.3 LC/MS(/MS) 
Analysis of TMAB 
and TMT-Labeled Peptides

3.1.4 Analysis of TMAB 
Data Using labelpepmatch

3.1.5 Analysis Using 
CONSTANd
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the web interface, with the variable names (see Note 21) as 
column headers. The order is unimportant, and there can be 
more  variables present.

 2. Submit the naming scheme for your collection of experiments 
as a .xlsx, .csv, or .tsv file. Each label name can be substituted 
differently for each experiment data file, so that is easier to 
 distinguish each experiment subject in the results.

 3. Submit a data file for each experiment (see Note 21).
 4. Specify some basic and/or advanced options which control 

the workflow. Start the job; the CONSTANd++ server now 
takes control:

 (a)  All nonrequired variables and observations with missing 
values are deleted (missing reporter ions are allowed).

 (b) Only confidently identified peptides are retained.
 (c)  All data with Isolation Interference [%] strictly lower than 

30 are retained.
 (d)  Prioritize data identified using a specific #Identifying_

Node (PSM matching algorithm: e.g., MASCOT or 
SEQUEST).

 (e)  Remove “duplicate” peptide observations with different 
retention times (or alternatively scan numbers) but identi-
cal Sequence, Identifying Node, Charge, and Modifications. 
The one with the most confident identification is selected 
as a representative. For each observation, a Degeneracy 
variable (amount of duplicates) is added.

 (f)  Remove “‘duplicate” observations with different Charge 
but identical Identifying Node and Modifications.

 (g)  Isotopic Correction: for observations with no missing values 
in the MS2 intensities, the latter values are corrected for iso-
topic impurities, given the isotopic impurities matrix [21].

 (h) CONSTANd normalization [12].
 (i)  Two differential expression analyses are performed using 

well-established statistical techniques. These will include 
 volcano plots of the peptides/proteins, lists of differen-
tial peptides/proteins with fold changes and p-values, 
and PCA clustering plots.

   When the job is finished, you can download a report with 
the differential expression analysis, output data as well as data 
removed from the workflow, and some additional workflow 
metadata such as warnings. By default, the report will be pro-
tein centered (peptides of same precursors grouped), but a pep-
tide-centered analysis is also possible (see Note 22).
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4 Notes

 1. Peptidomics is peptide-centered and the goal of differential 
 peptidomics is to compare peptide ratios instead of protein 
 (“precursor”) ratios. Quantification values of separate peptides 
from the same precursor are therefore usually not combined with 
each other to give protein level information (as biological 
 “replicas” from the same protein), resulting in less statistical 
power. It is therefore highly recommended to combine several 
TMT experiments to increase statistical power. CONSTANd 
allows combining experiments without the need of reference 
samples. However, the experimental setup should be carefully 
designed and, importantly, a rigorous SOP for peptidomics must 
be followed to avoid biases and wrong conclusions. Conditions 
should be balanced over the TMT experiments (randomized 
block design). CONSTANd++’s output for each peptide is a 
 percentage (percentages compared between groups in one 
 experiment). This percentage depends on the design of the 
experiment, the number of replicas in each condition, and, of 
course, the ratio between conditions. Practically, experiments 
with the same layout (3 vs. 3 or 2 vs. 2 vs. 2 and same biological 
conditions compared) can be compared directly. Imbalanced 
numbers of biological replicas should be avoided since this leads 
to a bias in overexpressed peptides in the group with the most 
replicas (due to data-dependent acquisition) and to differences in 
percentages. Additional conditions (3 control vs. 3 condition 1 in 
combination with 3 controls vs. 3 condition 2) or skewed 
 numbers of replicas (e.g., 3 vs. 3 and 2 vs. 4) can only be  combined 
if the percentage of the controls is equalized by rescaling the per-
centages (this will of course lead to the sum of the percentages 
not being equal to 1, since they are now percentages that refer to 
other experiments).

 2. Normalization with CONSTANd is justified when three 
assumptions are fulfilled. It requires first of all a reference set 
of peptides (or proteins) that does not vary between the sam-
ples. This condition is likely fulfilled for peptidomics when 
experimental manipulations do not affect the basic machinery 
of neuropeptide processing and secretion (e.g., prohormone 
convertase KOs). Second, the number of up- and downregu-
lated peptides should roughly be equal and small compared to 
the not significantly altered peptides. Lastly, the systematic 
bias should be constant on a logarithmic scale, meaning that 
one normalization factor is sufficient to remove this bias (non-
linear ratio distortion at higher or lower intensities should not 
occur). This is explained in the MA plots in Fig. 4.

 3. Here, we will solely focus on the comparison of two  conditions 
using the most commonly used pair of TMAB labels, D0 and 
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D9, named as such for the amount of deuteriums incorporated 
in either label. In total, five isoforms are available, thus also 
allowing multiplexing analysis [22]. The labelpepmatch tool is 
currently only compatible with duplex labeling.

 4. One of the downsides to using TMAB labels is that they are 
not commercially available. However, their synthesis is quite 
basic and any organic chemistry lab should be suitably 
equipped to make them with relatively inexpensive reagents. 
For a full protocol, see the publication by Morano et al. [22].

 5. Amine-reactive TMAB labels are reactive in water. This is 
mainly due to the fact that amine-reactive TMAB is actually 
a TMAB-N-hydroxysuccinimide (TMAB-NHS) ester, and 
the NHS moiety is sensitive to hydrolysis. As such, effort 
should be put in storing TMAB labels in a dry environment. 
Similarly, take care not to use old bottles of water-free 
DMSO. DMSO is hygroscopic and will accumulate water 
over time. Using old water-free DMSO may significantly 
reduce the labeling efficiency.

Fig. 4 Minus Additive (MA) plots can be used to check if the assumptions for the correct application of CONSTANd are 
met. This is done for each combination of quantification channels. The A axis represents the average of the log 
 intensities of the reporter ions in botch channels whereas the M axis represents the log2 ratio between the channels. 
Each point represents one peptide. MA plots can indicate whether all assumptions that justify using CONSTANd are 
met. All points should be centered around 0 if most peptides do not vary between samples. Second, there should be a 
roughly equal amount of points above and below 0 if there are roughly as many peptides up- or downregulated. Lastly, 
the average of the points on the A scale should be a straight line (no curly edges) parallel to the A-axis and the points 
should be contained by a rectangular box, indicating that the ratios do not correlate with low or high intensity
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 6. TMT six-plex is usually used, but ten-plex is also possible if the 
resolution of the mass spectrometer is sufficiently high. TMT 
18-plex is theoretically possible.

 7. It is sufficient for peptidomics to order only the labels since 
the isobaric mass tagging kits contain reagents only proteomic 
experiments use. The 0.8 mg vials are normally more than suf-
ficient since the total protein concentration of peptidomic 
samples is low compared to proteomic samples.

 8. For TMAB labels, we generally use a nano-LC Dionex 
UltiMate 3000 Dual LC System (75 μm × 15 cm Dionex 
Nano Series C18 column) with a 250 nL/min flow rate. For 
most experiments, we start the gradient at 95% mobile phase 
A and 5% mobile phase B and shift to 50% mobile phase B over 
a 45 min period. Depending on your needs and the  complexity 
of your sample, you may need to adjust your runs.

 9. We often use a microTOF-Q ESI-Q-TOF (Bruker Daltonics) 
for our TMAB experiments. Many other mass spectrometers 
work equally well (e.g., [2, 10, 22]). Do be aware that there 
are some limitations using MALDI-based mass spectrometers 
and mass spectrometers operating with an ion-trap when 
employing TMAB tags (see [10]).

 10. TMT-labeled peptides can be readily analyzed by most LC-MS 
systems that are used for proteomics or peptidomics. However, 
they should be able to detect low masses since the reporter 
ions have masses ranging from 126 to 131 Da for TMT six-
plex, ruling out some ion trap instruments. When using, e.g., 
a QExactive orbitrap mass spectrometer, the MS/MS frag-
mentation spectra should start from a fixed mass (around 
100 Da). It may be necessary to optimize HCD fragmentation 
conditions to get both a good signal for the reporter ions and 
peptide fragmentation. For the QExactive, a normalized colli-
sion energy of 40% is ideal [23].

 11. For quantitative analysis of TMAB-based differential peptido-
mics runs, data can also be analyzed in other relevant software 
packages (see refs. 24, 25). These approaches are often more 
laborious and require more manual input than the labelpep-
match approach. As such, here we specifically chose Progenesis 
as it links well to labelpepmatch.

 12. Due to the strict timing requirements for labeling samples with 
TMAB (Table 1) it is recommended for one person to only 
label 8 samples simultaneously. The labeling reactions for other 
samples can be started after labeling of the first batch of samples 
has finished; or can be done by another person simultaneously.

 13. It is recommended to vortex and sonicate (for 5 min in a 
 sonication bath) your resuspended peptide samples to ensure 
that all peptides dissolve.
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 14. It is recommended to vortex and sonicate your peptide  samples 
again after adding the buffering agent to ensure that all 
 peptides remain in solution.

 15. After this step, the samples can be flash-frozen and stored at 
−80 °C if your planning doesn’t allow you to continue. As 
long as your samples remain in solution, it is recommended 
not to freeze them more than once.

 16. Peptide samples are normally desalted during the extraction 
protocol. However, the TMAB labeling protocol adds large 
amounts of salts to the sample that may interfere with MS analy-
sis. Therefore, we recommend desalting the TMAB-labeled 
samples using HLB solid phase extraction cartridges. For sensi-
tive LC/MS systems, it can even be recommended to desalt the 
HLB-desalted dried peptides a second time using C18 concen-
trator pipette tips according to the manufacturer’s instructions.

 17. We often work primarily with MS1 data when analyzing TMAB-
labeled peptide spectra, because they couple well to labelpepmatch 
[11]. However, it is preferable to also analyze MS/MS data of the 
TMAB runs. This is especially true if little is known about the 
peptidome of your organism of choice, as it allows for more con-
fident identification of peptides. Several papers show clear proto-
cols on how to analyze MS/MS data of TMAB runs, including 
the book chapters by Gelman et al. [24] and Wardman and 
Fricker [26]. Be aware that the TMAB-label also partially frag-
ments when using collision-induced dissociation to fragment 
peptides. Higher collision energies are recommended to consis-
tently fragment the labeled peptides [24]. When using the Mascot 
search algorithm to identify peptides labeled with TMAB, they 
are listed as “GIST” rather than TMAB. Always include modifi-
cations on both N-termini and Lysine side chains. When select-
ing additional modifications to search for, always select oxidation 
of methionine as a variable modification, and bear in mind that 
cyanylation of cysteine and iodination of tyrosine and histidine 
have also recently been reported in TMAB-labeled samples [10].

 18. labelpepmatch has several dependencies that you may need to 
install manually using the install.packages() function: lme4, 
multcomp, limma, bitops, brew, doParallel, foreach, influence.
ME, lsmeans, plotrix, plyr, RCurl, reshape2, colorRamps, 
gplots, knitr, and rmarkdown.

 19. A more detailed overview of the labelpepmatch workflow can 
be found in the vignette of the package. The vignette takes 
you through an entire labelpepmatch experiment using an 
included dataset. See the vignette at:

https://github.com/goat-anti-rabbit/labelpepmatch.R/
blob/master/vignettes/vignette.Rmd
or
https://perswww.kuleuven.be/~u0065551/vignette.html
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 20. Two peptide databases are included in labelpepmatch 
(Schistocerca gregaria and Caenorhabditis elegans) but others 
can be added to the package by the user.

 21. The CONSTANd++ workflow is adapted to the Proteome 
Discoverer (PD) output and therefore follows their variable 
nomenclature. The following variables should be present in the 
table: Confidence, Identifying Node (PSM algorithm that per-
formed this Annotated Sequence identification), Annotated 
Sequence, Modifications, # Protein Groups (number of different 
protein groups this peptide could be involved in), Master Protein 
Accessions (Uniprot identifier of the best matching protein for 
each protein group according to Identifying Node), Protein 
Accessions, Protein Descriptions, m/z [Da], Charge, Delta m/z 
[Da], Isolation Interference [%] (measure for the relative amount 
of co-isolation), RT [min], First Scan (identifier for the mass 
spectrometer scan in which the peptide was detected), XCorr 
(SEQUEST PSM score), Ions Score (Mascot PSM score), and 
the names of the quantification channels. Columns with their 
names in bold should be filled in (Identifying node and Xcorr can 
be set by default to “Sequest HT (A2)” and 0, if data are imported 
from other sources). There are several ways to get data files with 
reporter ion intensities and identifications: (A) Proteome 
Discoverer: the output of PD 2.0 (or higher) can be directly sub-
mitted to the CONSTANd server since it is primarily written to 
accept PD data. The raw reporter intensities can be obtained 
when the “Reporter Ions Quantifier” is incorporated in the 
workflow of interest (protein grouping must be disabled and vis-
ible in the peptide tab). The identification is usually done by 
Mascot and/or Sequest, although other modules can be imple-
mented for peptidomics, like spectral library matching. (B) 
Mascot (server or in-house versions) is able to extract quantitative 
information from the reporter ions, although it only presents 
ratios compared to the intensity of a selected quantification chan-
nel. To convert these, simply add a column containing intensities 
for the quantification channel to which others were compared. 
Mascot results can be exported from the server: First choose 
“export search results” as format, then select the csv format and 
indicate that you want to include “peptide quantitation.” (C) 
PEAKS Studio contains both de novo and database approaches, 
and additional modules for PTMs and mutations. The database, 
PTM, and mutation implement de novo information, resulting in 
a much-reduced computational time when allowing multiple 
modifications and no cleavage enzyme defined [17–19]. The 
Quantitation  module is suited for TMT data and the results can 
be exported to csv files. Raw intensities can be exported instead 
of ratios. (D) Other options are using PeptideShaker in combina-
tion with Reporter [27] (http://compomics.github.io) or the 
highly flexible (but more demanding) OpenMS [28].

Kurt Boonen et al.
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 22. Most proteomics software links the peptide spectrum matches to 
a protein sequence in the database (called protein inference). 
Protein inference in peptidomics is relevant when a precursor as a 
whole is up- or downregulated. Protein inference is not relevant 
if peptides are altered by post-translational mechanisms such as 
processing enzymes or have other modifications in certain condi-
tions. Here the protein level information is obscuring the biologi-
cally relevant results. CONSTANd ++ gives a spaghetti plot of the 
peptide percentages (see Fig. 5). Deviant peptide trends can be 
easily observed in these plots. Alternative methods are using a 
peptide database for identifications (instead of the full-length 
proteins) or manually indexing the protein accession numbers 
(by adding a postfix (such as “_1”, “_2”, etc.) for the several 
peptides of one precursor). The other problem in protein infer-
ence, nonunique peptides (peptides that can be assigned to sev-
eral proteins), is generally not an issue in peptidomics.

0.45
dDGLFSGDPNWFPk

P:
2.2574e-22

0.4

0.35

0.3

0.25

no
rm

al
iz

ed
 in

te
ns

ity

0.2

0.15

0.1

0.05

0
0 2 4 6 8

labels

10 12 14

IPI00125778.4
:

Transgelin-2

iQASSMAFk
qMEQISQFLQAAER
qmEQISQFLQAAER
tLMNLGGLAVAR
yGINTTDIFQTVDLWEGk

Fig. 5 Spaghetti plot of all peptides from the Transgelin-2 protein in two conditions. This analysis is a 
 combination of two TMT experiments. Not that all peptides from the same protein are combined in one plot. 
This means that separate peptides are considered as a biological replicate for the analysis of protein concen-
trations. The combination of all the values increases the number of data points and results in highly powered 
statistical test. Here, two conditions are compared by a t-test. This is meaningful in the case of neuropeptides 
if the whole precursor is upregulated. If only certain peptides have altered concentrations (due to PTMs or 
altered processing), the protein view obscures biologically relevant information on the peptide. However, this 
will become visible in the spaghetti plots of the percentages. Of course, protein inference can also be disabled 
and spaghetti plots (and t-tests or other) will only be performed on intensity percentages of a single peptide
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Chapter 10

Quantitative Peptidomics Using Reductive Methylation 
of Amines

Sayani Dasgupta, Leandro M. Castro, Alexandre K. Tashima, 
and Lloyd Fricker

Abstract

A number of different approaches have been used for quantitative peptidomics. In this protocol we describe 
the method in which peptides are reacted with formaldehyde and sodium cyanoborohydride, which 
 converts primary and secondary amines into tertiary amines. By using different combinations of regular 
reagents, deuterated reagents (2H), and reagents containing deuterium and 13C, it is possible to produce 
five isotopically distinct forms of the methylated peptides which can be quantified by mass spectrometry. 
Peptides with free N-termini that are primary amines incorporate two methyl groups using this procedure, 
which differ by 2 Da for each of the five isotopic combinations. Peptides that contain unmodified lysine 
residues incorporate additional pairs of methyl groups, leading to larger mass differences between isotopic 
forms. The reagents are commercially available, relatively inexpensive, and chemically stable.

Key words Isotopic labels, Formaldehyde, Cyanoborohydride

1 Introduction

A number of different approaches have been used to quantify the 
relative levels of peptides in two or more different samples [1–9]. 
Another chapter in this volume discusses the general  considerations 
in choosing a quantitative peptidomics approach for a particular 
application (see Fricker, Quantitative Peptidomics). In this  chapter, 
we describe a protocol for reductive methylation of amines. This 
general approach has been used for both proteomic and  peptidomic 
applications as well as analysis of amine-containing metabolites and 
other biological applications [2, 10–15]. The labeling step is  simple 
and uses reagents which are commercially available and  inexpensive. 
Two reagents are needed: formaldehyde and sodium 
 cyanoborohydride, both of which are commercially available in 
deuterated and nondeuterated forms, and formaldehyde is also 
available with deuterium and 13C. With various combinations of 
these reagents, one can generate five isotopic forms of labeled 
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 peptides which differ by 2 Da per primary amine in the peptide 
(Fig. 1). For peptides with multiple primary amines (i.e., a free 
N-terminus and one or more Lys residues) the mass difference 
between each isotopic form is sufficient for accurate quantitation. 
But for peptides with a single amine, there is considerable overlap 
in the spectra between the isotopic forms due to naturally  occurring 
isotopes (13C, 15N, 18O). This overlap complicates the analysis, 
although it is relatively easy to calculate the contribution from 
 isotopic forms and subtract this amount from the total signal.

Peptides labeled with this protocol retain the positive charge on the 
amine, as the primary amines of the peptide are converted to tertiary 
amines (Fig. 1). Importantly, peptides labeled with  deuterated and non-
deuterated reagents coelute on reverse phase HPLC columns, which 
allows for accurate quantitation of the  relative levels of each form. The 
reagents are stable, with a long shelf life, and the labeled peptides are 
also stable. This is in contrast to peptides labeled with trimethylammo-
nium butyrate tags (a  quaternary amine), which are unstable at high pH 
or under some mass spectrometry conditions [6, 16].

In this chapter, we also include a protocol to measure the 
 content of amines with fluorescamine, which reacts with primary 
amines to form fluorescent pyrrolinone type moieties. However, 
fluorescamine reacts only with primary amines, not secondary or 
tertiary amines [17]. Reductive methylation is a two-step process, 
first converting a primary amine to a secondary amine, and 
 subsequently to a tertiary amine (Fig. 1). Thus, the fluorescamine 
procedure can only be used to estimate the total concentration of 
primary amine in the sample and to test if the conversion of primary 
to secondary amine is complete. The ninhydrin procedure can 
potentially be used to monitor the completion of the reaction 
because it can distinguish between primary and secondary amines, 
thus providing a reliable means of establishing the completion of 

Fig. 1 Reaction scheme for the dimethylation of primary amines via the two-step process. The primary amine 
and formaldehyde form a Schiff base; this reaction is reversible in aqueous solutions. Reduction of the imine 
bond by cyanoborohydride produces a methylated secondary amine. This secondary amine reacts with another 
formaldehyde molecule to produce a Schiff base and is reduced by cyanoborohydride to form the tertiary 
amine. Peptides with N-terminal proline residues can only incorporate a single methyl group (not shown). The 
scheme shown at the top of the figure is for the forms of reagents containing hydrogen and 12C. The products 
formed using deuterated and/or 13C-containing reagents are indicated at the bottom of the figure

Sayani Dasgupta et al.
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the reaction [18]. However, ninhydrin is not very sensitive and will 
only be useful for procedures with very large amounts of peptides.

In this chapter, we include a protocol for peptide purification 
after labeling and the separation of peptides from proteins and salts 
that interfere with mass spectrometry. We also briefly mention 
 specific liquid chromatography/mass spectrometry (LC/MS) meth-
ods that have been successfully used for our studies. A wide range of 
instruments can be used to detect the labeled peptide and it is not 
necessary to use the particular equipment described in this protocol. 
Finally, we discuss some of the key details of data analysis.

2 Materials

All aqueous solutions should be prepared in ultrapure water.

 1. Lysine stock solution, 0.1 mM.
 2. Fluorescamine reagent, 10.8 mM (3 mg of fluorescamine dis-

solved in 1 mL of acetone).
 3. Phosphate buffered saline (PBS), pH 7.4.
 4. Plates, 96-well, compatible with fluorometer.
 5. Fluorometer.

 1. Biological samples containing up to 25 μg of peptide or the 
equivalent of 50 nmol of lysine (based on the fluorescamine 
assay), in a volume of ~1 mL or less in low retention 1.5 mL 
microfuge tubes (see Notes 1 and 2).

 2. Formaldehyde solutions (4%): Prepare fresh dilution from 
stock on day of procedure (see Note 3). To label the amount 
of  peptide described in this protocol requires 16 μL of 
 formaldehyde  solution per sample (see Note 2). Thus, to label 
two sets of five samples as described below and in Fig. 2 
requires 64 μL  solution of the light formaldehyde, 64 μL of 
the intermediate  formaldehyde containing two deuteriums, 
and 32 μL of the heavy (D2

13C) formaldehyde because the 
light and intermediate forms are each used for two samples in 
each set while the D2

13C only once per set. Commercially avail-
able forms of intermediate and heavy formaldehyde are avail-
able as 20% stock solutions, while the normal isotopic form 
(i.e., light) is available as a 37% stock.
Light—dilute from 37 to 4%. Mix 11 μL stock with 89 μL 

water and split into two tubes of 50 μL (see Note 4).
Intermediate (D2)—dilute from 20 to 4%. Mix 20 μL stock 

with 80 μL water and then split into two tubes of 50 μL (see 
Note 4).

Heavy (D2
13C)—dilute from 20 to 4%. Mix 10 μL stock with 

40 μL water.

2.1 Fluorescamine 
Assay

2.2 Reductive 
Methylation 
of Peptides

Quantitative Peptidomics Using Methylation of Amines
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 3. Sodium cyanoborohydride solutions (NaBH3CN or 
NaBD3CN; both 0.6 M): Prepare fresh right before procedure 
(see Note 3). Need 16 μL per sample, as shown in Fig. 2, which 
requires 64 μL of the light and 96 μL of heavy.
Light—dissolve 3.77 mg in 100 μL water—split into 2 × 50 μL 

(see Note 4).
Heavy—dissolve 5.93 mg in 150 μL water—split into 

3 × 50 μL (see Note 4).

Fig. 2 Table of reagents for a typical experiment and representative data. Using the indicated combination of heavy/
light formaldehyde and borohydride, the resulting peptides differ by 2 Da per primary amine on the peptide (see Note 
6). Because it is important to compare biological replicates, we typically perform two runs, one with three control 
replicates and two experimentally treated replicates, and the other run with two control and three treated replicates, 
as listed in the table. This provides n = 5 for each of two conditions. Note that the labels are reversed between the two 
sets of replicates in order to control for potential problems with the individual reagents. Spectra from a representative 
experiment performed on extracts of Human Embryonic Kidney 293 T cells are shown; the upper spectrum corre-
sponds to set 1 with three control replicates (C1, C2, and C3) and the lower spectrum corresponds to set 2 with two 
control replicates (C4 and C5). The peptide shown in this example was subsequently found by MS/MS analysis to be 
the N-terminal fragment of Protein DJ-1 (Parkinson disease protein 7) with the sequence Ac-ASKRALVILA. For this 
example, the overlap between the peaks requires consideration of the relative abundance of naturally occurring iso-
topes within the peptide and subtraction of the background (see Note 6). Without adjustment, the relative levels of C1, 
C2, and C3 are 0.90, 1.04, and 1.06, respectively (standard deviation 0.085). After adjustment using the formulas listed 
in Note 6, the relative levels of C1, C2, and C3 are 1.03, 0.98, and 0.99, respectively (standard deviation 0.029)

Sayani Dasgupta et al.
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 4. Ammonium bicarbonate solution (1%): Prepare fresh on day of 
reaction. Need 200 μL per sample (12.5 μmol), which requires 
2 mL for the procedure described below. Dissolve 20 mg in 
2 mL water.

 5. Formic acid (5%). Use 100 μL per sample, which requires 
1 mL for the procedure described below.

 6. Sodium acetate buffer, 1 M, pH 6.0 adjusted with NaOH or 
acetic acid.

 7. Sodium hydroxide, 1 M and 0.1 M.
 8. HCl, 1 M and 0.1 M.
 9. pH indicator paper, both extended range (such as 3–9) and 

narrow range close to 6 (such as 5.2–6.6).

 1. Ultrafiltration devices (we use Amicon Ultracel-10K units, 
with 4 mL capacity).

 2. Centrifuge with swinging bucket rotor.
 3. Activation solution, 50% acetonitrile in water.
 4. Equilibration solution, 5% acetonitrile and 0.5% TFA in water
 5. Sample solvent, 20% acetonitrile and 2% Trifluoroacetic acid 

(TFA) in water.
 6. Wash solution, 5% acetonitrile and 0.5% TFA in water.
 7. Elution buffer, 70% acetonitrile and 0.5% TFA in water.
 8. Low retention 1.5 mL microfuge tubes.
 9. C18 spin columns (we use spin columns from Pierce, although 

other manufacturer’s columns should also work).
 10. Benchtop microcentrifuge.
 11. Vacuum centrifuge.

3 Methods

 1. Add aliquots of the peptide sample to wells of the 96-well 
plate. We typically assay 1 and 10 μL of each extract of a bio-
logical sample, which is usually 0.5 to 1 mL (see Notes 1 and 2).

 2. Prepare standard curve of lysine by adding 1, 2, 5, 10, and 
20 μL of 0.1 mM lysine stock solution to separate wells in a 
96-well plate. Include duplicates of this standard curve. Also 
include a blank with PBS alone.

 3. Add the appropriate volume of PBS to the standard curve and 
sample for a final volume of 150 μL.

 4. Add 50 μL of fluorescamine reagent to the wells containing 
sample, standard, or blank.

 5. Shake the plate for 1 min to mix the contents.

2.3 Peptide 
Purification

3.1 Fluorescamine 
Assay to Determine 
the Level of Primary 
Amine in a Sample

Quantitative Peptidomics Using Methylation of Amines
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 6. Record fluorescence at 400 nm excitation and 460 nm 
emission.

 7. Estimate the amount of primary amine in the sample based on 
the standard curve.

 1. Add 1/10th volume of 1 M sodium acetate buffer to samples 
(final 100 mM sodium acetate). Check pH by testing 1 μL 
with indicator paper, and adjust to pH 6 with HCl or NaOH 
using either 1 M or 0.1 M solutions, as needed.

 2. In fume hood, add 8 μL of formaldehyde (light, intermediate, 
or heavy) according to Fig. 2. Proceed immediately to step 3, 
and work in fume hood through step 7 (see Note 3).

 3. Add 8 μL of NaBH3CN 0.6 M or NaBD3CN 0.6 M according 
to Fig. 2.

 4. Vortex, check pH with indicator paper, and adjust with 0.1 M 
HCl or NaOH to 6 if necessary.

 5. After 2 h incubation at room temperature, repeat steps 2–4 
and incubate overnight at room temperature.

 6. Add 200 μL of ammonium bicarbonate, vortex, and incubate 
for 2 h at room temperature.

 7. Add 100 μL of formic acid in fume hood (see Note 3) and 
incubate 10 min at room temperature.

 8. Combine samples for each set and store at −80 °C until proceed-
ing with microfiltration and desalting columns in Subheading 3.3.

To separate proteins from the labeled peptides, use centrifugal filter 
units with a 10 kDa molecular weight cut-off cellulose membrane. The 
flow-through contains the peptides, and this is desalted on C18 reverse 
phase resin, dried in a vacuum centrifuge, and analyzed on LC/MS.

 1. Clean the ultrafiltration devices by adding water and centrifug-
ing at 2300 × g for 3 min. Repeat this step twice more.

 2. Add samples from Subheading 3.2, step 8, into the cleaned 
ultrafiltration devices and centrifuge at 2300 × g for 30 min. 
The filtrate (i.e., the flow-through) contains the peptides. If 
the sample volume is more than 4 mL, remove and save the 
filtrate, load the rest of the sample, and repeat the  centrifugation. 
If not proceeding immediately to the desalting on C18 resin, 
the filtrate can be stored at −80 °C.

 3. Prepare the C18 spin column by tapping it to settle the resin. 
Remove the bottom cap and place it into a microfuge tube. 
Add 200 μL of activation solution (50% acetonitrile in distilled 
water) to the spin column and centrifuge at 1500 × g for 
1 min. Discard flow-through and repeat once. Then add 
200 μL of equilibration solution (5% acetonitrile and 0.5% 

3.2 Reductive 
Methylation 
of Peptides

3.3 Peptide 
Purification 
and Analysis
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TFA in distilled water) and centrifuge at 1500 × g for 1 min. 
Discard flow-through. Repeat the addition of equilibration 
solution and centrifugation twice more. After this, the C18 
column is ready for use.

 4. Add 1/3 volume of sample solvent to the filtrate from step 2 
(i.e., for every 300 μL of filtrate from step 2, add 100 μL sam-
ple solvent). Load 400 μL to the top of the C18 resin bed and 
centrifuge at 1500 × g for 1 min. Discard flow-through. If the 
sample is larger than 400 μL, repeat this step until the entire 
sample has been loaded onto the C18 spin column.

 5. Add 200 μL of wash solution (5% acetonitrile and 0.5% TFA in 
distilled water) to the C18 column and centrifuge at 1500 × g for 
1 min. Discard flow-through and repeat this step twice more.

 6. Place C18 spin column in a new microfuge tube and add 80 μL 
of elution buffer (70% acetonitrile and 0.5% TFA in distilled 
water). Centrifuge at 1500 × g for 1 min and save the material 
that elutes from the column. Add another 80 μL of elution 
buffer to the C18 column and repeat the centrifugation step, 
collecting into the same microfuge tube. The eluates can be 
stored at −80 °C.

 7. Freeze-dry the eluates in a vacuum centrifuge. The dried elu-
ates can be stored at −80 °C.

 8. Resuspend the samples in a small volume of water (10 μL) and 
analyze an aliquot (2–5 μL) by liquid chromatography/mass 
spectrometry (LC/MS). A variety of LC/MS systems have 
been used for this, and many MS instruments are compatible 
with the methyl tags (see Note 5).

 9. Spectra are analyzed using the appropriate software for the 
mass spectrometer used for the LC/MS (we typically use 
MassLynx 4.0 software, Waters). Peak groups representing 
peptides labeled with different isotopic labels are identified 
and the relative intensity of each monoisotopic peak is used 
for calculations. To quantify relative peptide levels, the 
peak intensity of each treated group is compared to the 
average of the control replicates in each experiment (see 
Notes 6 and 7).

The monoisotopic mass of each peptide without added 
methyl groups or protons is calculated from the following 
formula:

Mass unmodified peptide = (m/zx∗z) − (Cx
∗T) − (1.008∗z).

m/zx is the observed mass to charge value for the monoiso-
topic peak for each peptide labeled with different combina-
tions of light/heavy formaldehyde and borohydride (x = 1, 
2, 3, 4, or 5, corresponding to the sample number in Fig. 2).
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z is the charge state.
Cx is the monoisotopic mass of a pair of methyl groups:
For x = 1, Cx = 28.0313 (the net addition of two CH3 

groups to the primary amine).
For x = 2, Cx = 30.0439 for two CHD2 groups.
For x = 3, Cx = 32.0564 for two CD2H groups.
For x = 4, Cx = 34.0690 for two CD3 groups.
For x = 5, Cx = 36.0757 for two 13CD3 groups.
T is the number of pairs of methyl groups incorporated 

into the peptide. This can be calculated from the following 
formula when five tags are used: T = z * (m/z5−m/z1)/8.

For primary amines, T is a whole number (e.g., 1, 2, 3) equal 
to the number of primary amines within the peptide. For sec-
ondary amines, such as peptides with N-terminal proline, T = 0.5 
if there are no additional lysine residues within the peptide, or 
1.5, 2.5, etc. if there are 1, 2, etc. primary amines in addition to 
the N-terminal proline (see Note 7).

 10. To identify peptides, MS/MS data are analyzed using a data-
base search engine (we use Mascot, Matrix Science Ltd., UK). 
No cleavage site is specified. Currently the Mascot server only 
allows for dimethylation with four of the five possible labels 
(the 2 Da form that contains two deuterium atoms is missing 
from the current version of the Mascot program, but can be 
manually added in the licensed version of the software). 
Because the N-terminal and lysine modifications are listed sep-
arately, this means that there are eight modifications listed on 
Mascot that need to be specified in the search parameters: 
Dimethyl (K); Dimethyl (N-term); Dimethyl: 2H (4) (K); 
Dimethyl: 2H(4) (N-term); Dimethyl: 2H(6) (K); Dimethyl: 
2H(6) (N-term); Dimethyl: 2H(6)13C(2) (K); and Dimethyl: 
2H(6)13C(2) (N-term). See Notes 8 and 9 for additional 
search tips.

 11. Results should be manually interpreted to eliminate false posi-
tives, using published criteria [6, 19]. Briefly, the  criteria for 
considering a peptide identified from the MS/MS analysis are: 
(1) a parent mass within 0.1 Da of the  theoretical mass (see 
Note 10); (2) the observed number of methyl groups added 
to the peptide matches the predicted number of free amines 
available (i.e., two methyl groups per Lys residue and free 
N-terminus unless proline, which incorporates only one methyl 
group; see Note 7); (3) the observed charge state(s) of the 
peptide is consistent with the expected number of positive 
charges; (4) 80% or more of the major fragments observed in 
MS/MS match  predicted fragments (minimum five matches).
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4 Notes

 1. Peptide extraction prior to labeling is not described in detail 
here, and is the subject of other chapters in this volume. In 
brief, it is important to treat the tissue or cell extract to 
eliminate all enzymatic activity. One reason is to prevent 
the degradation of peptides by peptidases present in the 
sample. Another equally important reason is to prevent the 
 formation of new peptides by the action of proteases on 
proteins  present in the extracts. The goal of most peptido-
mics  studies is to measure the naturally occurring peptides 
present in a sample, and post- extraction formation of pep-
tides can greatly complicate the analysis. For this reason, 
we primarily use heat inactivation of the biological sample 
to 80 °C, either by microwave irradiation of animal tissues 
 immediately after death or by heating cultured cells in hot 
water. Avoid hot acid, which is known to degrade peptides, 
especially adjacent to Asp residue [20, 21].

 2. This protocol uses a vast excess of formaldehyde and sodium 
cyanoborohydride relative to the amine. The precise ratio 
depends on the amount of free amine in the peptide 
 (determined in part from fluorescamine, although this 
detects only primary amines). If peptide equivalent of 
50 nmol of lysine is used, as described above, this corre-
sponds to 100 nmol of free amines. Using the amounts of 
formaldehyde and sodium cyanoborohydride described 
above, and considering that two molecules of each are 
required to convert the primary amine into a dimethyl-
amine, there is a 50–100 fold excess of the two reagents 
relative to the amine content. When this procedure was 
tested with 50 nmol of lysine, there was >99% completion 
of both the first and second steps of the reaction, as deter-
mined using ninhydrin to measure the level of secondary 
amine. When a tenfold excess of reagents relative to the 
number of amine groups was used, the formation of mono-
methylamine was still >99% complete but the formation of 
dimethylamine was only ~98% complete. Therefore, it is 
recommended to use a ratio of reagents similar to the pro-
tocol described here, and if the biological samples contain 
a higher amine content than 100 nmol, then increase the 
other reagents accordingly to maintain a 50–100 fold ratio. 
Because fluorescamine detects only primary amines, it can-
not be used to determine if the dimethylation reaction is 
complete because the intermediate (i.e., mono-methyla-
tion) is a secondary amine. However, it will be apparent 
from the mass spectra of the data whether the reaction is 
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complete, or whether some primary amines were only 
labeled with a single methyl group.

 3. Formaldehyde and sodium cyanoborohydride are very toxic 
and all procedures with these reagents should be performed in 
a fume hood (including weighing the sodium cyanoborohy-
dride). The quenching reaction and acidification may also 
result in the generation of hydrogen cyanide, a toxic gas. 
Although the amounts of these reagents are very small, it is 
important to work in a fume hood until after the samples are 
quenched.

 4. To reduce the potential for human error in the addition of 
the wrong reagent to the sample tubes, the reagents used 
for multiple reactions can be split into aliquots so that each 
sample tube to be labeled is placed on a rack together with 
the two reagents that will be added (i.e., one of the three 
forms of formaldehyde and one of the two forms of the 
reducing agent). This simplifies the addition process and 
reduces the chance of inadvertently adding the wrong 
reagent.

 5. Many types of mass spectrometers can be used to analyze 
the peptides. We typically use a Synapt G2 Q-TOF mass 
 spectrometer coupled to a nanoAcquity capillary liquid 
 chromatography (LC) system (Waters, Milford, MA, USA). 
The peptide mixture is desalted online for 5 min at a flow 
rate of 8 μL/min of phase A (0.1% formic acid) using a 
Symmetry C18 trapping column (5-μm particles, 180-μm 
inner  diameter, 20-mm length; Waters). The trapped pep-
tides are  subsequently eluted with a gradient of 7–65% 
over 60 min of phase B (0.1% formic acid in acetonitrile) 
through a BEH 130 C18 column (1.7-μm particles, 75-μm 
inner diameter, 200-mm length; Waters). The data are 
acquired in the data-dependent mode and the mass spectra 
of multiple-charged protonated peptides generated by 
electrospray ionization are acquired for 0.2 s from m/z 
300–1600. The three most intense ions exceeding base 
peak intensity threshold of 2500 counts are automatically 
selected and tandem mass spectrometry (MS/MS) is 
 performed by dissociation of the ions by 15 to 60-eV 
 collisions with argon for 0.2 s. The typical LC and electro-
spray  ionization conditions are a flow rate of 250 nL/min, 
a capillary voltage of 3.0 kV, a block temperature of 70 °C, 
and a cone voltage of 50 V. The dynamic peak exclusion 
window is set to 90 s.

 6. Peak overlap can be a problem for peptides that contain a 
single primary amine and therefore are labeled with only 
two methyl groups. For most peptides, the 2 Da difference 
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between the labeled peptides needs to be adjusted to take 
into account the natural abundance of stable isotopes 
within the peptides: primarily 13C and also 15N and 18O 
atoms. For example, the representative data shown in 
Fig. 2 should have 1:1:1 relative levels of the three control 
replicates, but the relative peak intensities are 0.90, 1.04, 
and 1.06. Peptides with a higher mass show even greater 
deviation from the theoretical 1:1:1 ratio. It is possible to 
take into account the natural isotopic content based on the 
known isotopic distribution of the  elements and the aver-
age levels of each atom in peptides (which will vary slightly 
based on amino acid composition). Figure 3 shows the 
relative levels of the monoisotopic ion and the 2nd, 4th, 
6th, and 8th isotopes of a set of peptides covering the mass 
range of 0.5–5 kDa—these are the ions that would inter-
fere with the dimethylation of a single primary amine. 
Formulas were derived to adjust the relative peak intensity 
and subtract the natural isotopic composition of the pep-
tides. For peptides that contain a single primary amine and 
incorporate two methyl groups, the formulas to adjust 
based on the mass (M) of the observed peptide are:

S
I
k

Ii
i

i

= - b

in which Si is the adjusted intensity of sample i (i = 1, 2, 3, 4, 
or 5), Ii is the observed intensity, ki is an adjusting factor, and 
Ib is the background intensity. The adjusting factor ki is given 
by:

ki = ai + biM + ciM2 + diM3

and ai to di are adjusted constants based on the isotopic distri-
bution calculations (Table 1).

 7. Proline is a secondary amine and therefore an N-terminal 
 proline will only incorporate a single methyl group from 
the reaction with formaldehyde and sodium cyanoborohy-
dride using the scheme described in this protocol. This 
means that the mass difference between each isotopic tag 
will be only 1 Da if there are no lysines within the peptide, 
or 3 Da if there is one lysine, 5 Da if two lysines, etc. [2].

 8. In addition to including the modifications for the 
 dimethylation reaction when performing Mascot searches, 
it is useful to include additional post-translational 
 modifications. The  modifications to include in the search 
parameters depend on the biological sample. Met-oxide is 
a common modification found in a wide range of studies. 
If looking for neuropeptides, search for amidation, 
 acetylation, pyroglutamylation, and  phosphorylation. But 
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Fig. 3 Relative intensity of the monoisotopic ion and relative abundance of naturally occurring isotopic forms. (a) 
Two representative peptides, previously identified from peptidomic analysis of Human Embryonic Kidney 293 T 
cells [26, 27], were analyzed using the Protein Prospector MS-Isotope calculator (http://prospector.ucsf.edu/
prospector/cgi-bin/msform.cgi?form=msisotope), which takes into account the natural abundances of 13C, 15N, 
and 18O. The monoisotopic (mi) peak and the second, fourth, and sixth isotopic peaks are indicated—these 
complicate the analysis of peptides labeled with pairs of methyl groups which are 2 Da apart using the scheme 
in Figs. 1 and 2. (b) Twenty-six previously identified peptides [26, 27] were analyzed using the Protein Prospector 
MS-Isotope calculator. The selected peptides range in size from 578.31 to 4933.52 Da. The relative abundance 
of the monoisotopic ion and the ions corresponding to the second, fourth, sixth, and eighth isotope are indicated. 
The relative intensity (y-axis) refers to the relative value shown in ProteinProspector (see Panel (a)). (c) The rela-
tive level of peak intensity due to natural isotopes of lighter peaks separated by 2 Da was calculated for samples 
2–5 (using the scheme listed in Figs. 1 and 2). In this graph, sample 1 would have a relative level of 1.00. For 
this analysis, the contribution of isotopes from each previous sample was included (e.g., for Sample 5 this 
involved the second isotope peak from Sample 4, the 4th isotope peak from Sample 3, the 6th isotope peak from 
Sample 2, and the 8th isotope peak from Sample 1). Then, the ratio of the 13C-containing peak relative to the 
monoisotopic peak was calculated. Filled symbols represent unadjusted results, open symbols represent values 
after adjustment using the formulas described in Note 6. Without adjustment a 4 kDa peptide labeled with two 
methyl groups would be off by >500% from the theoretical ratio, and a 5 kDa peptide would be off by >800%. 
After adjustment, all peptides were within 7% of the theoretical 1:1:1:1:1 ratio
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if any of these are found, they need to be interpreted with 
caution. For example, amidation of neuropeptides is only 
known to occur for peptides that are produced from a 
 precursor with a Gly in the downstream position which is 
converted to the amide group by the enzyme peptidyl-
glycine- alpha-amidating monooxygenase [22, 23]. 
Likewise Ser and Thr phosphorylation of secretory  pathway 
peptides is performed by an enzyme with a very strict 
 consensus site, and does not phosphorylate most Ser or 
Thr residues [24, 25].

 9. Because of the small mass difference between the isotopic 
forms, the program that calculates the monoisotopic mass 
of the observed peptide does not always pick the correct 
peak, and sometimes selects one of the 13C-containing 
peaks. Therefore, database searches with a small error tol-
erance (such as 0.1 Da) will not identify these mis-assigned 
peaks because they will be incorrectly considered to be off 
by 1 Da. A solution is to use a very large mass window 
when searching Mascot, such as 1.1 Da, and then consider 
potential hits that are within 0.1 Da or 0.9–1.1 Da (i.e., 
within 0.1 Da of a peptide with a mass 1 Da heavier/
lighter). Manual analysis of the data will reveal if Mascot 
selected a 13C-containing peak instead of the monoisotopic 
peak (see Note 10).

 10. Depending on mass spectrometer used for the analysis, the 
mass accuracy window can be even narrower than 0.1 Da. For 
example, with a Synapt G2 (Waters), the accuracy is often 
within 0.02 Da. Conversely, if performed on an instrument 
with lower mass accuracy, this needs to be considered in the 
interpretation of the data.

Table 1 
Adjusting factor ki constants for each experimental condition (i = 1–5)

i (sample) ai bi ci di

1 1 0 0 0

2 0.991 4.54 × 10−5 1.48 × 10−7 0

3 1.089 −4.49 × 10−5 1.29 × 10−7 3.00 × 10−11

4 0.993 1.62 × 10−4 −3.95 × 10−9 5.70 × 10−11

5 0.958 2.33 × 10−4 −4.60 × 10−8 6.44 × 10−11
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Chapter 11

Metabolic Labeling to Quantify Drosophila Neuropeptides 
and Peptide Hormones

Thomas Otto Kunz, Jiangtian Chen, Megha, and Christian Wegener

Abstract

Neuropeptides and peptide hormones are involved in the regulation of most if not all body functions, 
ranging from physiology to neuronal processing and the control of behavior. To assess their functions, it 
is often vital to determine when and in which quantities they are produced, stored, and released. The latter 
is especially difficult to assess in small insects, such as the genetically amenable fruit fly Drosophila melano-
gaster, and cannot be achieved merely by quantifying mRNA transcripts. We have adapted and optimized 
methods to quantify neuropeptides and peptide hormones by metabolic labeling followed by LC-MS. In 
this chapter, we describe the labeling protocols used in our laboratory and discuss problems and pitfalls 
that we encountered.

Key words Quantitative peptidomics, Neuropeptides, Metabolic labeling, Insects, LC-MS

1 Introduction

The development of highly sensitive mass spectrometric techniques 
and the miniaturization of liquid chromatography enabled the bio-
chemical characterization of neuropeptides and peptide hormones 
(here, for simplicity, referred to as peptides) in the small fruit fly 
Drosophila (see [1]). This peptidomic characterization, in turn, has 
fueled the use of sophisticated Drosophila genetic tools to dissect 
insect peptide functions and signaling. For a comprehensive under-
standing of the physiology and regulation of peptidergic signaling 
systems, quantitative information about the timing of peptide pro-
duction, storage, and release is essential. Though it is rather straight-
forward to quantify peptide hormone titers in the circulation of 
larger animals, attempts for the fruit fly have so far been largely 
unsuccessful due to the small volume and the high peptide com-
plexity of insect hemolymph [2, 3]. Measurement of peptide release 
within the nervous system remains a real challenge since nervous 
system extracts contain both stored peptides (from intracellular 
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vesicle pools) and released peptides (from the extracellular space). 
Thus, prepropeptide mRNA is usually quantified to obtain informa-
tion about when the production of a peptide is upregulated, indi-
cating peptide release and active peptide signaling. However, 
prepropeptide mRNA quantification can only serve as a rough 
approximation, as peptides can be intracellularly stored in large 
amounts. Moreover, it is unclear whether an increased amount of 
prepropeptide mRNA necessarily results in increased peptide pro-
duction (translation plus processing) or release, and whether release 
activity is always coupled to an upregulation of prepropeptide gene 
transcription and translation. A more realistic approach to assess 
peptide release also takes the amount of peptide into account and 
can be represented by the formula R A A Pt t t t t tx x x0 0 0- -= + , where R 
is the amount of peptide released, A is the total amount of peptide 
in the tissue, P is the amount of peptide produced, and t0 − tx is the 
time between timepoints t0 and tx. For example, if the peptide’s 
mRNA level is upregulated at tx compared to t0, while the total 
amount of peptide within the tissue is unchanged (A At tx0

= ), then 
it is reasonable to assume that peptide was released and hence pep-
tide signaling was active during the physiological condition during 
the time t0 − tx.

In this chapter, we describe a protocol to metabolically label 
peptides in order to obtain quantitative information about the 
total peptide amount in a tissue. This allows comparison of peptide 
levels between flies of different genotypes or physiological states, 
and if P is known, estimation of peptide release. The protocol is an 
adapted and more economical version of a protocol originally 
developed by Gouw and colleagues for Drosophila proteomics [4]. 
Unlike peptide quantification by direct mass-spectrometric tissue 
profiling (see, e.g., [5–7]), metabolic labeling allows the quantifica-
tion of peptides in any tissue and is not restricted to isolated cells 
or small and anatomically well-defined brain compartments or 
neurohemal organs.

2 Materials

 1. Minimal medium: 1.7 g yeast nitrogen base without amino 
acids and ammonium sulfate (e.g., BD Difco). 20 g sucrose 
(analysis grade, nitrogen-free), 1 g 15N-labeled ammonium sul-
fate (for 15N-labeling; we use 99% 15N-labeled ammonium sul-
fate from Euriso-Top, Saarbrücken, Germany; see Note 1) or 
1 g normal ammonium sulfate (for 14N-labeling). Fill up to 1 L 
with ultrapure water.

 2. Phosphate-buffered saline (PBS): 8 g NaCl, 0.2 g KCl, 1.44 g 
Na2HPO4, 0.24 g KH2PO4, 900 mL double distilled water. 
Adjust to pH 7.4 with Na2HPO4 or KH2PO4 if necessary, then 
fill up to 1 L with double distilled water.

2.1 Yeast Labeling
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 3. Saccharomyces cerevisiae (yeast, e.g., Sigma, type II YSC2).
 4. 50 mL tubes (e.g., Falcon tubes).
 5. Sterile 2.5 L Erlenmeyer flask.
 6. Shaking incubator.
 7. Large refrigerated centrifuge.

 1. For timed larvae: 60 mm plates containing 2% agarose and 1.7% 
sucrose (250 mM). Prepared fresh on day of egg collection.

 2. For adult flies: apple juice plates: add 24 g agar to 700 mL 
water and bring to boil. Then cool down to around 70 °C and 
add 300 mL apple juice. Pour into plastic Petri dishes and let 
harden. Can be stored at 4 °C.

 3. Agarose and sucrose.
 4. Cotton wool.
 5. Medium-sized fly culture vials (Fig. 1).
 6. Fly incubator.
 7. Yeast-sugar solution: combine 3.4 g yeast (15N-labeled or unla-

beled) with 0.9 g sucrose and 7 mL water.

 1. Dissecting saline: e.g., hemolymph-like solution HL3.1 [8] 
(in mM): NaCl 128, KCl 2, CaCl2 1.8, MgCl2 4, sucrose 36, 
HEPES 5, pH 7.1 adjusted with 1N HCl, or alternatively: 
NaCl 80, KCl 5, CaCl2 1.5, MgCl2 4, NaHCO3 10, trehalose 
5, sucrose 115, HEPES 5, pH 7.2, adjusted with 1N HCl [9].

2.2 Fruit Fly Labeling

2.3 Tissue 
Dissection 
and Extraction 
and Purification 
of Peptides

Fig. 1 Fly culture vials prepared for metabolic labeling. Left: vial filled with pure 
agarose. Middle: vial filled with agarose plus loose cotton wool on top which is 
soaked to saturation with yeast paste. Right: vial filled with “yeast marmalade” 
(see Note 7)

Metabolic Labeling in Drosophila
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 2. A pair of fine forceps (e.g., sharpened Dumont No. 5), and a 
micro-needle.

 3. A silicon polymer-coated preparation dish (see Note 2).
 4. Dissecting microscope with high 20–40× magnification.
 5. Microcentrifuge tubes, 0.5 or 1.5 mL, low-binding (see Note 3).
 6. Labtop cooler for microcentrifuge tubes that keeps tempera-

ture <−10 °C.
 7. Methanol extraction: methanol/ultrapure water/trifluoroace-

tic acid (TFA) (90:9:1 (v/v/v)), all HPLC grade.
 8. Water extraction: ultrapure water, later to be added: 1 mM 

HCl.
 9. Heating device to boil the sample (heating plate or gas burner 

and a beaker with water, or a thermoblock for microcentrifuge 
tubes).

 10. Ultrasonic waterbath.
 11. Ice.
 12. Microcentrifuge.
 13. Vacuum concentrator.
 14. Pipettes and low protein-binding tips.

This protocol uses LC offline-coupled to MALDI-TOF mass spec-
trometry. Although many investigators use ESI-MS for peptidomic 
studies, MALDI-TOF MS holds several advantages (see Note 4 
and Fig. 2).

 1. Reverse phase HPLC system, such as the Dionex UltiMate 
3000, ThermoFisher.

 2. C18 trap column, such as Acclaim PepMap100 C18, 5 mm, 
100 Å pore size trap column.

 3. C18 analytical column, such as Acclaim PepMap100 C18, 
3 mm, 100 Å pore size analytical column.

 4. MALDI spotter, such as SunCollect, SunChrom, GmbH, 
Friedrichsdorf, Germany.

 5. MALDI TOF/TOF analyzer, such as 4800 Plus, ABI Sciex, 
Framingham, MA, USA.

 6. Eluent A: 98% HPLC grade water, 2% acetonitrile (ACN), 
0.05% trifluoroacetic acid (TFA) (v/v/v).

 7. Eluent B: 80% ACN, 20% HPLC grade water, 0.04% TFA 
(v/v/v).

 8. Matrix solution: half-saturated alpha-cyano-4-hydroxycin-
namic acid in 60% ACN, 40% HPLC grade water, 0.1% TFA 
(v/v/v).

2.4 LC-MS

Thomas Otto Kunz et al.
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3 Methods

 1. Add 5 mL minimal medium in a 50 mL Falcon tube, and inoc-
ulate with yeast.

 2. Grow overnight at 30 °C on a shaker with 230–270 rpm.
 3. Use 500 μL of the overnight culture to inoculate 1 L of mini-

mal medium in a 2.5 L Erlenmeyer flask. This is done for both 
the 14N- and 15N-enriched medium.

 4. Grow overnight at 30 °C on a shaker with 230–270 rpm.
 5. Transfer the culture to centrifuge bottles and centrifuge at 

2400 × g for 20 min at 4 °C.
 6. Transfer the supernatant back to the Erlenmeyer flask. As 

enough yeast are present in the supernatant, it can be used for 
a second overnight incubation as above, to collect further yeast.

3.1 Yeast Labeling

Fig. 2 Examples of MALDI-TOF MS spectra for labeled and unlabeled peptides. (a) Mass spectrum showing 
unlabeled ([M+H]+ = 1247.6 Da) and 15N-labeled ([M+H]+ = 1263.6 Da) myosuppressin (containing 16 nitro-
gens), methanol-extracted from pooled brains of fed (unlabeled) and 24 h starved (labeled) flies raised on 
yeast-soaked cotton wool. (a′) Same as in (a), but here fed flies are labeled and starved flies are unlabeled. In 
both (a) and (a′) the unlabeled myosuppressin shows the expected isotopic pattern, while the peaks at 1262.6 
and 1261.6 Da (incorporation of 1 or 2 14N, respectively) indicate that the 15N labeling efficiency is 98%. 
(b) Mass spectrum showing unlabeled ([M+H]+ = 1369.6 Da) and 15N-labeled ([M+H]+ = 1387.6 Da) corazonin 
(containing 18 nitrogens), methanol-extracted from pooled brains of fed (unlabeled) and 24 h starved (labeled) 
fed with “yeast marmalade.” (b′) Same as in (b), but here fed flies are labeled and starved flies are unlabeled. 
In both (b) and (b′) the unlabeled corazonin shows the expected isotopic pattern, while the peaks at 1386.6, 
1385.6, and 1384.6 Da indicate that the 15N labeling efficiency is only 93%, most likely due to ammonium salt 
contaminations in the pectin. This low labeling efficiency is problematic for a proper ESI-MS analysis, but can 
easily be accounted for in the MALDI spectra. The data would suggest that corazonin levels are decreased by 
starvation, while myosuppressin levels are not greatly affected by starvation

Metabolic Labeling in Drosophila
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 7. Resuspend the yeast pellet in 20 mL PBS and transfer to a 
50 mL Falcon tube. Centrifuge at 2400 × g for 20 min at 4 °C.

 8. Remove the supernatant, and use the tube to pool further 
yeast (i.e., from the second overnight incubation).

 9. If you only need small portions of 14N- and 15N-labeled yeast, 
aliquot appropriately in smaller tubes.

 10. Store the tubes with yeast at 4 °C for direct use or at −80 °C 
for long-term storage.

Run each set of experimental and control flies in parallel, and recip-
rocally on 14N or 15N-labeled yeast (Fig. 3) to minimize possible 
effects due to heavy-labeled yeast (see Note 5).

For timed larvae:

 1. Egg collection: To ensure that a synchronized larval popula-
tion is recovered, allow flies to do a pre-egg lay of 1 h on regu-
lar food. At the desired time point of transfer, allow flies (20–30 
females, 10 males) to lay eggs on the freshly prepared agarose 

3.2 Fruit Fly Labeling

Fig. 3 Scheme for metabolic labeling. Test and control flies are fed with 14N and 
15N-labeled yeast, respectively. Then, the tissue of interest is dissected from an 
equal number of test and control flies directly into the same microcentrifuge 
tubes. After extraction, peptides can then be quantified by LC-MS. The same 
experiment should in parallel be conducted with reciprocally labeled flies

Thomas Otto Kunz et al.
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and sugar plate. Allow egg laying to proceed depending on 
fecundity of flies. In our laboratory, 3 h was sufficient.

 2. After egg collection, cut out the agarose from the middle, cre-
ating a 1.5 cm × 1.5 cm square. Place a small amount of cotton 
wool to fill the area. The cotton wool should be loosely held 
and not dense. Soak with 500 μL yeast-sugar solution. Place in 
25 °C incubator. Hatchlings will migrate to the cotton wool by 
next day. Add 200 μL of fresh labeled or unlabeled media 
everyday till time point of collection.

 3. At the desired time point of collection (we used 88 h after egg 
laying), larvae are collected from the cotton wool with forceps, 
washed in Ringer solution, and placed on ice. The dissection 
protocol for larvae is similar as for adults.

For adult flies:

 1. Place flies (20–30 females, 10 males) on an apple juice agar 
plate overnight for oviposition.

 2. The next morning, wash the eggs carefully off the plate. 
Transfer a batch of 30–35 eggs to a freshly prepared fly culture 
vial filled with 2–3 cm 2% agarose onto which a small layer of 
cotton wool was added (Fig. 1). Pipette yeast paste onto the 
cotton layer until the cotton is fully soaked. Soak the cotton 
layer daily with new yeast-sugar solution (see Note 6).

 3. Keep flies at 25 °C and the desired housing conditions until dis-
section. If larvae or flies are to be starved, transfer them onto fresh 
vials filled with 2% agarose for the desired starvation time (see 
Note 7).

For better illustration, we here describe the dissection and extrac-
tion using an experiment with 14N-labeled fed vs. 15N-labeled 
starved flies as an example. The same applies for comparison of any 
two groups of adult flies or larvae, such as wild-type vs. mutant 
flies, or before vs. after mating.

 1. Anesthetize flies on ice. Then quickly dissect the 14N-labeled 
control tissue of interest (e.g., brain, ventral ganglia, midgut) 
in ringer solution on ice.

 2. Using a needle, transfer the tissue with as little saline as possi-
ble to the bottom of a pre-cooled and empty microcentrifuge 
tube kept in the labtop cooler. The tissue should freeze to the 
tube wall. Keep on dissecting until 20–30 14N-labeled brains, 
ventral ganglia, or midguts have been collected.

 3. Repeat the dissection with the 15N-labeled starved flies and col-
lect the same amount of 15N-labeled tissue into the same tube as 
for the 14N-labeled tissue. You should end up with a tube con-
taining 40–60 tissues, of which half is labeled by 14N, the other 
by 15N.

3.3 Tissue 
Dissection 
and Extraction
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 4. Extract directly, or store the dry frozen tissue in the tube at 
−80 °C until use.

 5. (a)  For methanolic extraction, add 30 μL methanol/ultrapure 
water/TFA (90/9/1, v/v/v) to the frozen tissue samples 
and let thaw on ice. For nervous system samples, sonicate 
the tissue in a cold ultrasonic water bath for 1 min until the 
tissue is largely disintegrated (see Note 8). Then, for all tis-
sues, incubate on ice for 30 min, and centrifuge for 15 min 
at 15,000 × g (maximum speed in a microcentrifuge). 
Transfer the supernatant into a fresh tube. The pellet can be 
re-extracted as above, and the supernatant pooled with that 
of the first extraction. Then, centrifuge the supernatant at 
maximum speed and dry down in a vacuum concentrator to 
get rid of the methanol prior to the LC step (see Note 9). 
The dried-down sample can be either directly injected into 
the LC system, or kept at −80 °C.

  (b)  For water extraction, add 30 μL ultrapure water to the frozen 
tissue samples and let thaw on ice. For nervous system sam-
ples, sonicate the tissue in a cold ultrasonic water bath for 
1 min until the tissue is largely disintegrated (see Note 8). 
Then, for all tissues, boil immediately for 10 min, followed by 
cooling for 5 min on ice. Then add 0.3 μL 1 mM HCl and 
centrifuge at maximum speed. Inject the supernatant imme-
diately into an LC system, or transfer the supernatant to a 
fresh tube and store at −80 °C (see Note 10).

We here describe the conditions optimized for our LC-MS systems 
as a guide line.

 1. Dissolve the dried sample in 30 μL eluent A in an ultrasonic 
bath for 15 min and then centrifuge at 13,000 × g for 15 min.

 2. Load the sample onto an RP C18 trap column with eluent A at 
a flow rate of 20 μL/min.

 3. Switch the flow through the trap column and an analytical RP 
column with a rate of 2 μL/min. Then run a linear gradient 
from 4% to 60% eluent B over 30 min.

 4. Use the spotter to mix 1 μL sample fraction with 1 μL of half-
saturated alpha-cyano-4-hydroxycinnamic acid matrix solution 
and spot for 30 s/spot onto a stainless steel MALDI target plate.

 5. Analyze the samples by MALDI-TOF MS/MS. A mass win-
dow of 800–2500 Da will comprise the majority of detectable 
peptides.

 1. Dissolve the dried sample in 30 μL eluent A in an ultrasonic 
bath for 15 min and then centrifuge at 13,000 × g for 15 min 
(see Note 11).

3.4 LC-MS

3.4.1 capRP-HPLC 
and MALDI-TOF/TOF MS

3.4.2 LC-ESI-MS
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 2. Load the peptide extract onto a trapping column and then 
switch to a separation column with a 30 min linear gradient 
from 3% to 30% acetonitrile and 0.1% formic acid at a flow rate 
of 200 nL/min.

 3. Acquire MS scans.

4 Notes

 1. To obtain a sufficiently high labeling rate in flies, labeling effi-
ciency for the ammonium sulfate should be >98%.

 2. There are different brands (e.g., Sylgard®, Dow Corning, 
Midland, MI) of silicon polymers. We use Elastosil® (Wacker 
Chemie, Munich, Germany) as follows: Mix components A 
and B (9:1) and pour into transparent plastic dishes (300 mL 
is enough for ten dishes Ø 5.5 cm; 45 mL is enough for 20 
dishes Ø 3.5 cm). Then place the dishes on a heat plate at 
70–90 °C for 1 h, and let stand overnight at room tempera-
ture. If a black background is preferred for dissection, grind up 
charcoal tablets and mix the powder with the silicon polymer 
in the dish before putting the dish onto the heat plate.

 3. To clean the tubes from methanol-soluble compound, we pre-
wash them with 90% HPLC-grade methanol and let them 
air-dry.

 4. We typically use LC offline-coupled to MALDI-TOF mass spec-
trometry. Although today increasingly displaced by ESI-MS for 
peptidomic studies, MALDI-TOF MS holds several advantages: 
(a) only single-charged ions occur and peptide peak intensities 
can intuitively be quantified and checked manually from the mass 
spectrogram as labeled and unlabeled fractionated peptides 
appear in the same mass spectrogram (Fig. 2); (b) variability in 
labeling efficiency can be compensated to a substantial degree 
(Fig. 2). Peptide quantification is also possible with any other 
LC-MS systems. For example, we have successfully used ESI-MS 
(LTQ Orbitrap Velos Pro with EASY-Spray Ion Source coupled 
to an EASY-nLC 1000 (Thermo Scientific), equipped with a 
PepMap C18 3 μm particles, 100 Å pore size trap column and an 
EASY-Spray separation column (25 cm × 75 μm ID, PepMap 
C18 2 μm particles, 100 Å pore size) to quantify peptides, but 
here it is critical that the software algorithms quantify only the 
processed bioactive peptides and do not integrate over all pep-
tides originating from propeptide processing.

 5. Though chemically identical, 15N could have effects especially 
when situated in a catalytic center of enzymes. In our labora-
tory, 15N labeled larvae and flies are on average somewhat 
smaller than 14N-labeled flies. Therefore, it is important to 
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perform replicates in which the control and experimental 
groups are labeled with the opposite combination of 14N- and 
15N-isotopes.

 6. If additional water supply or humidity is needed, add moist-
ened nitrogen-poor analysis filter paper (e.g., MN 620 from 
Macherey-Nagel, Düren, Germany) but not normal filter or 
other paper.

 7. Alternatively, add 14N or 15N “yeast marmalade”: 3.5 g yeast, 
0.9 g sucrose, 7 mL double distilled water, 84 μL 10% nipagine 
dissolved in ethanol, 0.2 g pectin (biochemical grade or better). 
Yeast marmalade gives an improved survival rate especially in 
starvation experiments, but also leads to a reduced labeling effi-
ciency due to nitrogen contaminations of pectin. This is little 
problematic if MALDI-TOF MS is used (see Fig. 2), but pres-
ents a problem when quantifying with other LC-MS methods.

 8. Keep the water bath in a cold room, or add ice to the water.
 9. A complete dry-down results in larger peptide loss than if the 

sample is only concentrated to 1–2 μL. Methanol predomi-
nantly evaporates first.

 10. We do not recommend drying down as this always results in 
peptide loss.

 11. To reduce clogging of the nano-columns, samples can be 
cleaned-up prior to injection using StageTips [10].
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Chapter 12

Data Preprocessing, Visualization, and Statistical Analyses 
of Nontargeted Peptidomics Data from MALDI-MS

Harald Tammen and Rüdiger Hess

Abstract

Mass spectrometric (MS) comparative analysis of peptides in biological specimens (nontargeted peptido-
mics) can result in large amounts of data due to chromatographic separation of a multitude of samples and 
subsequent MS analysis of numerous chromatographic fractions. Efficient yet effective strategies are 
needed to obtain relevant information. Combining visual and numerical data analysis offers a suitable 
approach to retrieve information and to filter data for significant differences as targets for succeeding MS/
MS identifications.

Visual analysis allows assessing features within a spatial context. Specific patterns are easily recogniz-
able by the human eye. For example, derivatives representing modified forms of signals present are easily 
identifiable due to an apparent shift in mass and chromatographic retention times. On the other hand 
numerical data analysis offers the possibility to optimize spectra and to perform high-throughput calcula-
tions. A useful tool for such calculations is R, a freely available language and environment for statistical 
computing. R can be extended via packages to enable functionalities like mzML (open mass spectrometric 
data format) import and processing. R is capable of parallel processing enabling faster computation using 
the power of multicore systems.

The combination and interplay of both approaches allows evaluating the data in a holistic way, thus 
helping the researcher to better understand data and experimental outcomes.

Key words MALDI, Mass spectrometry, R, Data analysis, Parallel computing, MALDIQuant, 
Peptidomics, Statistics

1 Introduction

Analysis of biological samples via mass spectrometry is a valuable tool 
to detect differences between peptide levels in biological samples. 
These differences can serve as a starting point for biomarker discov-
ery or to determine effects related to specific experimental settings 
(e.g., pharmaco-dynamic studies). Typical studies may be comprised 
of 20–100 samples. After separation of samples via liquid chromatog-
raphy (LC) and subsequent mass spectrometric (MS) measurements 
thousands of MS spectra need to be statistically analyzed to extract 
relevant information. The aim of data analyses is to reveal significant 
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differences in mass spectrometric data that are the base for 
 interpretation of given effects and provide guidance for sequencing 
efforts. Prior to data analysis a preprocessing of data is beneficial. 
Data preprocessing may involve data conversion (conversion of pro-
prietary data formats to standard formats), baseline corrections and 
smoothing procedures, m/z-recalibrations of mass spectrometric 
data, data reduction (binning) to enable fast processing without los-
ing relevant information, and peak recognition (feature detection).

To determine differences, analyses based on visualized mass 
spectrometric data and exported signal intensities of detected fea-
tures can be carried out. The visualization of mass spectrometric 
data is beneficial to comprehensively assess data to determine various 
aspects of the measurement. It allows for a wide-ranging assessment 
of features within a spatial context (the distribution of signals based 
on hydrophobicity and molecular mass) and an assessment of inter-
relations between signals. For example, conspicuous features like 
polymeric components or chromatographic elution shifts are easily 
recognizable. On the other hand univariate and multivariate analyses 
applied to extracted peak/intensity values from spectra complement 
the visual inspection since these procedures allow for high-through-
put determination of statistically different signals. Both types of 
analyses are evaluated for consistency and serve as a starting point for 
data interpretation and subsequent sequencing efforts.

2 Materials

To convert data from a vendor-specific format to an open standard 
format like mzML or mzXML various tools are available. On the 
one hand vendors may provide suitable tools (e.g., Bruker’s 
CompassXport) or open-source projects like Proteowizard [1] 
(http://proteowizard.sourceforge.net/downloads.shtml) or T2D 
converter/raw2MS (pepchem.org) [2] can accomplish this task. It 
is mandatory to convert the file format in order to process data in 
programs not capable of reading vendor’s proprietary file formats.

For comprehensive data analysis of mzML/mzXML files R [3], a 
freely available language and environment for statistical computing 
(www.r-project.org), is a suitable tool. R is highly extensible via addi-
tional packages to implement additional functionality. The following 
R-packages are suggested for processing of mass spectrometric data:

 1. Parallel (allows for parallel computation on UNIX systems).
 2. pROC (calculation of receiver-operating characteristics) [4].
 3. stringr (string manipulation) [5].

2.1 Data Conversion

2.2 Data 
Preprocessing, Peak 
Extraction, 
and Statistical 
Analysis

Harald Tammen and Rüdiger Hess
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 4. MALDIquantForeign (import and export of mass spectrometric 
data into R) [6].

 5. MALDIQUANT (analysis of mzML/mzXML files) [6].
 6. RMySQL (integration of MySQL databases) [7].

In addition to R an IDE (integrated development environ-
ment) is recommended (e.g. rstudio.com) [8]. This provides a user 
interface to R, facilitates the interaction with R, has built-in source 
control, and offers the possibility for server installation.

Data visualization communicates a quantitative message. It might 
refer to presentation of statistical results (e.g., box-and-whisker 
plots) or raw data to make complex data more accessible. Within 
the scope of this article visualization refers to display of mass spec-
trometric data. Visualization of MALDI mass spectra is important 
to mine basic structures in the data. For visualization of complex 
2D LC-MALDI-MS datasets, a two-dimensional (chromato-
graphic elution and molecular mass) map view has been introduced 
resembling the picture of 2D gel electrophoresis [9]. It allows 
assessing high density information in a natural and convenient way. 
Often spectra are ordered by the chromatographic retention time 
(y-coordinate); thus spectra are sorted by hydrophobicity. The 
m/z values are represented by the x-coordinate whereas the 
 intensity is reflected by a z-scale (coloring). Appli cations that allow 
for comprehensive visualization of mass spectrometric data include 
MSight (www.web.expasy.org/MSight/) [10], mMass (www.
mmass.org/), and Spectromania (www.spectromania.com).

3 Methods

The following chapter can provide guidance of analysis of 
MALDI-MS data, only. Due to the complexity of the subject, a 
detailed description would exceed the scope of this book. However 
by using examples the basic principles will be explained.

The analysis of MALDI-MS data basically consists of the fol-
lowing steps:

The preprocessing of raw MS data consists of conversion steps, 
smoothing operations, m/z re-alignments, and data reduction to 
prepare spectra for peak detection and visualization.

To convert MS data from propriety file format to mzML data [11] 
vendor provided or third-party software solutions (cf. Chapter 2) 
can be used. The conversion is necessary for further processing of 
mass spectra.

2.3 Data 
Visualization

3.1 Preprocessing 
of MS Data

3.1.1 Conversion of Raw 
Data to mzML

Data Analysis of MALDI Spectra
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For optimization of mass spectrometric data prior to peak detec-
tion and export, spectral data can be imported into R. Therefore 
the R-package MALDIquantForeign can be used. To import data 
use the following commands in R:

library(“MALDIquantForeign”) #load and attach add-on packages.
spectra = importMzMl(pathToFile) #load mzML File and store it in 

the variable spectra

An mzML file can contain single or multiple spectra, e.g., from 
one sample after chromatographic separation and subsequent MS 
measurement of individual fractions. After import, spectral data 
can be assessed using the @-notation:

massValues = spectra[[1]]@mass #assess mass values of first spectrum
intensityValues = spectra[[1]]@intensity #assess intensity values of 

first spectrum
metadata = spectra[[1]]@metaData #assess metadata like file infor-

mation or ms level

The numeral within the square brackets refers to spectrum 
number within the mzML file.

The optimization of spectra includes baseline correction, m/z 
 re-alignment to a reference spectrum, smoothing, and optionally 
intensity calibration.

The corresponding functions in the R-package MALDIQUANT 
are:

removeBaseline() # for baseline correction
transformIntensity()/calibrateIntensity() #for normalizing intensi-

ties of a mass spectrum
smoothIntensity() #for smoothing intensity using Savitzky-Golay or 

Moving Average

To align mass spectra (phase correction) a warping has to be 
determined and applied. The functions determineWarpingFunc-
tions() and warpMassSpectra() can achieve the re-alignment.

Since proteomics experiments usually provide hundreds to 
thousands of individual mass spectra, it is advisable to use parallel 
processing on multicore systems. Unix-based systems are capable 
of providing this functionality out of the box. Parallelization (see 
Note 1) vastly reduces processing times. For Unix-based systems, 
the parallels package can be used:

library(parallel) #load and attach add-on packages.
resultList = mclapply(c(1:length(spectra)),functionName, mc.cores = 4)

This function (mclapply) applies a given function (function-
Name) for each spectrum using four processor cores and stores 
results in a list (resultList).

3.1.2 Import mzML Files 
into R

3.1.3 Optimize Spectra 
(Baseline Correction, Mass 
Recalibration, and Optional 
Intensity Calibration)

Harald Tammen and Rüdiger Hess
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It might be beneficial to reduce the mass spectrometric data by 
 binning the data to a suitable value. In MALDI-MS for peptidomics 
analyses a value of 1 Dalton can be regarded as sufficient, since the 
isotopic resolution significantly decreases with m/z ratio of larger 
2000 for spectra acquired in linear mode. The binning of data signifi-
cantly improves visualization speeds due to data reduction by more 
than 90% without losing relevant information. Figure 1 shows the 
same mass spectrum before (1) and after (2) processing. The lower 
part of the figure shows the transformation of both spectra into a 
2D-gel like view. Spectrum 1 consists of 190,028 data points and 
spectrum 2 of 13,951 data points. The numerals below the spectra 
refer to the signal-to-noise ratios of selected signals (SNR > 7). The 
processed spectrum exhibits better signal-to-noise ratios yet consists 
of 1/10 of data points facilitating subsequent processing.

3.1.4 Rebinning 
of Spectra for Data 
Reduction

Fig. 1 The figure depicts the very same mass spectrometric data before (1) and after (2) data reduction as 
graph views (above) and 2D gel like views (below). The numerals below peaks refer to the signal-to-noise 
ratios of corresponding signals. Spectrum 1 consists of 190,028 data points whereas spectrum 2 consists of 
13,951 data points. To obtain the optimized spectra, a baseline correction, smoothing, and rebinning operation 
were applied to the original spectrum

Data Analysis of MALDI Spectra
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The objective for most analyses is to detect specific significant 
 differences between datasets, i.e., signals that are regulated 
(increased or decreased signal intensities) in dependence of sample 
metadata (descriptive characteristics like classification of samples). 
Therefore, signals have to be defined and the corresponding inten-
sities extracted from the preprocessed mass spectrum. Subsequently, 
peak data and adjacent experimental metadata can be subjected to 
statistical analysis.

For peak detection, associated mass spectra are averaged using  
the function averageMassSpectra(). Subsequently, a peak detection 
using detectPeaks() can be performed. After determination of 
peaks, their characteristics (signal-to-noise ratio, intensity values) 
can be stored and subjected to statistical analysis.

Various statistical tests can be performed in R. As a prerequisite a 
description of samples is required that lists the sample names and 
provides metadata like groups or other classifiers (see Note 2). 
Metadata can be imported from an SQL database (e.g., mySQL 
(see Note 3)) or tab-delimited file (see Notes 4 and 5).

In R both datasets (signal data and metadata) are used to perform the 
appropriate univariate statistical calculations like t-tests (see Note 6). 
In the following example peak data and metadata are stored in two 
separate data frames (SI and metadata) that are comprised of rows 
and columns. The rows (observations) represent the sample names 
whereas the columns (variables) represent the peak or metadata 
 variable. To assess an item stored in a data frame the [row-number, 
column-number] notation can be used. For example to calculate the 
p-value using a t-test the following function can be applied:

resultTTest = t.test(SI[,1]~metadata$Classifier, var.equal = TRUE, 
alternative = “g”)

pValue = resultTTest$p.value #store the p-value of the t-test in the 
variable pValue

For each variable, appropriate statistical tests (e.g., statistical 
significance of discriminatory power, comparison of SNR ratios, 
correlations, or receiver-operating characteristics (see Note 7)) can 
be performed. This process can be parallelized leading to fast pro-
cessing of a high number of variables. Besides univariate tests to 
unravel specific signals that match certain criteria also multivariate 
analyses can be carried out. One well-established multivariate 
method is the classical principal component analysis (PCA), where 
the information is represented by a new set of latent variables, 
termed components. These components summarize variances 
within a dataset and are especially useful to detect global biases. 
Biases might be related to technical procedures (e.g., chromato-
graphic shift) or might represent an experimental parameter with 

3.2 Peak Detection 
and Statistical 
Analysis of Exported 
Signal Intensities

3.2.1 Peak Detection

3.2.2 Import of Peak 
Data and Metadata into R

3.2.3 Univariate 
and Multivariate Analyses 
in R to Reveal Differences

Harald Tammen and Rüdiger Hess
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significant impact on sample composition (e.g., plasma vs. serum 
samples, [12]). It is important to understand that the PCA primar-
ily detects effects that affects a high number of variables and there-
fore is prone to unravel biases within datasets. To calculate the 
principal components the build-in function prcomp() can be used. 
Prior to calculating the PCA, signal data with no variations (signal 
intensities with a standard deviation of zero) have to be removed:

if(length(which(as.numeric(apply(SIselect,2,sd))==0))) SI = SI[,-which 
(apply(X = SI,MARGIN = 2,FUN = sd) == 0)] #remove columns 
with a standard deviation of zero from the data.frame SI.

PCAresults = prcomp(x = log(SI), center = TRUE, scale = TRUE)# 
calculate PCA

Scores = PCAresults$x # retrieve the scores (principal components)

The scores of the PCA can be plotted against each other (e.g., 
PC1 vs. PC2) to visualize sample clustering or individual scores 
can be analyzed by univariate methods to determine potential 
underlying causations for observed variations. The interpretation 
of principal component analyses can sometimes be challenging but 
it is a very important tool for data analysis.

Visual analysis of mass spectrometric data can deliver important 
clues for data interpretation since the human brain possesses a 
strong aptitude for pattern recognition thus enabling the researcher 
to observe effects present in datasets that might otherwise be dif-
ficult to determine using uni- or multivariate methods.

The visualization of mass spectrometric data is beneficial to compre-
hensively assess data to determine various aspects of the measure-
ment. For example, the distribution and intensity of signals is 
accessible and conspicuous features like polymeric components are 
recognizable. The visualization allows for wide-ranging assessment of 
signals within a spatial context (e.g., the distribution of signals based 
on fraction and mass) and interrelations between signals like post-
translational modifications become apparent (cf. Subheading 3.2).

It is also recommended to verify results from numerical analysis 
(see Subheading 3.2.3) by evaluating corresponding mass spectro-
metric data. This can be achieved by grouping all mass spectromet-
ric data from one chromatographic fraction (same fraction of each 
individual sample) to assess the regulation of a specific signal.

In order to illustrate possibilities for data inspection by visual-
ization, two examples are presented and detailed.

Figure 2a depicts mass spectrometric data obtained from cerebro-
spinal fluid. In the upper part five chromatographic fractions (frac-
tions 26–30 corresponding to 16.2–17.0% Acetonitrile) in the mass 
range from 6200 to 7000 Dalton are depicted. The mass spectra are 

3.3 Visual Data 
Analysis

3.3.1 Visual Inspection 
of Mass Spectrometric 
Data

3.3.2 Visual Assessment 
of MS Data

Data Analysis of MALDI Spectra
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processed as depicted in Fig. 1. A main signal cluster around 
6.5 kDa is visible. The spectral trace in the lower part shows the 
summed spectra from fraction 27–29. Letters A and B mark two 
signals with an m/z difference of 30 Da. A1 and B1 mark signals 
with a mass difference of 80 Dalton to A and B, respectively. The 
small table on the right side depicts the intensity of signal A and B 
in fraction 28 and 29. Signal B corresponds to human secreto-
granin-1 (UniProt accession number P05060) representing amino 
acid 217–275. Signal A represents the same peptide but with an 
amino acid exchange (T243A, rs236151). Signal A1 and B1 repre-
sent phosphorylated forms of the same peptides. The amino acid 
exchange leads to a shift in m/z of 30 Dalton that corresponds to 
the difference between Threonine and Alanine and a chromato-
graphic shift due to the higher hydrophobicity of Threonine due to 
change from medium size and polar (T) to small size and hydro-
phobic (A). The chromatographic shift is depicted by the intensity 
values. However the sum of intensities from both fractions for each 
signal is equal since both alleles contribute equally to the expression 
of the precursor protein. Additionally the phosphorylation leads to 
a mass shift of 80 Da and a more hydrophilic elution pattern.

In contrast to direct representation of mass spectrometric data, it is 
also possible to first calculate statistical properties and subsequently 
visualize results in a spatial context. Figure 2b shows visualized 
correlation values [13] in the fraction range from 49 to 53 and 

3.3.3 Visual Assessment 
of Statistical Values

Fig. 2 (a) The figure shows the detection of a polymorphism (T243A) of secretogranin-1 (aa 217–275) in cere-
brospinal fluid. The figure depicts visualized mass spectrometric data and its relation to the chromatographic 
elution profile. A detailed description is given in Subheading 3.2. (b) The figure shows the detection of 
Angiotensin-2 and its derivatives. The figure is based on calculated correlation values obtained from mass 
spectrometric analysis of 28 plasma samples. A detailed description is provided in Subheading 3.3

Harald Tammen and Rüdiger Hess
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mass range from 950 to 1300 Dalton. The correlation was calcu-
lated based on the intensity of signal A (Angiotensin II, P01019) 
from 28 samples. Intensities with correlating intensities (threshold 
0.8) are visible (Signal B and C). Based on the amino acid sequence 
of Signal A, the corresponding sequences of both Signal B and C 
can be predicted with high probability. The mass differences and 
chromatographic shifts indicate that both signals correspond to 
longer variants of Signal A.

Both examples demonstrate that careful visual inspection of 
mass spectrometric data can yield valuable information for data 
interpretation and may aid in sequence determination.

4 Notes

 1. For parallel processing (Parallel Package) it is advisable to use 
the number of physical cores and not the number of virtual cores 
since a performance hit can otherwise occur. To determine the 
number of cores the function detectCores() can be used.

 2. To select data in R it is possible to use the %in% notation. For 
example to select items from one list based on properties stored 
in a second list use the following command:

list1[which(list1$property1%in% list2$property2)]
 3. The type of a field of a mySQL database should represent the 

type used in R; otherwise errors can occur.
 4. For performance reasons the number of columns (variables) 

should always be greater than the number of rows. If necessary, 
use the transpose function: t().

 5. It is advantageous to always use tab-delimited text files instead 
of comma-separated text files to ensure international compati-
bility (in some regions commas serve as delimiter for decimal 
numbers).

 6. When using Welch Two Sample t-test, it is advisable to test 
both alternatives (less and greater) separately and not  two-sided. 
This is related to the signal dynamic of mass spectrometry.

 7. The program R-base does not offer functions for calculation of 
receiver-operating characteristics. However the pROC package 
adds this functionality.
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Chapter 13

Affinity Purification of Neuropeptide Precursors from Mice 
Lacking Carboxypeptidase E Activity

Lloyd Fricker

Abstract

Peptidomic techniques are powerful tools to identify peptides in a biological sample. This protocol 
describes a targeted peptidomic approach that uses affinity chromatography to purify peptides that are 
substrates of carboxypeptidase E (CPE), an enzyme present in the secretory pathway of neuroendocrine 
cells. Many CPE products function as neuropeptides and/or peptide hormones, and therefore represent 
an important subset of the peptidome. Because CPE removes C-terminal Lys and Arg residues from 
 peptide-processing intermediates, organisms lacking CPE show a large decrease in the levels of the mature 
forms of most neuropeptides and peptide hormones, and a very large increase in the levels of the  processing 
intermediates that contain C-terminal Lys and/or Arg (i.e., the CPE substrates). These CPE substrates 
can be purified on an anhydrotrypsin-agarose affinity resin, which specifically binds peptides with C-terminal 
basic residues. Not all peptides with basic C-terminal residues within a cell are CPE substrates, and these 
other peptides will also be purified on the anhydrotrypsin affinity column. However, a comparison of 
 peptides purified from wild-type mice and from mice lacking CPE allows for the rapid identification of 
CPE substrates based on their large increase in the absence of CPE.

Key words Anhydrotrypsin, Affinity chromatography, Carboxypeptidase E, Neuropeptide

1 Introduction

Neuropeptides and peptide hormones are the largest group of 
intercellular chemical messengers and are found in all multicellular 
organisms that have been studied [1]. Even Saccharomyces  cerevisiae 
(yeast) produce peptides that signal between cells and serve as 
 mating factors [2]. The first peptides involved in intercellular 
 signaling were discovered over 100 years ago using bioassays to 
detect the peptides and follow their activities during purification, 
which often took many years [3]. The development of mass spec-
trometry-based peptidomics techniques eliminated the need to 
purify peptides to homogeneity prior to sequencing and led to a 
rapid expansion of the number of identified peptides [4–6]. 
However, many of the peptides in tissue extracts do not represent 
neuropeptides, and instead are proteasomal products [6, 7]. 
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Although some of these cellular peptides may be functional and 
affect cellular processes [8], there is a need for targeted studies that 
are focused on peptides that primarily function in intercellular 
 signaling. The protocol described in this chapter describes a one-
step approach to enrich for precursors of peptides that function in 
cell-cell signaling.

The production of most neuropeptides and peptide hormones 
involves the selective cleavage of a precursor, usually a small pro-
tein of ~200–300 amino acids, but on occasion a larger protein 
[1]. The precursor is targeted for the secretory pathway by the 
presence of an N-terminal signal peptide that directs the nascent 
protein to the rough endoplasmic reticulum where the protein is 
translocated into the lumen during translation. The signal peptide 
is removed in the endoplasmic reticulum and the resulting protein 
(termed a prohormone or proneuropeptide) is transported through 
the Golgi to the trans Golgi network where it is sorted into secre-
tory vesicles (Fig. 1). Proteolytic cleavage of the prohormone 
begins in either the late Golgi or the immature secretory vesicles, 
depending on the precursor [1]. Most precursors are cleaved by 
both endo- and exo-peptidases [1]. The endopeptidases cleave to 
the C-terminal side of basic residues (Lys, Arg), typically produc-
ing several peptide-processing intermediates containing C-terminal 
extensions, and one peptide that represents the C-terminal portion 
of the precursor (this C-terminal peptide does not usually have Lys 
or Arg extensions). The peptide-processing intermediates are sub-
strates for a carboxypeptidase that removes the C-terminal basic 
residues [1, 9]. The carboxypeptidase is the final processing step 
for many bioactive peptides, although some peptides require addi-
tional modifications before the peptide is bioactive. One common 
additional modification is the formation of a C-terminal amide 
residue, which is enzymatically produced if the peptide contains a 
C-terminal Gly residue [10].

Peptidases in the trans Golgi include endopeptidases such as 
furin and other furin-like enzymes, and the exopeptidase carboxy-
peptidase D (CPD) which removes the basic residues [1]. However, 
furin and CPD are thought to be responsible for only a minor frac-
tion of the cleavages, and the vast majority of the endopeptidase 
cleavages occur in maturing secretory vesicles, mediated by prohor-
mone convertase 1 (PC1, also known as PC3) and prohormone 
convertase 2 (PC2) [1]. A single carboxypeptidase, CPE, is present 
in the mature secretory vesicles [1]. Prior to the discovery of CPD, 
it was predicted that the absence of CPE would be lethal to mice due 
to the large numbers of peptides that require removal of basic resi-
dues for their activity, and the broad role of these peptides in many 
physiological functions. However, in 1995 we found mice with the 
fat mutation, a naturally occurring mutation discovered in the early 
1970s, had a point mutation in the coding region of CPE that 
changed a Ser into a Pro, causing the enzyme to be inactive [11, 12]. 

Lloyd Fricker
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The mutation was subsequently renamed Cpefat. Mice homozygous 
for this mutation (i.e., Cpefat/fat mice) are obese, infertile, and show 
depressive-like and anxiety-like behaviors [12, 13]. Peptidomic 
 analysis using a quantitative approach to compare peptides in various 
brain regions of wild-type and Cpefat/fat mice found that CPE is 
responsible for the production of >90% of the neuropeptides 
detected in the analysis [14]. Peptides unaffected by the absence of 
CPE activity were not CPE substrates. This latter group included 
neuropeptides that corresponded to the C-terminal fragments of 
their precursors (Fig. 1), as well as numerous peptides derived from 
cytosolic proteins [14].

This chapter describes the one-step purification of peptides with 
Lys and/or Arg on the C-terminus. When used with extracts of tissue 
from Cpefat/fat mice, this approach allows for the isolation of all 
 peptide-processing intermediates that are CPE substrates (Fig. 2). 
The vast majority of cytosolic proteasome fragments (or other  cellular 
peptides) do not contain C-terminal basic residues, and these will not 
be enriched by this procedure (Fig. 2). A small fraction of cytosolic 
peptides that contain C-terminal basic groups will be purified along 
with the neuropeptide intermediates, but these cytosolic peptides will 
also be present in wild-type mice. Therefore, a comparison of the 
spectra from LC/MS analysis of Cpefat/fat and wild-type mice  processed 
using this approach will reveal those peptides common to both 
 genotypes (non-CPE substrates) and those peptides which are greatly 
enriched in the Cpefat/fat mice (likely CPE substrates). Using this 
approach, we detected many known neuropeptides or predicted 

Fig. 1 General scheme for the production of neuropeptides and peptide hormones from their precursor  proteins. 
A representative example is shown in which four distinct peptide products are formed from a single precursor. 
Some precursors produce only two peptides, while others produce dozens of peptides. Typical cleavage sites 
are basic amino acids lysine (K) and arginine (R), most commonly RR and KR, and on occasion RK, KK, and 
single basic residues. Endopeptidases cleave the precursor to the C-terminal side of these basic residues, 
forming peptide-processing intermediates that contain C-terminal basic residues. These basic residues are 
then efficiently removed by a carboxypeptidase (unless the penultimate residue is a proline, at which point the 
peptide is not efficiently processed by the carboxypeptidase). The primary peptide-producing endopeptidases 
are prohormone convertases 1/3 (PC1/3) and 2; these enzymes are present in the secretory vesicles. In addi-
tion to these, some peptide precursors are processed in endopeptidases that are present in the trans Golgi 
network such as furin and furin-like enzymes. Carboxypeptidase D (CPD) is present in the trans Golgi network 
and carboxypeptidase E (CPE) is enriched in the secretory vesicles

Affinity Purification of Neuropeptide Precursors
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 fragments of neuropeptide precursors, thus validating the technique 
[15]. Several completely novel neuropeptides were detected; some of 
these peptides are major neuropeptides that are abundant in mouse 
brain [16]. In addition to being useful for Cpefat/fat mice, this same 
strategy can be used to isolate CPE substrates in other organisms, 
such as the EGL-21 mutant of Caenorhabditis elegans (EGL-21 is the 
C. elegans ortholog of CPE) [17, 18]. In addition to purifying 
 precursors of bioactive neuropeptides or peptide hormones, CPE 
also produces peptides that perform other functions, such as  cytokines 
and antibacterial peptides [19], and this technique can potentially be 
used to isolate these types of peptides. Finally, one can use a similar 
strategy (albeit with change of affinity column) to capture substrates 
of other enzymes.

Fig. 2 The Cpefat/fat mice have a mis-sense mutation in which Ser in position 202 is replaced with Pro, causing 
the enzyme to misfold and be degraded. In the absence of CPE activity, peptide-processing intermediates with 
C-terminal Lys and/or Arg residues accumulate (only peptides with Arg, or R, are shown in the figure). These 
peptides are usually present in wild-type mice at extremely low levels, less than 1% of the levels of the mature 
forms lacking the basic residues (unless the penultimate residue is Pro, which reduces the activity of CPE for 
these peptides and results in high levels of the Lys- or Arg-containing peptides). In addition to neuropeptides, 
tissue extracts contain other peptides such as proteasome products; most of these do not contain C-terminal 
basic residues, but some of these other peptides contain C-terminal Lys or Arg residues (indicated in figure as 
“other peptide-R”). The levels of these other cellular peptides are generally similar in Cpefat/fat and wild-type 
mice. Extracts of Cpefat/fat and wild-type mice are purified on anhydrotrypsin-agarose columns, which enriches 
peptides with C-terminal Lys and/or Arg residues. These are analyzed by MALDI (not shown) and LC/MS, with 
tandem mass spectrometry (MS/MS) to determine their sequence. A comparison of signal intensities in spectra 
from Cpefat/fat compared to wild-type mice reveals those peptides greatly enriched in the mutant mice, which 
are putative CPE substrates

Lloyd Fricker
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2 Materials

High purity water is used for all solutions (see Note 1).

 1. Cpefat/fat mice (such as B6.HRS(BKS)-Cpefat/J from The 
Jackson Laboratory, Bar Harbor, ME, USA).

 2. Wild-type mice (ideally littermates from breeding pairs of 
 heterozygote Cpefat mice; the homozygous mice are infertile, 
so it is necessary to breed heterozygote Cpefat mice, which 
results in wild-type littermates).

 3. Conventional microwave oven.

 4. Dissecting scissors, spatula, and razor blades.

 5. Microfuge tubes, low retention.

 6. 0.1 M HCl solution.

 7. Centrifuge.

 8. Tissue disruptor or sonicator, such as the Polytron (Brinkman) 
or probe-type sonicator.

 1. Anhydrotrypsin-agarose (see Note 2).
 2. Small columns to hold anhydrotrypsin-agarose. We use 

Poly-Prep Chromatography Columns (BioRad) that can 
accommodate bed volumes of 0.2–2 mL and have a 10 mL 
reservoir, but columns from other sources should also be 
suitable.

 3. Lyophilizer or vacuum centrifuge concentrator.
 4. Microfiltration units with 10 kDa cut-off (such as Centriplus-10 

membrane from Amicon).
 5. Sodium acetate (NaAc) buffer, 50 mM and 100 mM, pH 5.0 

(pH adjusted with acetic acid or sodium hydroxide).
 6. 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfo-

nate (CHAPS), 5% stock solution (to prepare 0.5% final).
 7. CaCl2 solution, 200 mM as a stock (to prepare 20 mM 

final).
 8. 0.5 M NaCl in 0.1 M NaOH.

 1. MALDI-TOF-MS or LC/ESI-MS (various suppliers 
possible).

 2. Software for database searches like Mascot or Peaks, but will 
depend on the programs available to your research group.

2.1 Peptide 
Extraction

2.2 Affinity 
Purification

2.3 MS Analysis

Affinity Purification of Neuropeptide Precursors
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3 Methods

A number of different protocols have been used for the prepara-
tion of the tissue and extraction of peptides (see Note 3). The fol-
lowing describes a procedure that minimizes postmortem changes 
in neuropeptides and prevents the formation of additional peptides 
from degradation of cellular proteins.

 1. Mice are sacrificed by cervical dislocation followed by decapita-
tion. Heads are immediately microwaved in a conventional 
oven, using settings that will heat the brain to an internal tem-
perature of 80 °C [20] (see Note 4).

 2. After cooling to room temperature, the brain is removed from 
the scull and a razor blade is used to dissect out brain regions 
of interest (see Note 5).

 3. Dissected brain regions are placed in microfuge tubes (see Note 
1). If not proceeding with the extraction, the tissue can be stored 
at −80 °C for up to 1 year. If proceeding with step 4, place the 
tubes on ice to chill the brain regions.

 4. Add 5 μL of cold water per μg of tissue (see Note 1) and 
homogenize the tissue in either a sonicator or tissue homoge-
nizer. A minimum of 200 μL needs to be used for a typical 
sonicator, but this will depend on the device that is used (see 
Note 6).

 5. Incubate the homogenates in a 70 °C water bath for 20 min 
and then cool on ice for 15 min.

 6. Add ice-cold 0.1 M HCl to a final concentration of 10 mM 
HCl. Mix each tube and incubate on ice for 15 min.

 7. Centrifuge the homogenates at 13,000 g for 40 min at 
4 °C. Transfer the supernatants to new microfuge tubes and 
store at −80 °C if not proceeding to the next step.

 1. Filter the tissue extracts (from Subheading 3.1, step 7) 
through 10 kDa microfiltration devices (see Note 1). Use the 
material that passes through the filter (i.e., the peptides 
<10 kDa) for the next step.

 2. Adjust pH to 5.0 by the addition of NaAc buffer (50 mM final).
 3. Add the detergent CHAPS (0.5% final) and CaCl2 solution 

(20 mM final) (see Note 7).
 4. Apply the mixture containing peptides, buffer, CHAPS, and 

CaCl2 to a column containing 0.5 mL of anhydrotrypsin-aga-
rose previously equilibrated in the same buffer.

 5. Collect the flow-through and pass it back through the col-
umn. This will increase the amount of peptide bound. This 
step can be repeated 2–3 times.

3.1 Stabilization 
of Tissue and Peptide 
Extraction

3.2 Purification 
of Peptides

Lloyd Fricker



205

 6. Wash the column with 5 mL of 0.5% CHAPS in 100 mM 
NaAc pH 5.0 buffer.

 7. Wash the column with 5 mL of 10 mM NaAc buffer without 
detergent.

 8. Elute the peptides from the column with 2 mL of water  
(see Notes 1 and 8).

 9. Elute the peptides from the column with 4 mL of 5 mM HCl 
(see Note 8).

 10. Freeze the eluates and remove the solvent in a vacuum 
concentrator.

 11. The anhydrotrypsin-agarose resin is re-generated by washing 
with 1 mL of 0.5 M NaCl in 0.1 M NaOH followed by 10 mL 
of water, and 5 mL of 50 mM NaAc pH 5.0. Sodium azide 
(0.02%) can be added for long-term storage (be careful with 
sodium azide—it is very toxic).

 12. After drying, the water and HCl elutes are resuspended in a 
small volume of water (typically 10–20 μL) and analyzed by 
MS (see Note 9).

 1. A number of different MS instruments can be used to  analyze 
the peptides present in the eluates from the anhydrotrypsin-
agarose column. Matrix-assisted laser desorption ionization 
time-of-flight (MALDI-TOF) will give a general idea of the 
most abundant peptides present in the sample and reveal if 
there are major differences between the peptides isolated 
from Cpefat/fat mice and wild-type mice [15]. Liquid chro-
matography mass spectrometry (LC/MS) is useful to detect 
a larger number of peptides than can be detected by 
MALDI. We have used a variety of MS instruments and LC 
systems, and all have successfully identified many peptides 
using this approach [15, 16].

 2. Determine which peptides are enriched in Cpefat/fat mouse 
 tissues by comparing spectra. There are multiple ways for this 
process. If using MALDI, it is simple to compare the spectra 
from each sample. For LC/MS data, the results can be divided 
into 1 min windows (or less if the samples are complex) and 
the ion profiles compared between the Cpefat/fat and wild-type 
mouse extracts. Automated software can also be used with 
“label-free” quantitative approaches (see the chapter in this 
volume on quantitative techniques by Fricker).

 3. Identify peptides from MS/MS data, using standard proce-
dures. Typically, these involve database searches using pro-
grams like Mascot or Peaks, but will depend on the programs 
available to your research group.

3.3 MS Analysis

Affinity Purification of Neuropeptide Precursors



206

4 Notes

 1. Avoiding contaminants is important. Small molecules and 
 polymers can substantially interfere with the MS analysis. Clean 
water is essential. We use distilled water that is additionally 
 purified through columns to remove trace contaminants. In 
addition to clean water for all steps of the procedure, it is also 
important to use clean tubes and microfiltration units. Some 
brands of microfuge tubes and  filtration devices have polymeric 
contaminants that appear as  polyethylene glycol-related com-
pounds on MS; these  contaminants can overwhelm the  signals 
from the tissue-derived peptides. Rinse and dry tubes with 
ultrapure deionized water before use. Clean filtration units by 
passing water through them before filtering  peptides. Use 
 low-retention microfuge tubes to reduce the loss of peptides 
through binding to the plastic surface.

 2. We previously used anhydrotrypsin-agarose from Panvera LLC, 
but this reagent does not appear to be currently available 
(Panvera no longer exists as a separate company). Other manu-
facturers of  anhydrotrypsin-agarose can be found on the 
 internet, and should be suitable. Alternatively, it is possible to 
custom-synthesize this reagent from trypsin, agarose, and 
 simple reagents, as described [21].

 3. In the original report of this technique, mice were sacrificed by 
exposure to CO2, and no specific steps were taken to inactivate 
proteases prior to dissection of the tissue [15]. Furthermore, the 
peptides were extracted from tissue using boiling acetic acid. 
Subsequent to the original report using this procedure, it was 
found that these techniques led to numerous postmortem 
changes [20, 22, 23]. If brain tissue is not heat-stabilized within 
1 min of death, general protein degradation greatly increases lev-
els of peptides that are derived from cytosolic,  mitochondrial, 
and nuclear proteins [23, 24]. Also, levels of neuropeptides 
decrease within minutes of death, possibly due to secretion of 
peptide-containing vesicles and subsequent degradation of the 
peptides by extracellular proteases. These processes can be 
 prevented by rapid heat inactivation of the brain tissue, as 
described in this protocol. Hot acid is not recommended because 
it causes cleavages of peptides, primarily adjacent to Asp residues 
[21]. These changes from the original report of the technique 
are reflected in this protocol.

 4. Temperatures >65 °C appear to be sufficient to inactivate 
 proteases in mouse brain, but temperatures of ~80 °C pro-
duced more uniform results in an experiment testing micro-
wave  conditions [20]. Each microwave oven needs to be 
calibrated to ensure that the proper internal temperature of the 
brain is achieved. Mice can also be sacrificed by microwave 

Lloyd Fricker
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irradiation, although this requires an expensive piece of equip-
ment that is not available in most laboratories [22]. Alternatively, 
brain  tissue can be rapidly dissected and heat-inactivated in a 
 specialized device, as described [24] and also reported in 
another chapter in this book (see Fridjonsdottir et al.).

 5. After heating to 80 °C, the brain is no longer elastic and cannot 
be dissected by standard approaches used for fresh tissue. We have 
found the best method of dissection uses a razor blade held in a 
coronal orientation to make slices that include the desired brain 
regions, and these slices are then further cut to isolate the regions 
of interest. Coordinates for dissecting some of the major brain 
region are described in the mouse brain atlas [25]. The frontal 
cortex is obtained by removing the olfactory bulb and taking the 
slice that is anterior to Bregma 1.94. To obtain cortex and stria-
tum, make another coronal cut at bregma 0.00; the resulting slice 
of Bregma 1.94 to 0.00 contains cortex and the striatum. The 
cortex is isolated from the dorsal side of the slice. The remainder 
of the slice includes the caudate putamen, nucleus accumbens, 
septum, and ventral palladium. Another coronal cut is made at 
Bregma −3.00; this coronal section of Bregma 0.00 to −3.00 is 
dissected into the hippocampus, thalamus, amygdala, and hypo-
thalamus. Cortex can also be dissected from this section.

 6. Use settings that completely disrupt the tissue (based on visual 
inspection). Typical settings are 20 s of sonication (1 pulse per 
s) at duty cycle 3, with 50% output. A small additional volume 
of water is used to rinse the tip of the sonicator into the tube 
containing the brain extracts to maximize recovery. The soni-
cator tip should be washed with water between tissue extrac-
tions to prevent contamination between samples.

 7. Most detergents cause problems for subsequent MS analysis. 
Even though the detergent is not present in the final elution 
buffer, residual amounts of some detergents can interfere with 
the MS signals. CHAPS is one of the better detergents for 
subsequent MS analysis.

 8. To elute the peptides, we apply 1 mL of water (Subheading 
3.2, step 8) or 5 mM HCl (Subheading 3.2, step 9) to the top 
of the column and collect the eluate into a microfuge tube, 
then repeat with another 1 mL and collect into a fresh tube. 
This is done for two reasons. First, it is easier to lyophilize the 
samples in a vacuum concentrator. Second, the addition of 
2 × 1 mL provides a slower flow rate than simply adding 2 mL 
to the top of the column, and in theory this should allow for 
higher recovery of peptides, although this has not been tested.

 9. The water and HCl elutes can be combined or analyzed sepa-
rately. We found many differences in the peptides that eluted 
with water versus HCl, so by analyzing separately we presum-
ably detected more peptides than would have been identified 
by pooling the samples.

Affinity Purification of Neuropeptide Precursors
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Chapter 14

Mass Spectrometry Based Immunopeptidomics 
for the Discovery of Cancer Neoantigens

Michal Bassani-Sternberg

Abstract

Recent data indicate that endogenous mutated cancer proteins can be processed and presented as HLA 
binding peptides, leading to their recognition in vivo as “non-self.” Targeting such neoantigens would 
enable immune cells to distinguish between normal and cancerous cells, avoiding the risk of autoimmunity. 
So far, discovery of such neoantigens relies mainly on prediction-based interrogation of the “mutanome” 
using genomic information as input, followed by highly laborious and time-consuming T cell screening 
assays. Currently, mass spectrometry is the only unbiased methodology to comprehensively interrogate the 
naturally presented repertoire of HLA binding peptides, including peptides derived from tumor-associated 
antigens and post-translational modified peptides. This chapter describes a detailed protocol for in-depth 
and accurate mass spectrometry based immunopeptidomics, enabling the direct identification of 
 tissue-derived neoantigens extracted from human tumors.

Key words HLA binding peptides, Neoantigens, Immunopeptidomics, Immunoaffinity purification, 
Mass spectrometry, Cancer immunotherapy

1 Introduction

Cancer immunotherapy reprograms the inherent capacity of 
immune cells to eliminate tumors by virtue of recognizing molecu-
lar entities expressed specifically on tumors but not on normal cells. 
The entities are short peptides that are presented on the cell surface 
on human leukocyte antigen (HLA) molecules, named the HLA 
binding  peptides (HLAp), and collectively the immunopeptidome. 
Recent clinical data provide clear evidence that human tumor cells 
express and present antigenic HLAp that can be recognized by the 
patients’ own (autologous) T cells. The enhancement of such reac-
tivity, for example by using immune checkpoint blockade therapies, 
can lead to cancer regression in patients with advanced high muta-
tional load tumors [1–6], [6–11] highlighting the involvement of 
mutated neo-antigens as the main targets [12–15]. The remarkable 
clinical results of the immune checkpoint blocking therapies have 
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motivated researchers to discover the immunogenic cancer-specific 
antigens that mediate T cell-based killing and  long-lasting disease 
control [8]. Such antigens may be further exploited in the develop-
ment of personalized vaccines to enhance the reactivity of the 
checkpoint blocking therapies, especially in the cohort of nonre-
sponding patients.

The HLA immunopeptidome is a highly dynamic, rich, and 
complex repertoire of peptides that inform T cells about abnor-
malities within diseased cells [16]. Dedicated cellular machinery 
for antigen processing and presentation ensures continuous 
 sampling of intracellular proteins on the HLA class I molecules. 
Additional parallel machinery is responsible for processing of exog-
enous antigens on HLA class II molecules expressed on profes-
sional antigen presenting cells. This way, alterations in the genome, 
transcriptome, and the proteome are presented to T cells. In can-
cer, HLAp may be derived from tumor-associated (over)expressed 
self-proteins, from oncogenic viruses, endogenous retroviral ele-
ments, or mutated tumor proteins. Currently, mass spectrometry 
based immunopeptidomics is the only unbiased methodology to 
interrogate the repertoire of naturally presented HLAp in tissues 
[17]. Of interest, mass spectrometry has been successful in identi-
fying neoantigens on cancer cell lines and in melanoma tissues 
[18–23]. This requires previous knowledge of the nonsynonymous 
genetic alterations in the investigated tissue. Since mutations are 
mostly private, the resulting MS data should be searched in a per-
sonalized manner against a customized reference database that 
includes the patient’s mutated protein sequences. In addition to 
the direct identification of neoantigens, this discovery approach 
reveals the repertoire of the thousands of self peptides among  
them peptides derived from tumor-associated antigens and post-
translational modified peptides. Of note, once more advanced 
computational algorithms are available, re-interrogating such 
immu nopeptidomics dataset could lead to the identification of yet 
unforeseen novel antigens.

Here I describe a protocol enabling sequential immunoaffinity 
purification of HLA-I and HLA-II binding peptides directly from 
tissue samples as shown schematically in Fig. 1. Details regarding the 
analyses of these peptidome samples by mass spectrometry are 
included together with suggestions for the downstream computa-
tional pipeline using a new module in MaxQuant. Some of these 
procedures have previously been described [24, 25], and others are 
being prepared for publication (P. Sinitcyn et al., manuscript in prep-
aration). While the extraction of DNA from tissues and PBMCs and 
the exome sequencing analysis are beyond the scope of this chapter, 
I describe here how to incorporate existing next-generation sequenc-
ing data into this computational pipeline to directly identify patient’s 
specific tissue-derived neoantigens as described in [18].

Michal Bassani-Sternberg
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2 Materials

Prepare all solutions with ultrapure water and analytical grade reagents.

 1. 5 mL of growth medium from HB95 hybridoma cells secret-
ing the W6-32 anti-pan HLA-I and from HB145 hybridoma 
cells secreting the IVA12 anti-pan-HLA-II (see Note 1).

 2. Protein A-Sepharose 4B Conjugate.
 3. Wash solutions for purification of antibodies: 100 mM Tris–

HCl pH 8, 20 mM Tris–HCl pH 8.
 4. 0.1 N Acetic acid pH 3.
 5. 1 M Tris–HCl pH 8.
 6. Preservation buffer: PBS with 0.02% NaN3.
 7. 0.2 M Sodium Borate buffer pH 9: Prepare solution A: dissolve 

12.4 g of Boric acid in 1 L water, and solution B: dissolve 19.05 g 
Borax (Sodium tetraborate) in 1 L water. In a new bottle mix 
50 mL of solution A, 59 mL of solution B, and 91 mL water to 
receive 200 mL of 0.2 M Sodium Borate buffer pH 9.

 8. Dimethylpimelimidate.
 9. Ethanolamine solution: add 600 μL of ethanolamine to 50 mL 

of water and adjust to pH 8 with HCl. Keep in the dark at 
room temperature.

 10. Poly Prep 9 cm columns (Bio-Rad) with a stand (see Note 2).
 11. Nano-drop.
 12. SDS-PAGE system.

2.1 Affinity 
Chromatography

Fig. 1 General overview of immunoaffinity-based purification of HLA-I and HLA-II binding peptides from one 
tissue sample for mass spectrometry analysis

Mass Spectrometry Based Immunopeptidomics
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 1. Tumor tissues (flash frozen stored at −80 °C).
 2. Lysis buffer: 0.25% sodium deoxycholate, 0.2 mM iodo-

acetamide, 1 mM EDTA, 1:200 Protease Inhibitors Cocktail 
(we use the cocktail reagent from Sigma-Aldrich), 1 mM Phenyl-
methylsulfonyl fluoride, 1% octyl-beta-d glucopyranoside in 
PBS. Prepare fresh (about 13 mL per tissue). Keep on ice.

 3. Wash solution A: 150 mM NaCl and 20 mM Tris–HCl pH 8. 
Keep on ice.

 4. Wash solution B: 400 mM NaCl and 20 mM Tris–HCl pH 8. 
Keep on ice.

 5. Wash solution C: 20 mM Tris–HCl pH 8. Keep on ice.
 6. 0.1 N Acetic acid pH 3.
 7. Sep-Pak C-18 wash solution: 0.1% TFA.
 8. Sep-Pak C-18 peptide elution solution: 0.1% TFA with 30% 

acetonitrile.
 9. Sep-Pak C-18 protein elution solution: 0.1% TFA with 80% 

acetonitrile.
 10. SepPak cartridges vac 1 cc tC-18 (Waters) and dedicated adap-

tor (Waters).
 11. 10 mL plastic syringe
 12. ~30 mL centrifuge tubes.
 13. ULTRA-TURRAX homogenizer (IKA, or comparable equip-

ment). Keep blade at 4 °C.
 14. Laminar flow.
 15. High speed centrifuge.
 16. Vacuum centrifuge.

 1. LC-MS/MS. We use a Q Exactive mass spectrometer coupled 
on-line to nano-Easy 1200 UHPLC system fitted with 
Nanospray Flex™ source (Thermo Fisher Scientific).

 2. Column oven.
 3. Analytical column with 8 μm tip opening and a diameter of 

50 cm × 75 μm (we use the column from New Objectives).
 4. ReproSil-Pur C18 1.9 μm particles 120 Å pore size resin (we 

use the resin from the company Dr. Maisch GmbH).
 5. MaxQuant computational proteomics platform.

3 Methods

The protocol described below provides instructions on how to 
purify and cross-link antibodies sufficient for the immunoaffinity 
purification of HLA-I and HLA-II complexes from four distinct 

2.2 HLAp Sample 
Preparation

2.3 Mass 
Spectrometry

Michal Bassani-Sternberg
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tissue samples of 1 cm3 each. The procedures can be scaled up or 
down according to the amount of available tissues.

Five milliliters of the hybridoma growth medium yields about 
10–15 mg of antibodies (see Note 1). Purified antibodies can be 
stored at −20 °C for future use.

 1. Into two distinct empty Bio-Rad columns add a final volume 
of 2 mL of beads per column. Allow the preservation buffer to 
drain and wash the beads with 10 mL of 100 mM Tris–HCl 
pH 8. Close the tip of the columns with the caps.

 2. Label the columns as “W6-32” and “IVA12.” Load 5 mL of 
each of the growth medium containing the monoclonal antibod-
ies onto the corresponding labeled columns. Close the columns 
with the upper caps and slowly rotate at room temperature for 
15 min.

 3. Remove the caps and let the liquid flow through. Wash the 
columns with 10 mL 100 mM Tris–HCl pH 8 and then with 
10 mL of 20 mM Tris–HCl pH 8.

 4. Elute the antibodies with serial elutions each of 1 mL using 
acetic acid 0.1 N pH 3 into Eppendorf tubes containing 
300 μL of 1 M Tris–HCl pH 8. Collect 6–7 elutions in total 
per antibody. Vortex the Eppendorf tubes for 3 s (see Note 3).

 5. Quantify the amount of antibodies in each tube using a 
NanoDrop (see Note 4).

 6. Wash the beads with 10 mL of 100 mM Tris–HCl pH 8 and 
then with 2 mL of PBS containing 0.02% NaN3. Cover the 
beads with 2 mL of PBS with 0.02% NaN3 and close the col-
umns with the caps. Keep the columns at 4 °C for future use.

Cross-link sufficient amount of antibodies to the beads as described 
below and use cross-linked antibodies of same batch for parallel 
purifications of tissue sections from the same tumor. Beads cross-
linked with antibodies may be stored at 4 °C for several months 
and therefore may be prepared in advanced.

 1. Into two Bio-Rad columns labeled as “W6-32-ProteinA” and 
“IVA12-ProteinA” add a final volume of 2 mL of beads per 
column. Allow the preservation buffer to drain and wash the 
beads with 10 mL of 100 mM Tris–HCl pH 8. Close the tip of 
the columns with the caps.

 2. Load 10 mg of each of the antibodies onto the corresponding 
labeled column. Close the columns with the upper caps and 
slowly rotate at room temperature for 30 min. Remaining 
unused antibodies may be stored at −20 °C for future use.

 3. Remove caps and allow the liquid to drain. Wash the columns 
with 10 mL of 0.2 M Sodium Borate buffer pH 9. Close the 

3.1 Purification 
of Anti-HLA Antibodies 
from Hybridoma 
Growth Medium

3.2 Preparation 
of Anti-HLA Affinity 
Columns

Mass Spectrometry Based Immunopeptidomics
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tips of the columns with a cap. Resuspend the beads with 
2 mL of 0.2 M Sodium Borate buffer pH 9 and transfer into 
new Eppendorf tubes 30 μL of the resuspended beads from 
each column for SDS-gel analysis to evaluate the efficiency of 
the cross-linking.

 4. Add 20.8 mg Dimethylpimelimidate (final concentration of 
20 mM) directly onto the column. Close the column with 
the upper cap and rotate at room temperature for 30 min 
(see Note 5).

 5. Open the upper cap. Resuspend the beads and transfer into a 
new microfuge tube 30 μL of the resuspended beads from each 
column for SDS-PAGE analysis to evaluate the efficiency of the 
cross-linking as shown in Fig. 2 (see Note 6).

 6. Open the cap of the tip and let the liquid flow through. Wash 
the column with 5 mL of 0.2 M ethanolamine pH 8.

 7. Close the tip with the cap and add 5 mL of ethanolamine pH 
8. Close the upper cap and rotate at room temperature for 2 h.

 8. Open the caps. Allow the liquid to flow through. Wash the 
columns with 10 mL of PBS with 0.02% NaN3. Cover the 
beads with 2 mL of PBS with 0.02% NaN3 and close the col-
umns with the caps. Keep the columns at 4 °C for future use.

Affinity columns may be reused, preferably using biological  samples 
from the same donor and can be stored at 4 °C for several months. 
Keep all tubes and solutions on ice.

 1. Prepare and label 3 new and prewashed Bio-Rad columns for 
each tissue sample. Label the columns as “pre-column” 
(ProteinA only), “W6-32-ProteinA” and “IVA12-ProteinA” 

3.3 Purification 
of HLA Class I and HLA 
Class II Peptides

Fig. 2 Examples of SDS-PAGE analyses of W6-32 antibody before and after 
cross-linking to Protein-A beads (a) and of HLA-I and HLA-II complexes isolated 
by immunoaffinity purification (IP) from human ovarian cancer tissue (b)

Michal Bassani-Sternberg
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including the tissue identification number. Distribute into the 
columns labeled as pre-column a final volume of 400 μL of 
ProteinA beads. Into each of the remaining columns add a final 
volume of 400 μL of either the W6-32 or IVA12 cross-linked 
beads. Remove the preservation liquid and wash all columns 
with 1 mL of acetic acid 0.1 N, followed by 10 mL of 100 mM 
Tris–HCl pH 8. Place the columns in a stand at 4 °C.

 2. Place the ULTRA-TURRAX homogenizer inside a laminar 
flow in order to protect the user from aerosols that may be 
generated during the homogenization of the tissues.

 3. Process the tissues one at a time as indicated here. Add into the 
centrifuge tubes 5 mL of freshly prepared cold lysis buffer. 
Place the tube in a cup filled with ice. With a pair of tweezers 
transfer the first frozen tissue directly into the tube containing 
the cold lysis buffer and wait 1–2 min. Homogenize the tissue 
at high speed for 5 s using the Ultraturax homogenizer  
(see Notes 7 and 8).

 4. Add to the tube additional 5 mL of cold lysis buffer and mix 
the tube gently.

 5. Disassemble the blade and wash it with ethanol and then with 
water. Wipe it with a paper towel and assemble it again.

 6. Repeat steps 3–5 again with the following tissue.
 7. Keep the tubes on ice for 1 h. Mix the tubes gently every 10 min.
 8. Balance the centrifuge tubes and centrifuge at 40,000 g at 

4 °C for 30 min using the high speed centrifuge.
 9. Place the stand with the prepared Bio-Rad columns (from step 

1) in a cold room where steps 9–12 should be performed. 
Align the columns on top of 15 mL collection tubes. Transfer 
the supernatant fractions from each of the samples from step 8 
and load them onto the corresponding pre-columns. Remove 
the tip caps and collect the flow-through fractions in the 15 mL 
tubes. Once the lysates passed completely, add 1 mL of lysis 
buffer to the columns and collect also the dead-volume cap-
tured in the beads.

 10. Transfer the flow-through fractions from the 15 mL tubes and 
load them directly on the corresponding W6-32-ProteinA col-
umns. Collect the flow-through fractions and load them again. 
Once the lysates passed completely, add additional 1 mL of 
lysis buffer to the columns and collect also the dead-volume 
captured in the beads and collect the flow through.

 11. Finally, load the flow-through fractions on the IVA12-
ProteinA columns. Collect the flow-through fractions and 
load them again. Store the flow-through fractions at −20 °C.

 12. Wash each of the W6-32-ProteinA and IVA12-ProteinA col-
umns with 10 mL of wash solution A, then with 10 mL of wash 
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 solution B, followed by 10 mL of wash solution A, and lastly 
with 10 mL of wash solution C. In the meantime continue to 
step 13.

 13. Wash the pre-columns first with 5 mL of acetic acid to remove 
bound antibodies, and then wash the columns with 10 mL of 
100 mM Tris–HCl pH 8. Cover the beads with 2 mL of PBS 
with 0.02% NaN3 and close the columns with the caps. Keep 
the pre-columns at 4 °C for future use.

 14. Once the last wash has drained completely, place a stand con-
taining seven labeled microfuge tubes under the tip of each 
column. Add 0.5 mL of acetic acid 0.1 N pH 3 into the col-
umn. Collect the elution in the first tube. Repeat this step six 
more times and collect the elutions one at a time into the 
remaining six tubes. Repeat this for all the columns. Keep the 
tubes containing the elutions on ice (see Note 9).

 15. Wash all columns with 10 mL of 100 mM Tris–HCl pH 8. 
Cover the beads with 2 mL of PBS with 0.02% NaN3 and  
close the columns with the caps. Keep the columns at 4 °C for 
future use.

 16. Optional: Analyze 10 μL of each elution by SDS-PAGE to eval-
uate the yield and the purity of the HLA complexes as shown in 
Fig. 2. The HLA-I heavy chain and the β2m should appear as a 
43 kDa and a 12 kDa bands, respectively, starting from the sec-
ond or third elution. The two subunits of the HLA-II should 
appear as broad faint band that is spread around the 28–30 kDa. 
Only fractions that contain HLA should be used for the follow-
ing purification of the HLA binding peptides.

 1. Prepare 2 Sep-pak cartridges for each tissue sample—for the 
HLA class I and HLA class II peptides samples, and label them 
accordingly.

 2. Using a syringe and the dedicated adaptor wash the cartridges 
first once with 1 mL of 80% ACN in 0.1% TFA, then twice 
with 1 mL 0.1% TFA.

 3. Load each of the biological samples (HLA class I or HLA class 
II, per tissue) on a separate SepPak cartridge (load only elution 
fractions that contain HLA and β2m as detected by SDS-PAGE 
onto the cartridges). Pass them through slowly (speed of about 
1 mL in 20 s).

 4. Wash the cartridges twice with 1 mL of 0.1% TFA.
 5. Elute the HLA binding peptides into a collection tube with 

300 μL of 30% ACN in 0.1% TFA (see Note 10).
 6. Elute the higher molecular weight proteins into another 

 collection tube with 300 μL of 80% ACN in 0.1% TFA.
 7. Dry the samples containing the peptides and the samples 

 containing the proteins using vacuum centrifugation at 30 °C 

3.4 Purification 
of HLA Binding 
Peptides
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for about 1.5 h and 45 min, respectively, until completely 
dried.

 8. Resuspend the peptides with 17ul 0.1% TFA and store at 
−20 °C until mass spectrometry analyses.

 9. Resuspend the proteins with 50ul 0.1% TFA or with PBS and 
store at −20 °C (see Note 11).

This part of the protocol describes the analysis of HLA peptides 
using the Easy 1200 UHPLC system coupled online to a Q Exactive 
HF mass spectrometer, both from Thermo Fisher Scientific. Other 
comparable instruments could be used. Analytical column with 
8 μm tip opening and a diameter of 50 cm × 75 μm may be self-
packed with the ReproSil-Pur C18 1.9 μm particles having 120 Å 
pore size resin. Such long analytical column should be heated to 
50 °C using a column oven. Make sure that the analytic column is 
clean and measure a blank sample before the HLA peptides samples 
to exclude carry over from previously measured samples. Preferably, 
two technical replicates of 5 μL each should be injected sequentially. 
The remaining sample may be used in the future to validate targets 
of interest by spiking into these remaining samples isotopically 
heavy-labeled synthetic peptides. Alternatively, remaining samples 
may be used for further fractionation. Use the same MS settings for 
HLA class I and HLA-II peptidomes, unless indicated otherwise.

 1. Place 11 μL of each HLA peptides samples in the auto-sampler. 
Inject first 5 μL of the first sample.

 2. Apply a linear gradient of 2–30% of 80% ACN and 0.1% formic 
acid at a flow rate of 250 nL/min over 90 min.

 3. Suggested settings for the mass spectrometer are: MS scan 
range can be set to 300 to 1650 m/z with a resolution of 
60,000 (200 m/z) and a target value of 3e6 ions. Data may be 
acquired with data-dependent “top10” method, which  isolates 
the ten most intense ions and fragments them by higher-
energy collisional dissociation (HCD) with an applied nor-
malized collision energy of 27% and with an AGC target value 
of 1e5 with a maximum injection time of 120 ms and MS/MS 
resolution was 15,000 (200 m/z). For HLA class I peptides, 
in case of unassigned precursor ion charge states, or charge 
states of four and above, no fragmentation should be per-
formed. For HLA class II peptides, in case of unassigned pre-
cursor ion charge states, or charge states of one or of five and 
above, no fragmentation should be performed. Dynamic 
exclusion of fragmented m/z values from further selection can 
be set for 20 s.

 4. Inject again 5 μL of the first sample (technical duplicate).
 5. Wash the system with two standard wash runs before loading 

the next biological sample.

3.5 Mass 
Spectrometry 
Analyses
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A special module in the MaxQuant computational proteomics 
platform has recently been developed that enables the search for 
peptides based on genomic variations (Sinitcyn P. et al., in prepara-
tion). MaxQuant takes as input aligned reads from exome sequenc-
ing data and calls variants. Variants increase the peptide search 
space by either including or excluding them on each peptide. To 
account for different a priori probabilities of different peptide 
classes the posterior error probability is calculated depending on 
the type of the peptide (such as unmodified peptides without vari-
ants, unmodified peptides resulting from a variant). A common 
PSM-FDR threshold is then applied based on this peptide class 
dependent posterior error probability.

Employ the following computational analysis for each patient 
separately.

 1. Use the latest version of the MaxQuant that includes the 
Mutation Extraction tool. In the Mutation Extractor tool, 
upload the exome sequencing data as .bam format for both the 
healthy tissue and the tumor tissue from one patient and spec-
ify the genome used for the alignment and its annotation. 
Default settings for promiscuous mutation calling with the fol-
lowing thresholds should be applied: total read depth of the 
position >10 reads, number of reads which support a variant 
>5 reads, and at the same time the minimum variants fre-
quency = 5%. This tool generates a FASTA file that includes 
information about nonsynonymous alterations between both 
tissues and the reference genome, and a VCF file that lists the 
alterations including genomic locations and the number of 
reads in both the healthy tissue and the tumor (see Note 12).

 2. Load the corresponding MS raw files.
 3. Use the default parameters except for parameters indicated 

here: In the Group-Specific Parameters window enable 
N-terminal acetylation (42.010565 Da) and methionine oxi-
dation (15.994915 Da) as variable modifications. The enzyme 
specificity should be set as “unspecific.” In the Global Para-
meters window upload the generated FASTA file for the data-
base search. Do not specify any fixed modifications. Change 
the mutation mode from “none” to “from file.” A false discov-
ery rate (FDR) of 0.05 is recommended for peptides and no 
FDR should be applied on the proteins level. Enable the 
“match between runs” option, which allows matching of iden-
tifications across different replicates that belongs the same 
patient, in a time window of 0.5 min and an initial alignment 
time window of 20 min. Launch MaxQuant (see Note 13).

 4. The list of all identified unique HLA peptides can be found in 
the “Peptides” output table. Two columns in this table indi-
cate the presence of peptides containing alterations from the 

3.6 Direct 
Identification 
of Neoantigens Using 
MaxQuant
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 reference genome and the ID number of the mutations as 
listed in the VCF file that was generated by MaxQuant 
Mutation Extractor tool (in step 1 above). Most of these hits 
will be  peptides containing single nucleotide polymorphism 
(SNP) compared to the reference genome and therefore the 
 corresponding read counts in the VCF file for such SNPs will 
be similar in the tumor and in the healthy tissues. In case 
 alterations can only be detected in the exome sequencing data 
of the tumor and not in the healthy tissue then the correspond-
ing peptides are true neoantigens (see Note 14).

4 Notes

 1. Grow the hybridoma cells in CELLine350 or CELLine1000  
flasks (Integra Biosciences) according to the manufacturer’s 
instructions. Spin down at maximum speed using bench-top 
centrifuge to remove cell debris. Collect the growth medium 
that contains the highly concentrated monoclonal antibodies 
and store it at −20 °C until use.

 2. Bio-Rad columns should be washed with 10 mL 1% SDS and 
40 mL of water to remove possible PEG contaminants. 
Procedures performed with Bio-Rad columns are simply based 
on gravity. Place the columns in a stand that can fit 15 mL 
 collection tubes.

 3. If needed, adjust pH of the eluted antibodies to pH 8 with 
1 M Tris–HCl pH 8.

 4. Purity of antibodies may be estimated by loading 1% of each of 
the eluates on SDS-PAGE under denaturing conditions. The 
light and heavy chains of the antibodies should be visible.

 5. Dimethylpimelimidate is stored at −20 °C. It should be 
allowed to warm to room temperature before use.

 6. Add sample buffer to the beads samples, boil for 5 min, spin 
down the tubes, and collect 15 μL of the supernatant. Analyze 
the supernatant by SDS-PAGE. Both the antibodies heavy and 
light chains should be visible in the samples before the cross-
linking, while the heavy chains should not be visible in the 
samples after cross-linking.

 7. It is highly recommended to weigh the tissues before use.
 8. A longer homogenization might be needed depending on the 

tissue content. Avoid long homogenization as this might lead 
to overheating of the tissues and will generate excess of foam.

 9. At this stage the samples can be stored at −20 °C.
 10. HLA peptides are purified using a Sep-pak c18 cartridge. 

Peptides are less hydrophobic than the HLA heavy chain and 
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the β2m. The peptides are eluted first from the SepPak  cartridge 
using 30% ACN in 0.1% TFA. Afterwards the proteins may be 
eluted using 80% ACN in 0.1% TFA.

 11. A fraction of the samples containing the HLA and β2m pro-
teins may be used for SDS-PAGE or Western-blot analyses to 
estimate their recovery.

 12. Mutation calling and the generation of the FASTA file should 
take approximately 1 day using a standard computer.

 13. The MaxQuant search should be completed within approxi-
mately 2 days using a standard computer.

 14. The number of identified peptides is in correlation with the 
expression of the corresponding HLA complexes in the investi-
gated tissue. Using this protocol approximately 5000–15,000 
unique HLA class I peptides may be identified from 1 cm3 tumor 
tissue sample. The number of HLA class II peptides may vary 
from a few peptides to several thousands, depending on the tis-
sue type. This protocol may lead to the identification of a few 
neoantigens, however, not in all tissue samples. High mutational 
loads and HLA expression will favor MS-based detection of 
neoantigens.
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Chapter 15

Milk Peptidomics to Identify Functional Peptides 
and for Quality Control of Dairy Products

David Dallas and Søren Drud Nielsen

Abstract

Human milk and dairy products are important parts of human nutrition. In addition to supplying  nutrients, 
milk proteins contain fragments—peptides—with important biological functions that are released during 
processing or digestion. Besides their potential functional relevance, peptides released during processing can 
be used as markers of ripening stage or product deterioration. Hence, identification and quantification of 
peptides in milk can be used to assay potential health benefits or product quality. This chapter describes how 
to extract, identify, and analyze peptides within breast milk, dairy products, and dairy digestive  samples. We 
describe how to analyze extracted peptides with liquid chromatography-mass spectrometry, to use software 
to identify peptides based on database searching, and to extract peak areas for relative quantification of each 
peptide. We describe methods for data analysis, including predicting which enzymes are responsible for 
protein cleavage, identifying the site specificity of protein breakdown, mapping  identified peptides to known 
bioactive peptides, and applying models to predict novel functional peptides.

Key words Peptidomics, Milk, Mass spectrometry, Peptide, Bioactive, Identification, Quantification, 
X! Tandem, Skyline, Proteome Discoverer

1 Introduction

Human milk has evolved to match the newborn infant’s 
 nutritional needs. Beyond providing basic nutrients, milk also 
serves as a source of biologically active molecules with major 
impacts on the infant’s health and development. Fragments of 
milk proteins  produced by enzymatic cleavage—peptides—have 
an array of  functions, including immunomodulation [1, 2], 
opioid-like a ctivity [3, 4], and antimicrobial [5–7], antihyper-
tensive [8], and  antioxidant actions [9]. These  functions are 
often different from the functions of the parent protein. In 
effect, these peptides are functional units encrypted within the 
parent sequence. Most  previous studies of bioactive milk pep-
tides are based on peptides released from in vitro digestion  
of isolated milk proteins; thus they neither represent in vivo 
digestion nor identify which peptides are biologically relevant. 
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Recently, we employed peptidomics to examine the in vivo 
 gastric digestion of milk in infants. For this study, we used milk 
and gastric samples collected from tube-fed infants and demon-
strated that milk protein digestion begins within the mother’s 
mammary gland, where milk proteases release  hundreds of pep-
tides [10, 11]. Within the infant gut, milk  proteins are further 
digested into smaller fragments, producing hundreds of addi-
tional peptides [12]. Our bioinformatic  analyses demonstrated 
that these peptides derived from specific milk proteins at spe-
cific sites within the proteins, and that many matched known 
functional peptides with antimicrobial and immunomodulatory 
actions.

Peptidomics is used not only to study digestion of proteins—it 
has many uses in dairy science. Dairy scientists apply peptidomics 
to identify peptides in dairy products, including cheeses [13–16], 
yogurts [17], and kefir [18]. These peptidomics studies revealed 
that differences in starting materials, production techniques, and 
storage time resulted in major differences in the peptide profile. 
For example, peptidomic analysis of lactose-hydrolyzed ultra-high 
temperature heat-treated milk indicated that residual proteases in 
the lactase preparation caused protein degradation that resulted in 
bitter flavor development with storage time [19–21]. Peptidomics 
can also be used to monitor inter-individual variation among cows 
[22] and as a marker for their health status—we demonstrated that 
peptide profiles differed in milk from healthy and mastitic quarters 
(teats) within the same cow [23].

This chapter describes how to extract peptides from dairy 
products and their digesta, to analyze them by liquid chromatog-
raphy (LC) coupled with mass spectrometry (MS), and to identify 
and quantify them by label-free relative  quantification (overview in 
Fig. 1). Several different MS instruments are appropriate for pepti-
domics, including Orbitrap, Q-TOF, and others [24]. Label-free 
relative quantification can be accomplished using peptide signal 
intensities. The  ion-signal intensity approach uses extracted chro-
matographic areas to compare peptide abundances across samples. 
The software used for identification and quantification depends on 
the instrument used as the output file type differs among instru-
ments from different vendors. This chapter describes two methods 
for identification and label-free relative quantification of peptides. 
The first method uses X! Tandem and Skyline, which are two pop-
ular noncommercial programs (Subheadings 3.7 and 3.8). Within 
Skyline, we create a library of X! Tandem-identified peptides across 
all samples. This library is used to match peaks in other samples 
based on retention time and mass. This approach identifies pep-
tides that may be present in the MS data as parent molecule masses 
but not identified in that sample by X! Tandem. The second 
method uses the Proteome Discoverer software from Thermo 
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Fisher (Subheading 3.9). This method determines only peptide 
abundance from tandem-identified peptides within the sample as 
no library-based peak searching is available. Selecting which 
 program to use depends on the specific research needs, sample 
type, and instrument combination. This chapter includes protocols 
for further data analysis using bioinformatics techniques. The first 
tool visualizes from where identified peptides derive across the par-
ent protein sequence. A homology search tool identifies the pep-
tides that match  previously identified functional peptides. Several 
tools use structure-function relationships to predict the likelihood 
that each identified peptide is functional. Two tools predict which 
proteases in a sample were responsible for protein cleavages based 
on the peptidomic data. Finally, we suggest that the  peptidomics 
results of any study should be uploaded to ProteomeXchange and 
shared with the public.

Fig. 1 Overview of the steps described in this chapter for analysis and identifica-
tion of milk peptides

Milk Peptidomics
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2 Materials

All solutions should be prepared in glassware using nanopure water 
(18 MΩ) and analytical-grade reagents. Be careful to avoid any 
residual detergents and other contaminants as these will deterio-
rate the MS signal. Solutions can be stored at room temperature.

 1. Many types of samples from milk or dairy products can be 
analyzed, including fresh milk, milk digesta, in vitro enzymatic 
digests, cheese, yogurt, and kefir.

 2. Protease inhibitor cocktail, complete mini EDTA-free 50× 
stock solution (we use product 4693124001 from Roche).

 3. Folch solution: 2:1 chloroform:methanol (MeOH).
 4. Freeze drier or vacuum centrifuge.
 5. 200 g/L trichloroacetic acid (TCA) in nanopure water.
 6. C18 solid-phase extraction 96-well plate (we use Glygen, 

Columbia, MD).
 7. Activation solution: 99% acetonitrile (ACN), 0.1% trifluoro-

acetic acid (TFA), 0.9% water (v/v).
 8. TFA solution: 0.1% TFA in nanopure water (v/v).
 9. Equilibration/wash solution: 1% ACN, 0.1% TFA, 98.9% 

water (v/v).
 10. Peptide elution solution: 80% ACN, 0.1% TFA, 19.9% water 

(v/v).
 11. Peptide rehydration solution: 2% ACN, 0.1% TFA, 97.9% 

water (v/v).

 1. Solvent A: 0.1% formic acid (FA).
 2. Solvent B: 100% ACN.
 3. Liquid chromatography coupled to nanoelectrospray (we use a 

Waters Nano Acquity UHPLC (Waters, Milford, MA) with a 
Proxeon nanospray source).

 4. A reversed-phase trap column (we use a 100 μm × 25 mm 
Magic C18 100 Å 5U column) for online desalting and a 
reversed-phase analytical column for peptide separation (we 
use a 75 μm × 150 mm Magic C18 200 Å 3U column, Waters, 
Milford, MA).

 5. Mass spectrometry instrument (we use a Q Exactive Plus 
hybrid quadrupole-Orbitrap mass spectrometer from Thermo 
Fisher Scientific, Waltham, MA, but many other instruments 
can be used).

2.1 Sample 
Preparation

2.2 Mass 
Spectrometry
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3 Methods

 1. For human milk collection, nipples should be cleaned prior to 
collection. For bovine milk collection, teats should be washed 
in water and then dipped in an antiseptic solution. Collection 
volumes can vary, but we typically collect at least 1 mL of 
sample.

 2. Milk samples must be frozen as soon as possible after collection 
and kept at −80 °C to limit milk protease activity, which could 
alter the peptide profile (see Note 1).

 1. Thaw samples and bring to 4 °C (see Note 2).
 2. Pipette 100 μL of each liquid milk sample into a 1.5-mL tube. 

Add 5 μL of protease inhibitor stock solution and mix with a 
vortex on low speed for 10 s.

 3. For solid samples, like cheese, weigh out 100 mg of sample 
and cut into fine pieces. Combine with 1 mL of nanopure 
water. Shake at 40 °C for 1 h. Agitate in an ultrasonic bath for 
15 min at 40 °C. Shake at 40 °C for another 1 h. To eliminate 
large particles, centrifuge solution at 3080 × g at 4 °C for 
30 min. Collect liquid supernatant (approx. 0.9 mL), skip 
steps 4–6 and proceed to step 7.

 4. Skim milk samples by centrifugation at 16,000 × g for 15 min 
at 4 °C (see Note 3).

 5. Carefully insert a thin pipette tip below the upper lipid layer 
(cream) and collect the infranate (skim milk). If necessary, repeat 
the centrifugation procedure to remove any residual cream.

 6. Take 25 μL of the skim milk sample. Add 100 μL of nanopure 
water (see Note 4).

 7. For some sample types, like gastric digesta and cheese, remov-
ing any remaining lipids by applying a Folch liquid-liquid 
extraction avoids LC column clogging and signal deterioration 
(see Note 5). Add four times the sample volume of Folch solu-
tion to the sample. Mix with a vortex for 10 s. Centrifuge at 
16,000 × g for 15 min at 4 °C. If the upper phase is not clear, 
centrifuge again until clear. Collect the top layer (MeOH and 
water). Be careful not to collect any of the middle protein layer. 
Discard the middle protein layer and bottom chloroform/lipid 
layer. Dry collected upper layer by centrifugal evaporation at 
44 °C. Rehydrate samples in 100 μL nanopure water and mix 
using a vortex until completely solubilized.

 8. Precipitate intact proteins from the samples by acid precipita-
tion. Add 1:1 v/v (sample to solution) 200 g/L  trichloroacetic 
acid, mix using a vortex for 5 s, then centrifuge at 4000 × g for 
10 min at 4 °C. Collect the supernatant and discard the pro-
tein pellet.

3.1 Liquid Milk 
Sample Collection 
and Handling

3.2 Peptide 
Extraction and Sample 
Preparation
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 9. Clean up extracted peptides via C18 solid-phase extraction. 
This step eliminates sugars, salts, and TCA. To prepare the 
96-well plates, first wash them by adding 200 μL of the activa-
tion solution to each well and centrifuging at 2800 × g for 
30 s. Repeat this step for a total of three times. Next, equili-
brate the columns by washing three times with equilibration 
solution using 200 μL each time at the same centrifuge speeds 
and times. Next, add all of each sample to a well (200 μL) and 
centrifuge. To wash off salts, sugars, and TCA, wash three 
times with 200 μL wash solution. Finally, elute three times 
using 200 μL peptide elution solution and centrifuge each 
time. Collect this fraction.

 10. Transfer eluted samples to 1.5-mL tubes and dry with a vacuum 
concentrator or freeze drier. Rehydrate peptides by adding 
40 μL of 2% ACN, 0.1% TFA in nanopure water, and mix with 
a vortex for 1 min. Store at −80 °C until use for MS analysis.

 11. Optional step: At this point, you may want to measure the 
extracted peptide concentration to determine how much sam-
ple to inject for LC-MS (see Subheading 3.3). We commonly 
used the Bradford assay, the bicinchoninic assay, or absorbance 
at 280 nm.

 1. Add samples to sampling vials.
 2. Set up analysis parameters for LC-MS. Set up the elution gra-

dient using solvent (A) 0.1% FA and solvent (B) 100% ACN. 
Design a 60-min gradient as follows: 5–35% B over 50 min, 
35–80% B over 3 min, 80% B for 1 min, 80–5% B over 1 min, 
and then hold at 5% B for 5 min. Flow rate: 300 μL/min. Set 
to collect mass spectra in data-dependent mode with one MS 
precursor scan followed by 15 MS/MS scans, using dynamic 
exclusion of 20 s. Set MS spectral acquisition resolution to 
70,000 and a target of 1 × 106 ions or a maximum injection 
time of 30 ms. Set MS/MS spectral resolution to 17,500 with 
a target of 5 × 104 ions or a maximum injection time of 50 ms. 
Apply higher-energy collision dissociation with a normalized 
collision energy value of 27% for peptide fragmentation. Exc-
lude unassigned charge states as well as ions >+7 from MS/MS 
fragmentation.

 3. Load approximately two micrograms of each sample onto the 
enrichment column for online desalting and then onto the 
analytical column for analytical separation.

 4. After each sample, perform a column wash using a blank sam-
ple containing 0.1% FA. Wash gradients will depend on sample 
type (see Note 6). We use a saw-tooth gradient as follows: 
5–80% B over 6 min, 80% B for 7 min, 80–5% B over 2 min, 
5% B for 3 min, 5–80% B over 6 min, 80% B for 7 min, 80–5% 
B over 2 min, 5% B for 7 min.

3.3 Mass 
Spectrometry
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 1. To perform a database search for peptide identification, several 
premade databases are available in the various software pro-
grams. However, searching for peptides with no cleavage 
 specificity (as is required in peptidomics) greatly increases the 
number of possible peptides, increasing the search space and 
slowing the search from minutes or hours to days when 
searched against a full organism-level protein library. We rec-
ommend creating a custom milk-specific and species-specific 
protein library for your searches to decrease search time. This 
library can be made by gathering the fasta format sequences 
from www.uniprot.org based on available proteomics litera-
ture. At www.dallaslab.org, we have human, cow, and pig milk 
protein databases available for use (select the tab “Resources”).

 1. If proceeding with X! Tandem analysis for peptide identifica-
tion, raw data needs to be converted to mgf files. In order to do 
this, install ProteoWizard (http://proteowizard.sourceforge.
net/tools.shtml). Open MSConvert, select your raw files and 
the location for saving the new mgf files. Select output format 
as mgf. Use all other settings as the defaults, making sure not to 
include any filters.

 1. For peptide identification via database searching (see Note 7), 
we use the downloadable GUI version of X! Tandem,  
called GPM Manager (http://www.thegpm.org/TANDEM/
instructions.html). Within this program, we work inside the 
“advanced” tab in the “directory” section.

 2. Select the files for analysis. Select “yes” to Skyline data file 
annotation to allow the results to import correctly into Skyline.

 3. Select the protein library you wish to search against. If the 
library you want to search against is unavailable, this file must 
be added to the folder GPM Fury/thegpm/fasta and added 
to the files taxonomy.xml and species.js within the folder GPM 
(/Fury/thegpm/tandem).

 4. Apply a peptide log(e) value of less than −2. The “e” stands 
for “expectation value.” A − 2 log(e) corresponds to an e-value 
threshold of ≤0.01 (a 99% confidence level threshold).

 5. For measurement errors, in case of Orbitrap data, allow 
10–20 ppm for the fragment mass and 10–20 ppm for the par-
ent mass. Allow isotope error, which allows for identification 
when the instrument fragments an isotope rather than the par-
ent ion. Select “fragment type” as monoisotopic.

 6. For signal processing, select a maximum parent charge of 7, a 
minimum parent M+H of 275, a minimum fragment m/z of 50, 
total peaks for evaluation as 50, the minimum number of peaks 
for evaluation as 15 and fragment types b and y (see Note 8).

3.4 Build a Custom 
Protein Database

3.5 Convert Data  
to .mgf Format 
with MSconvert

3.6 Peptide 
Identification with X! 
Tandem Database 
Search
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 7. For protein modifications, disallow all complete (required) 
modifications, as the procedure did not make any chemical 
changes to the peptides. Allow for oxidation of methionine as 
a potential modification. Select “no” for using sequence anno-
tations and “yes” to allowing protein N-terminal acetylation.

 8. For refinement, select “yes” to “refine model,” “no” to “use 
sequence annotations,” “no” to “use point mutations,” “no” 
to “use single amino acid polymorphisms” and allow round 1 
modifications to include serine and threonine phosphorylation 
and possibly asparagine and glutamine deamidation. Select 
“no” for “semi-cleavage,” “no” for “use mods throughout.” 
Use a valid expectation of <−2.

 9. For protein cleavage specification, select “No Enzyme [X]|[X],” 
which must be added into the source code (see Note 9). Leave 
the other settings as defaults.

 10. Search spectra.

 1. Install Skyline [25] at https://skyline.gs.washington.edu/
labkey/project/home/begin.view and open. Create a blank 
document and save as a .sky skyline file.

 2. Go to Settings > Peptide Settings and click the “Modifications 
tab.” Select the structural modification you would like to 
include: typically, we use oxidation (M), deamidation (NQ), 
and phosphorylation (S,T) (see Note 10).

 3. Click the “Library tab” and then click “Build ….” Insert a 
name for your library and specify a save location. Click “next” 
and then click “Add files” to select the files you wish to ana-
lyze. For our protocol, we use the X! Tandem output files  
(.xml), but other file types are possible. These files must be 
manually renamed to have the file extension .xtan.xml instead 
of .xml. To find your .xml files, go to GPM Fury/thegpm/
gpm/archive. After importing your .xtan.xml files, place a 
checkmark in the field “include ambiguous results,” click “fin-
ish,” and wait for the library to build. Select your new library 
from the list and select “pick peptides matching library” and 
leave “rank peptides by” blank. On the filter tab, set min 
length as 4 and max length as 50. Click “OK.”

 4. Click View → Spectral libraries. Click “Add all…” and click 
“add all/include all” in the following boxes.

 5. In Settings → Transition settings, go to the Prediction tab and 
select precursor mass: monoisotopic; product ion mass: 
monoisotopic; collision energy: Thermo TSQ Vantage; declus-
tering potential: none; optimization library: none.

 6. In the filter tab, fill in precursor charges 1–7; ion charge 1; ion 
type p (for precursor) (see Note 11).

3.7 Label-Free Peak 
Quantification 
with Skyline
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 7. For the library tab, select ion match tolerance 0.5 m/z; check 
the box “if a library spectrum is available, pick its most intense 
ions”; pick 6 product ions from filtered ions charges and types.

 8. In the instrument tab, select min m/z: 50; max m/z: 1600; 
method match tolerance m/z: 0.055.

 9. For the Full-Scan tab, select isotopic peaks included: count; 
precursor mass analyzer: Orbitrap; peaks: 3; resolving power: 
60,000 at 400 m/z; MS/MS filtering acquisition method: 
none; retention time filtering: use only scans within 1 min of 
MS/MS IDs.

 10. Go to File > Import > Results to add your RAW data file to 
peak volume extraction. Select “add single-injection replicates 
in files” and select your .raw files. After confirming, Skyline 
will extract the peak areas for each identified peptide in all 
samples.

 11. If possible (depending on the number of samples and number 
of peptides identified), manually inspect for appropriate peak 
picking of the MS1-filtered peptides. Peaks that do not match 
criteria or are too close to the noise level to be visually discern-
able can be deleted from the data set. The criteria we typically 
use for a match are a ≤10 ppm mass error and an idotp (iso-
tope dot product) score ≥80. This filter step also can be done 
within Excel in the exported results from the following step.

 12. To export the results, go to File > Export > Report. Select “edit 
list…” and in the new window click “import” and load the file 
“Peptidomics_standard_output.skyr.” Click “OK.” This stan-
dard file can be downloaded from our website dallaslab.org 
under Resources. Select export report as “Peptidomics_stan-
dard_output” and export as a .tsv file (tab-separated).

 1. Open Thermo Proteome Discoverer.
 2. Go to file > New study/analysis. Fill in Study Name and Study 

Root Directory.
 3. Select a consensus workflow. You can create or modify a new 

workflow by dragging new nodes into your workflow tree. 
Our consensus workflow can be viewed in Fig. 2.

 4. In the consensus workflow, keep settings not described as 
default.

 5. In the peptide and protein filter node, select “Peptide Confidence 
at Least”: High. Set “Minimum Peptide Length” to 4.

 6. In the Peptide and Protein Annotation node, set the “Annotate 
Flanking Residues of the Peptide” to “True.” Set “Protein 
Modifications Reported” to “For All Proteins.” Set “Protein 
Position for Peptides” to “For All Proteins.”

3.8 Alternate Peptide 
Identification 
and Label-Free 
Quantification 
Approach 
with Proteome 
Discoverer (v2.1.0.81)
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 7. Select a processing workflow. Our processing workflow is 
shown in Fig. 3.

 8. In the processing workflow, keep settings not described as 
default.

 9. In the Event Detector node, set “Mass Precision” to 2 ppm.
 10. In the Spectrum Selector node, set “Min. Precursor Mass” to 

300 Da. Set the “Max Precursor Mass” to 5000 Da.
 11. In the Sequest HT node, set the protein database to your cus-

tom database (examples for human, cow, and pig milk can be 
found on www.dallaslab.org under “Resources”). Custom 
databases can be added through the “maintain fasta file” icon 
in the menu bar then press add and select your .fasta file. Back 
in the Sequest HT node, set Enzyme Name to No-Enzyme 
(Unspecific). Set “Min. Peptide Length” to 4. Set “Max 
Peptide Length” to 144 (the maximum allowed by Proteome 
Discoverer). Set “Precursor Mass Tolerance” to 10 ppm. Set 
“Fragment Mass Tolerance” to 0.8 Da. Allow oxidation of 
Met and phosphorylation of Ser and Thr as “Dynamic 
Modifications” 1 and 2, respectively.

Fig. 2 Overview of nodes in Proteome Discoverer consensus workflow to conduct 
milk peptidomics
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 12. In the Percolator node, set “Validation based on” to q-Value. 
Quantification method is “(no quantification)” for label-free 
quantification. Click “OK.”

 13. In the “Input Files” tab > add files > and select your files (see 
Note 12). Select all your files and drag them to the “Input 
Files” field on the right. Click “Run.”

 14. When the search is finished, go to your study tab > then analy-
sis results tab and double click on the result from your run to 
open it. In the new window you can examine your results.

 15. To export your results, in the results window, go to file > 
export > to Microsoft Excel… > Choose a path for your file 
and save your results. Export a file with protein groups and 
one with peptide groups.

 1. To better visualize peptides identified, map the peptides to the 
protein sequences. Mapping where the fragments from a pro-
tein derived in relation to the overall sequence can support 
 biological insight into the enzymatic processes occurring in a 
system. Previously we used PepEx to map the endogenous 
peptides in human milk and revealed that the release of pep-
tides was highly specific to regions of the parent protein [11].

 2. To access the tool to map the peptides, go to http://mbpdb.
nws.oregonstate.edu and choose PepEx.

 3. Click “PepEx Add Fasta files.” Insert the .fasta file that you 
used for your X!Tandem search.

3.9 Peptide Mapping

Fig. 3 Overview of nodes in Proteome Discoverer processing workflow to con-
duct milk peptidomics

Milk Peptidomics
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 4. A .tsv file should be made with the following columns and 
information on your peptides (Fig. 4). Column A, Protein; 
column B, Peptide; column C, Precursor; column D, Precursor 
Charge; column E, Precursor Mz; column F, Peptide Modified 
Sequence; column G, Peptide start; column H, Peptide end; 
column I, Modifications; column J, Library Name; column K, 
Sample1 Total Area; column L, Sample2 Total Area (Fig. 4). 
Only columns A, G, H, and K need to be filled. You can add 
more samples adjacent to column L.

 5. This program will output a report in Excel where, for each 
protein, the total abundances of peptides at each amino acid in 
the sequence are shown. Remember the result file comes as a 
.txt file, which needs to be opened with comma separation. 
Use Excel to make line graphs plotting the abundances (y-axis) 
against the peptide sequence (x-axis) to allow visualization 
(Fig. 5).

 1. Enzyme predictor (http://bioware.ucd.ie/~enzpred/Enzpred. 
php) is an online bioinformatic tool [26] that predicts which 
enzymes most likely cleaved the sample proteins into the iden-
tified peptides. The predictions are based on a comparison of 
the protease cleavage specificity with the cleavage sites at both 
ends of each identified peptide.

3.10 Enzyme 
Predictor

Fig. 5 Example of how peptidomics data can be used in PepEx to map the relative abundance of peptides 
identified in an LC/MS run onto the sequence of human alpha s1-casein (not real data)

Fig. 4 Example of a PepEx input file (.tsv) made inside Excel
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http://bioware.ucd.ie/~enzpred/Enzpred.php
http://bioware.ucd.ie/~enzpred/Enzpred.php


235

 2. Upload a tab-delimited text file with two columns (“prot_acc” 
and “pep_seq”) containing the protein accession number from 
www.uniprot.org and the peptide amino acid one letter 
sequence in each row, respectively (see Note 13).

 3. The output file shows how many identified cleavages mapped 
to each protease.

 1. Peptidomics Enzyme Estimator [11] is another program for 
 estimating protease activity based on peptidomics data. This pro-
gram allows more analysis options than Enzyme predictor. For 
example, you can use either peptide count or abundance, and 
you can add new proteases (and their specificity patterns) as 
needed.

 2. Download Peptidomics Enzyme Estimator from the  
eparker05 Github repository (https://github.com/
eparker05/Peptidomics-enzyme-estimator) and save it to your 
python directory. Peptidomics Enzyme Estimator requires that 
Python 2.7 and Biopython are installed (see Note 14).

 3. Create a .csv file with your identified peptide information. Row 
1 in Column A should be “Sequence,” in column B “Intensity,” 
in Column C “Protein_id,” and in column D “Sample_id.” In 
the Sequence column, add the single amino acid sequence of 
your peptide. In the Intensity column, add the quantification. 
In the Protein_id, add the protein information (should be  
in fasta format, i.e., sp.|P05814|CASB_HUMAN). In the 
Sample_id column, add the name of your sample. The pro-
gram output distinguishes between the results from each sam-
ple_id so that many samples can be analyzed simultaneously.

 4. In Python IDLE, use the shell window and import the 
Peptidomics Enzyme Estimator module using the code:
import PeptidomicsEnzymeEstimator as pee

 5. Open the relevant library files:
fastaFile = open(“YourProteinLibrary.fasta”, “rU”) # (see Note 15)
csvFile = open(“YourPeptidomics.csv”, “rU”)
inputEnzymeList = [“Enzyme1,” “Enzyme2”] # (see Note 16)

 6. Load and preprocess the peptides and retrieve the results as a 
.csv file:
peptideList = pee.import_peptides_and_preprocess(csvFile, 
 fastaFile, inputEnzymeList)
resultCSV = pee.extract_data_from_processed_peptides(peptideList, 
inputEnzymeList, result = “list”)
import csv
with open(‘output.csv’, ‘wb’) as csvfile:
resultWriter = csv.writer(csvfile)
resultWriter.writerows(resultCSV)

3.11 Peptidomics 
Enzyme Estimator

Milk Peptidomics
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The results will show how much of the peptide profile (by 
count or abundance) was mapped to the proteases you searched 
against. These results will be output to a .csv file “output.csv” 
located in your Python directory.

 1. Milk contains a large number of functional peptides with a 
wide range of biological activities. One method for predicting 
peptide function is through a simple homology search against 
a database of known functional peptide sequences to deter-
mine whether the peptides identified in a sample have been 
previously associated with a biological action.

 2. We have collected a complete database of human milk- and 
dairy-derived bioactive peptides. This database can be accessed 
at http://mbpdb.nws.oregonstate.edu. Select the Resources 
tab, which will direct you to a list of peptide tools. Choose the 
milk bioactive peptide database.

 3. The search function in this database includes a search for the 
specific peptide sequence, specific protein, species, or function. 
It is possible to search a single peptide sequence or multiple 
peptide sequences. Furthermore, the search function for 
 peptide sequence includes three search options. One option 
searches for bioactive peptides matching the input peptide 
sequence. The second option searches for bioactive peptides 
that contain the input peptide sequence. The third option 
searches for bioactive peptides contained within the input pep-
tide sequence. These three search options can be combined 
with a similarity search option that allows identification of pep-
tides with minor sequence modifications. This option is useful 
as homologous peptides may retain the functionality of the 
original peptide.

 1. Antimicrobial activity of peptides is one of the main biological 
functions studied from milk-derived peptides. We apply 
CAMPR3 [27], a collection of antimicrobial peptide (AMPs) 
prediction tools (http://www.camp.bicnirrh.res.in/) to iden-
tify potential antimicrobials. Under the Tools menu, select 
AMP prediction. Choose predict antimicrobial peptides in the 
opening window. Input your peptide list in a fasta file format or 
upload it. Click “submit.”

 2. The program will produce a list with a score for the likelihood 
that each peptide is antimicrobial. A score above 0.5 is a positive 
score.

 3. The database of antimicrobial activity and structure of peptides 
(http://dbaasp.org/home.xhtml) is another database of anti-
microbial peptides that contains a tool for AMP prediction 
under the prediction tab.

3.12 Database 
Search

3.13 Antimicrobial 
Prediction
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 4. For this search, paste in your fasta file and click “submit.” The 
program determines whether or not each peptide is potentially 
antimicrobial.

 1. After peptides are identified, we suggest that you upload your 
data to ProteomeXchange [28] or a similar program for public 
use. Public data sharing is very important for omics data in 
particular.

4 Notes

 1. If possible, add the sample directly to a mixture of protease 
inhibitors to prevent any proteolytic action, mix, and then freeze.

 2. Unless extensively heat-treated or previously treated with 
 protease inhibitors, breast milk and dairy samples will contain 
active proteases, so avoid keeping the samples at room tem-
perature as it may change the peptide profiles.

 3. Cold centrifugation aids separation of the cream layer.
 4. We added 100 μL of nanopure water to assist in dissolving 

thick samples, such as digestive samples, kefir, yogurt, or 
cheese. If only milk is being examined, this addition is not 
necessary. However, in studies where we have compared milk 
to digestive samples, we have added 100 μL of water to keep 
sample volumes constant for relative quantification.

 5. The Folch step may not be necessary, depending on the sam-
ple type. For example, we did not employ this step for kefir 
peptidomics [18].

 6. Samples vary in how difficult they are to fully elute from the 
column. Therefore, it is essential to test different blank method 
gradients and verify that all residual peptides are removed  during 
the blank assessment to avoid contaminating the next sample.

 7. Database searching matches tandem spectra by comparison 
with theoretical spectra derived from predicted peptides in a 
protein library. Several software tools are available for identifi-
cation and quantification of peptides from the spectra obtained 
with mass spectrometry.

 8. For collision-induced dissociation (CID) and higher-energy 
collision dissociation (HCD) commonly used in peptide and 
protein mass spectrometry, “b” and “y” type ions are the most 
common.

 9. Add the X|X enzyme in the file g_pcs.js in the folder GPM 
Fury/thegpm/tandem. Bottom-up proteomics employs pro-
teolytic enzymes, such as trypsin, with high specificity, which 

3.14 Data Sharing
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allows searching against only peptides matching those 
 specificity patterns. In peptidomic analysis, peptides are 
cleaved by an array of often-unknown endogenous proteo-
lytic enzymes, which requires searching against all possible 
peptide fragments.

 10. Our saved settings file (“PeptideRelativeQuantSettings.skys”) 
for peptide relative quantification can be downloaded at www.
dallaslab.org and imported via Settings > Import.

 11. Selecting “p” means we are searching based only on precursor 
ions and isotopes and not on the products in the particular 
spectra. Since we are only searching the precursor ions, the 
product ions box can be ignored.

 12. You may want to note the ID of your sample as this ID will 
appear in your exported result file.

 13. An example input file can be viewed at our homepage.
 14. Biopython is a package for Python, which is required for 

PeptidomicsEnzymeEstimator. To install Biopython using pip for 
Windows users, open the command prompt. Locate your python 
directory using the change directory command (cd). When there, 
type in the command to install Biopython “python -m pip install 
biopython.”

 15. This file is the same protein library used for the original 
 database search in X!Tandem or Proteome Discoverer.

 16. The proteases already defined in Peptidomics Enzyme Estimator 
are: Arg-C proteinase, Asp-N endopeptidase, BNPS-Skatole, 
Chymotrypsin specific, Chymotrypsin low-spec, Pepsin, 
Plasmin, Cathepsin D, Cathepsin B, Thrombin, Elastase, 
Trypsin, and Thrombin-OSP. In the inputEnzymeList = 
[“Enzyme1”, “Enzyme2”, “etc...”] code, substitute Enzyme1 
and Enzyme2 with the desired enzyme (e.g., Elastase or 
Plasmin). Continue adding as many enzymes as needed from 
those defined in the database. The source code can also be mod-
ified to add additional enzyme cleavage patterns.
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Chapter 16

Neuropeptidomic Analysis of Zebrafish Brain

Kristien A. Van Camp, Geert Baggerman, Ronny Blust, 
and Steven J. Husson

Abstract

A wide variety of bioactive peptides are present in all metazoan species where they govern diverse functions as 
small messenger molecules. In the last 15 years, mass spectrometry-based methods have identified endogenous 
peptides in diverse species. Mass spectrometry enables the precise peptide sequences to be determined, includ-
ing the potential existence of truncated versions or the presence of post-translational modifications. Because 
small modifications can have a large effect on biological activity, knowledge of the actual peptide sequences 
paves the way for further functional studies such as analysis of neuropeptidergic signaling cascades. Zebrafish 
(Danio rerio) is an important animal model that is commonly used in a wide range of studies. Here we provide 
a detailed description of the peptide extraction procedure and peptidomics workflow for zebrafish.

Key words Zebrafish, Danio rerio, Neuropeptide, Peptide, Peptidomics, LC-MS, Mass Spectrometry

1 Introduction

The zebrafish (Danio rerio) is a commonly used model system for a 
wide variety of research disciplines, providing fundamental insights 
into genetics, developmental biology, neuroscience, and ecotoxicol-
ogy. As a vertebrate model, zebrafish share substantial genetic and 
physiological homology with mammals, including underlying molec-
ular players like small-molecule neurotransmitters, neuropeptides, 
hormones, receptors, and ion channels. In addition, zebrafish exhibit 
several behaviors that are functions of external cues or stress condi-
tions (change in water temperature or oxygen levels, presence of food 
or predators, exposure to chemical compounds, etc.). From a neuro-
biological point of view, it is extremely interesting to correlate behav-
ioral responses or physiological processes with underlying molecular 
pathways or signaling cascades, especially when modulatory effects 
on both the behavioral and molecular level can be studied upon 
exposure to external cues.
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Most neuropeptides are derived from inactive preproproteins or 
peptide precursors that harbor one or multiple peptide sequences.  
As such, the peptide precursors have to undergo extensive post- 
translational processing to produce the bioactive peptide entities. The 
resulting biologically active peptides typically interact with G-protein-
coupled receptors to initiate an intracellular signaling pathway. This 
orchestrates a diverse array of physiological processes and behaviors 
such as feeding (e.g., melanocortin [1], pituitary  adenylate cyclase-
activating polypeptide [2], neuropeptide Y [3]), locomotion (cortico-
tropin-releasing factor [4], hypocretin/orexin [5]), and reproduction; 
the latter is largely regulated by the hypothalamic-pituitary-gonadal 
axis in which gonadotropin-releasing hormone plays a central role. 
Therefore, disturbances in peptide homeostasis are often reflected on 
the level of overall physiology and behavior.

In analogy with proteomics, a peptidomics approach aims at 
the simultaneous identification and characterization of all endog-
enously present peptides in a tissue or organism by using liquid 
chromatography and mass spectrometry (LC-MS). Indeed, the 
emergence of high-throughput peptide sequencing via tandem 
mass spectrometry allows fast identification and characterization of 
peptides, including their post-translational modifications which 
cannot be predicted from nucleotide sequences in genomic data-
bases. Doing so, we previously acquired experience with different 
organisms—ranging from nematodes to insects and crustaceans—
in isolating peptides (see for example [6–8]). In these studies, pep-
tides were specifically extracted from the tissue using an acidified 
methanolic solvent that is extremely efficient in avoiding the pres-
ence of proteins and their degradation products.

While equally important, no such high-throughput analyses 
have been performed on the freshwater teleost zebrafish (Danio 
rerio) until recently. Because a comprehensive overview of endoge-
nously present peptides from the zebrafish brain was lacking, we set 
out to biochemically identify these peptides using a peptidomics 
approach [9]. We used LC-MS to yield a general inventory of endog-
enous brain peptides of the zebrafish. Because peptides are selected 
in a semi-stochastic way in data-dependent LC-MS analysis, repeated 
runs will increase the number of peptide identifications. In addition, 
the endogenous peptide content of a tissue or organism is highly 
dynamic, which also has to be taken into account when aiming to 
monitor a “general” peptide profile. It is important to mention that 
we encountered remarkable inter-individual variations, likely due to 
the spatial and temporal dynamics of the peptidome. Full details of 
the identified peptides are described and discussed in Van Camp 
et al. [9]. It is expected that this list of zebrafish peptides will pave 
the way for future (neuro)endocrine research by aiding further func-
tional studies of defined peptidergic signaling pathways. In this 
chapter, we provide a detailed description of the materials and meth-
ods required for analysis of the zebrafish peptidome.

Kristien A. Van Camp et al.
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2 Materials

 1. Adult wild-type zebrafish.
 2. Vannas micro scissor.
 3. Precision tweezers (such as Dumont tweezers).
 4. Peptide extraction solvent: methanol, water, acetic acid 

(90:9:1; v:v:v %).
 5. Sonicator (such as the Branson Sonifier SLPe cell disruptor)
 6. Centrifuge (such as the Eppendorf microcentrifuge 5415R).
 7. Vacuum centrifuge (such as the Eppendorf 5301 concentrator 

centrifugal evaporator).
 8. C18 spin columns (such as those from Pierce, Thermo 

Scientific).
 9. Water.
 10. Ethyl-acetate.
 11. n-hexane.
 12. Methanol.
 13. Acetonitrile (ACN).
 14. Formic acid (FA).
 15. Column activation solution: 50% ACN in water.
 16. Column equilibration solution: 5% ACN, 95% water contain-

ing 0.1% FA.
 17. Column elution solution: 60% ACN, 40% water containing 

0.1% FA.

 1. Nanoscale liquid chromatography system (nanoUPLC, such 
as the Eksigent nanoLC-Ultra System).

 2. Reversed-phase (RP) C18 trapping column (such as the 
Pepmap C18 300 μm × 20 mm, Dionex).

 3. RP C18 analytical column (such as the Pepmap C18 3 μm 
75 μm × 150 mm, Dionex).

 4. Electrospray Linear Trap Quadrupole Orbitrap Mass 
Spectrometer (such as the ESI-LTQ-Orbitrap Velos MS, 
Thermo Scientific, or comparable instrument).

 5. Solvents: water, ACN, FA.
 6. Peptide mass standard: Glu-1-fibrinopeptide B (Glu-Fib) or 

similar.
 7. Mascot proteomics software (Matrix Science, London).
 8. Proteome discoverer (1.3) software (Thermo Scientific).

2.1 Sample 
Preparation

2.2 Peptidomics 
Analysis by Liquid 
Chromatography 
and Mass 
Spectrometry

Neuropeptidomics of Zebrafish Brain
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3 Methods

 1. Sacrifice the adult zebrafish by decapitation on ice. Dissect 
carefully the entire brain region of the zebrafish as quickly as 
possible and place the brain on the bottom of a 1.5 mL 
microfuge tube.

 2. Immediately add 100 μL of ice cold extraction solvent con-
taining methanol, water, acetic acid (90:9:1; v:v:v %) (see 
Notes 1 and 2) and place the sample on ice (see Note 3).

 3. Next, sonicate the sample on ice three times for 10 s, with a 
30 s interval between pulses.

 4. Centrifuge for 15 min at 14,000 × g at 4 °C. Transfer the 
supernatant to a new tube and repeat the centrifugation step.

 5. Transfer the supernatant to a new tube and evaporate the 
methanol using a vacuum centrifuge. This takes around 15 min 
in our case, but will depend of the volume and the vacuum 
centrifuge system. The goal of this step is to reduce the ~100 μL 
volume to approximately 10 μL, which is the aqueous portion 
that contains the endogenous peptides.

 6. Delipidate the residue (~10 μL) by extraction with ethyl ace-
tate and n-hexane. First, add 50 μL water containing 1% acetic 
acid. Then, add an equal volume (i.e., 60 μL) of ethyl acetate 
to the aqueous solution. Mix the solution by shaking the tube. 
Centrifuge for a short period at high speed (e.g., 1 min at 
14,000 × g). Carefully remove the top organic layer and dis-
card. Repeat this delipidation process 2 times with ethyl- 
acetate and one time with n-hexane.

 7. Desalt the aqueous solution by solid phase extraction using 
C18 spin columns according to the manufacturer’s guidelines. 
In short, activate the resin using 50% of ACN and equilibrate 
resin using 5% ACN containing 0.1% FA. Add ACN and FA to 
the peptide sample so that the final concentration is around 5% 
ACN/0.1% FA. Then, bind the peptide sample to the resin. 
Next, wash the column using 5% ACN/0.1% FA and finally 
elute the peptides with 60% ACN containing 0.1% FA.

 8. Dry the purified peptide sample using a vacuum centrifuge.
 9. Reconstitute in 10 μL water containing 2% ACN and 0.1% FA.
 10. Add a peptide mass standard to the sample (we made use of 

the Glu-Fib peptide mass standard as previously used [10]).

A high-throughput LC-MS analysis is performed on a nanoUPLC 
system connected to an ESI-LTQ-Orbitrap mass spectrometer; 
similar platforms are also suited.

3.1 Sample 
Preparation

3.2 Peptidomics 
Analysis by Liquid 
Chromatography 
and Mass 
Spectrometry
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 1. Load 5 μL of the peptide extract on the RP C18 trapping 
 column with an isocratic flow of 2% ACN in water with 0.1% 
FA at a flow rate of 5 μL min−1.

 2. Next, place the trapping column online with the RP C18 ana-
lytical capillary column.

 3. Separate the peptides using a linear gradient from 2% ACN in 
water/0.1% FA to 40% ACN in water/0.1% FA in 45 min at a 
flow rate of 350 nL min−1.

 4. The eluent of the nanoUPLC system is directly coupled to the 
electrospray interface (ESI) of the LTQ-Orbitrap MS. MS data 
are acquired by survey scans with a mass window of 350–
5000 m/z and resolution 60,000. Next, a data-dependent 
acquisition method is selected where the 10 most abundant 
precursor ions (single-charged precursors are rejected) are sub-
jected to fragmentation by collision-induced dissociation (CID) 
in the LTQ part of the instrument. The mass window of the 
MS2 fragmentation scans is 100–2000 m/z. The normalized 
collision energy is 35% in CID. Automated gain control (AGC) 
target value is set at 5 × 104 ions, maximum ion injection time 
is 100 ms, minimum signal threshold is 500 intensity units.

 5. Perform database search against a proteome database (we use the 
NCBI database nr_20130601 filtered for taxonomy Danio rerio) 
using Mascot with Proteome discoverer software (see Note 4).

4 Notes

 1. This extraction solvent is ideally suited to extract small endog-
enous peptides, while larger proteins precipitate together with 
the cellular debris. When interested in larger peptides 
(5–15 kDa) such as the insulin-like peptides, diluted acids 
might be a better extraction solvent.

 2. All solvents should be “HPLC grade” and extremely pure. 
Lower quality solvents may contain contaminants that inter-
fere with the detection of peptides during mass spectrometry.

 3. All initial steps have to be performed on ice to reduce degrada-
tion of the peptides. Active peptidases that are present in the 
tissue might result in shortened and/or fragmented peptides. 
The goal of peptidomic analysis is to detect the forms of pep-
tides present in the tissue, and post-extraction breakdown 
products are not of interest.

 4. Mascot is a bioinformatics program that matches the fragmen-
tation data from the peak list files against the selected pro-
teome database. Following settings are recommended (which 
are also dependent on the hardware used): precursor mass tol-
erance and fragment mass tolerance are respectively 10 ppm 

Neuropeptidomics of Zebrafish Brain
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and 0.5 Da. “No enzyme” is specified as digesting enzyme. 
The variable modifications are pyroglutamic acid, carboxyter-
minal amidation, and methionine oxidation. Only medium 
confidence peptides (FDR < 5%), high confidence peptides 
(FDR < 1%), and first ranked peptides are included in the  
result file.
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Chapter 17

Identification, Quantitation, and Imaging of the Crustacean 
Peptidome

Kellen DeLaney, Amanda Buchberger, and Lingjun Li

Abstract

Crustaceans serve as a useful, simplified model for studying peptides and neuromodulation, as they contain 
numerous neuropeptide homologs to mammals and enable electrophysiological studies at the single-cell 
and neural circuit levels. In particular, crustaceans contain well-defined neural networks, including the 
stomatogastric ganglion, esophageal ganglion, commissural ganglia, and several neuropeptide-rich organs, 
such as the brain, pericardial organs, and sinus glands. Due to the lack of a genomic database for crustacean 
peptides, an important step of crustacean peptidomics involves the discovery and identification of novel 
peptides and the construction of a database, more recently with the aid of mass spectrometry (MS). 
Herein, we present a general workflow and detailed methods for MS-based peptidomic analysis of crusta-
cean tissue samples and circulating fluids. In conjunction with profiling, quantitation can also be per-
formed with isotopic or isobaric labeling. Information regarding the localization patterns and changes of 
peptides can be studied via mass spectrometry imaging. Combining these sample preparation strategies 
and MS analytical techniques allows for a multifaceted approach to obtaining deep knowledge of crusta-
cean peptidergic signaling pathways.

Key words Crustacean, Neuropeptides, Peptidome, Quantitation, MALDI mass spectrometry imag-
ing, Microdialysis, Isotopic/isobaric labeling, De novo sequencing

1 Introduction

Crustacea is a diverse subphyla of arthropods including inverte-
brate animals that often live in aquatic environments. The most 
common members of this group include crabs, lobsters, crayfish, 
and shrimp. Crustaceans are a useful model for peptidomic studies 
because they possess a relatively simple nervous system with a rich 
repertoire of signaling peptides that modulate diverse functions of 
the animal. With numerous homologs to mammalian neuropep-
tides, crustaceans can provide a useful test-bed to determine how 
networks of neurons generate behavior under the actions of vari-
ous peptide modulators and hormones. The crustacean stomato-
gastric nervous system includes several key tissues that are rich in 
neuropeptides and are the focal point of crustacean peptidomic 
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studies. These tissues include the stomatogastric ganglion (STG), 
esophageal ganglion (OG), and a pair of commissural ganglia 
(CoG), which are all connected in series by motor nerves. The 
brain (e.g., the central nervous system) is connected to the OG by 
the inferior ventricular nerve (ivn). Other notable organs that play 
a crucial role in the neuronal signaling pathway are the sinus glands 
(SG), located in the eyestalks, and the pericardial organs (PO), 
located on either side of the heart. Figure 1 shows the location of 
important tissues in Cancer borealis, a commonly studied crusta-
cean species. The neuroendocrine cells within these tissues release 
neuropeptide hormones into the circulating fluid (e.g., hemo-
lymph) of the crustacean [1, 2]. By studying the chemical content 
of these tissues and the transporting hemolymph, a deep under-
standing of the simplified signaling pathways can be acquired, 
which can be later applied to more complex organisms.

While crustaceans serve as a useful model for understanding com-
plex neuronal networks, they pose a challenge for peptidomic studies 
due to the lack of a genomic database. Extensive efforts have been put 
forth to generate in-house peptide databases based on experimental 
data and predicted sequences from transcriptomic data [3–5]. In 
recent years, extensive profiling has been performed on crustaceans, as 
well as in silico predictions based on transcriptomes [6], with novel 
peptides frequently being added to the growing database of crusta-
cean peptides. Furthermore, BLAST homology searches are often 
performed to determine if identified peptide sequences are conserved 
across many species, allowing for possible functional information.
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Fig. 1 Schematic diagram of the location of tissues in Cancer borealis that are used for peptidomic studies, 
including the brain, CoGs, OG, STG, TG, POs, and SGs. The location of the heart is also indicated, which is 
important for probe placement in microdialysis studies
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These efforts have been further driven forward by the develop-
ment of mass spectrometry (MS)-based techniques for probing the 
crustacean peptidome. MS is an attractive choice for studying crus-
tacean peptides because of its speed, selectivity, and sensitivity. 
High-resolution MS can detect minute mass differences of peptide 
isoforms, which can have varying functions within the crustacean 
nervous system. Furthermore, with MS, there is no need for prior 
knowledge about the analytes, making it ideal for discovery of 
novel peptides and building a peptide database.

In addition to identification methods, efforts have been directed 
toward studying the functions of crustacean neuropeptides. These 
species have been shown to be highly resilient to stress, making them 
ideal candidates for comparative studies involving environmental or 
biological stresses (e.g., temperature [7] and salinity changes [8]) as 
well as normal regulatory phenomena (e.g., feeding [9]). MS imaging 
has also been shown to be a useful strategy for mapping the location 
of neuropeptides within tissue and studying how these localization 
patterns differ in both two and three dimensions [10, 11].

Here we describe methods for profiling neuropeptides and quan-
tifying dynamic changes of neuropeptidomes under physiological 
perturbations. These methods can be used to identify novel neuro-
peptides to expand a database, quantify changes in peptide expression 
as a result of biological activities, or explore the localization of neuro-
peptides via MS imaging techniques. Methods for compiling a data-
base and detecting peptides will be discussed as well as quantitation 
methods, such as label-free, isotopic, and isobaric labeling strategies. 
Methods for mapping the location of peptides within tissue will also 
be discussed. A generic workflow is shown in Fig. 2. Details for prep-
aration and handling of neuropeptides from collection to instrumen-
tal analysis and data analysis methods are described.

Fig. 2 Workflow indicating the steps for sample collection, preparation, and data acquisition and analysis. The 
workflow contains steps for analysis of tissues, crude hemolymph, and microdialysis samples and describes 
the processes for both imaging and quantitation. For relative quantitation, duplex formaldehyde labeling is 
indicated, with CH2O indicating nonisotopic formaldehyde and CD2O indicating deuterated formaldehyde used

Peptidomics of Crustaceans
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2 Materials

 1. Ultrapure water, used for all of the solutions listed below.
 2. Methanol.
 3. Acetonitrile.
 4. Formic acid.
 5. Acidified methanol (90:9:1 methanol:water:glacial acetic acid).
 6. Isotopic formaldehyde solution (1% v/v).
 7. Borane pyridine solution (30 mM).
 8. Ammonium bicarbonate solution (100 mM).
 9. Gelatin (100 mg/mL dissolved in water).
 10. Matrix-assisted laser desorption/ionization (MALDI) matrix.
 (a)  2,5-dihydroxybenzoic acid (DHB) dissolved in 50:50 

methanol:water with 0.1% formic acid (150 mg/mL for 
spots; 40 mg/mL for imaging).

 (b)  α-cyano-4-hydroxycinnamic acid (CHCA) dissolved in 
50:50 acetonitrile:water with 0.1% formic acid (10 mg/
mL for spots; 5 mg/mL for imaging).

 11. Glass manual homogenizer (e.g., Wheaten 1 mL Tissue 
Grinder, Tenbroeck).

 12. Teflon pestle (e.g., Wheaten 1 mL Tissue Grinder, Tapered 
Pestle).

 13. Bath sonicator.
 14. Centrifuge capable of up to 16,000 × g and able to fit microfuge 

tubes and microfilters (e.g., Eppendorf 5424 R).
 15. Vacuum centrifuge/concentrator, such as a SpeedVac.
 16. 3 kDa or 10 kDa Molecular Weight Cutoff (MWCO) device 

(e.g., Amicon Ultra).
 17. Reversed-phase C18-packed pipette tips (e.g., Omix 100 μL 

Tips or Millipore P10 ZipTips).
 18. Sprayer for MALDI imaging (e.g., HTX Technologies).
 19. Crab saline (440 mM NaCl, 11 mM KCl, 26 mM MgCl2, 

13 mM CaCl2, 11 mM TRIS, 5 mM maleic acid, adjusted to 
pH 7.45 with HCl or NaOH. Stored at 4 °C).

 20. Tweezers.
 21. Plastic Cup (1 in. Height × 1 in. Diameter).
 22. Razor blade.
 23. Syringe Pump.
 24. Syringe.
 25. Automated sample collector with temperature control.

2.1 Chemicals 
and Equipment

Kellen DeLaney et al.
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For quantitation and profiling, a Hybrid Quadrupole-Orbitrap  
Mass Spectrometer (we use the Thermo Q-Exactive) with a nano-
electrospray ionization (ESI) source can be coupled to a UPLC sys-
tem (we use the Waters nanoAQUITY) for separation of peptides 
with MS and MS/MS analysis for identification and quantitation. 
For imaging and complementary profiling, we use a hybrid MALDI-
Ion Trap-Orbitrap Mass Spectrometer (Thermo MALDI-LTQ-
Orbitrap XL). Other mass spectrometers with a MALDI source and 
an ESI source may also be used. The associated vendor software 
Xcalibur and ImageQuest can be used for data analysis and image 
processing. For MS/MS identification, de novo sequencing soft-
ware can be used, such as PEAKS [12], MaxQuant [13], or PepNovo 
[14]. Additional image processing can be performed using freely 
available software, such as MSiReader [15] and Image J.

3 Methods

 1. Sample Collection and Extraction.
 (a) Tissues.

●● Collection.
 – Collect the tissue of interest through dissection 

[16, 17].
 – Place tissues in a 0.6 mL microfuge tube with 

10–20 μL of acidified methanol.
 – Store at −80 °C until ready to use (see Note 1).

●● Extraction.
 – Add 100 μL of acidified methanol per tissue to a 

glass manual homogenizer (see Notes 2–5).
 – Move the tissues to the homogenizer using twee-

zers. Transfer the storage solution as well.
 – Homogenize the tissue until no large particles are 

visible. Transfer the liquid to a clean 1.5 mL 
microfuge tube.

 – Add 100 μL of acidified methanol to the homog-
enizer, breaking up any residual particles. Transfer 
to same microfuge tube. Repeat once more.

 – Sonicate mixture for 10 min.
 – Centrifuge mixture for 20 min at >16,000 × g.
 – Transfer the supernatant to a new 1.5 mL tube.
 – Rinse the pellet with 100 μL of acidified metha-

nol and break it up with a Teflon pestle.
 – Repeat steps 5–7. Discard the pellet.

2.2 Instrumentation 
and Software

3.1 Identification 
and Quantitation

Peptidomics of Crustaceans
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 – Dry down supernatant in a vacuum centrifuge on 
medium heat (see Note 6).

 (b) Hemolymph.
●● Collection.

 – Place the crab on ice for 5–10 min. Afterwards, 
place it in a metal dishpan on its back with its tail 
pointing toward you.

 – Prepare a 25 g needle by connecting it to a 1 mL 
plastic syringe.

 – Place the needle into an exposed leg joint of the 
crab.

 – Pull up on the syringe to create a vacuum. 
Hemolymph should come out immediately. If 
not, wiggle the needle at different angles until 
the liquid is withdrawn.

 – Add an equal amount of acidified methanol to 
the collected hemolymph in a 1.5 or 2 mL 
microfuge tube (see Note 7). A protein precipi-
tate will be produced.

 – Store at −80 °C till ready to use (see Note 1).
●● Extraction.

 – Using the Teflon pestle, break up the precipitate 
in the microfuge tube to produce a homogenous 
solution.

 – Sonicate tube for 10 min.
 – Centrifuge mixture for 20 min at >16,000 × g.
 – Transfer the supernatant to a new 2 mL microfuge 

tube.
 – Rinse the pellet with 500 μL of acidified metha-

nol and break it up with a Teflon pestle.
 – Repeat steps 2–5. Discard the pellet.
 – Dry down supernatant in vacuum centrifuge on 

medium heat (see Notes 6 and 8).
●● Microfiltration.

 – Add 200 μL of 0.1 M NaOH solution to the 
3 kDa or 10 kDa MWCO device (see Note 9). 
Centrifuge at >14,000 × g for 5 min.

 – Rinse MWCO device with 500 μL of 50:50 
water:methanol. Centrifuge for 10 min at 
>14,000 × g.

Kellen DeLaney et al.
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 – Dissolve sample in 500 μL of 30:70 
water:methanol, vortex, and sonicate for 10 min.

 – Add the sample to the MWCO device and run it 
through the membrane by centrifuging for 
30 min at >14,000 × g. Save the flow-through 
from this step by placing it in a 1.5 mL microfuge 
tube (see Note 10).

 – Rinse the membrane with 100 μL of 30:70 
water:methanol. Collect the flow-through and 
add it to the tube from the previous step.

 – Dry down the flow-through in vacuum centri-
fuge on medium heat.

 (c) Microdialysis (see Notes 11 and 12).
●● Collection.

 – Rinse probe with water and then crab saline using 
a 3 mL plastic syringe and a syringe pump set to 
0.5 μL/min.

 – Surgically implant the probe into the animal 
directly above its heart [18]. Figure 1 indicates 
the location of the heart in Cancer borealis.

 – Allow the animal to recover for 24–48 h (see 
Note 13).

 – Collect samples at desired time points. Collection 
can be done manually with a 0.6 mL centrifuge 
tube on ice or using an automated sample collec-
tor set at 4 °C (see Notes 14–16).

 – Add enough formic acid to make the total con-
centration 0.1% (v/v).

 – Store samples at −80 °C if they are not being ana-
lyzed immediately. However, samples should be 
used as soon as possible to avoid degradation  
(see Note 17).

 2. Desalting.
(a) Dissolve each sample in 0.1% formic acid (10 μL for tis-

sues, 200 μL for hemolymph) by vortexing and sonicating 
for 10 min. (Microdialysis samples do not need to be 
redissolved.) If the pH is greater than 3, add small amounts 
of diluted formic acid (e.g., 10%) until the pH is below 3.

(b) Using the appropriately sized reversed-phase C18 pipette 
tip and respective volume (see Note 18) (10 μL for tissues 
and microdialysate, 100 μL for hemolymph), flush the 
packing material with pure acetonitrile at least 3 times.

(c) Flush the packing material with 0.1% formic acid 3 times.

Peptidomics of Crustaceans



254

(d) Bind the sample of interest to the packing material by 
flushing it with dissolved sample at least 15 times.

(e) Wash the packing material with 0.1% formic acid 3 times 
to wash away salts and other unbound contaminates. Add 
the first wash to its own tube or to the original sample vial 
as a precaution in the event that nothing binds to the 
packing material.

(f) Elute the sample into a 0.6 mL tube by flushing 10 μL of 
50:50 acetonitrile:water up and down through the pack-
ing material 10 times.

(g) Dry down the eluate in a vacuum centrifuge on medium 
heat.

 3. Quantitative Labeling.
(a) Dissolve each of the samples (e.g., of stressed and control) 

in 10 μL of water by vortexing and then sonicating for 
10 min.

(b) Pipette 10 uL of the appropriate isotopic version of formal-
dehyde into its designated channel (see Notes 19 and 20).

(c) Pipette 10 uL of borane pyridine into each microfuge tube.
(d) Place the tubes in a 37 °C water bath for 15 min to allow 

complete labeling.
(e) Quench the reaction with 10 μL of ammonium bicarbon-

ate solution.
(f) Mix equal amounts of each channel into a 0.6 mL tube. 

Do this for each set of channels.
(g) Dry down mixture in a vacuum centrifuge on medium heat.

 4. Tissue Analysis and Data Acquisition.
 (a) MALDI-MS.

●● Matrix Application
 – Dissolve samples in 5 μL of 0.1% formic acid for 

each tissue used by vortexing and sonicating for 
10 min (see Note 21).

 – In a separate 0.6 mL tube, mix equal amounts of 
matrix (see Note 22) and sample (see Note 23) 
solutions, vortexing them to ensure complete 
mixing.

 – Take 1 μL out of the tube using a pipette and 
spot it on the MALDI stainless steel plate. Rub 
the tip of the pipette along the edges of the spot 
circle to make sure the whole circle is filled.

 – Allow the matrix to crystalize fully before placing 
in the instrument.
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●● Analysis on hybrid MALDI-Ion Trap-Orbitrap-MS.

 – If necessary, attach a backing plate to the MALDI 
stainless steel spot plate (MALDI-LTQ-Orbitrap 
XL requires this), and insert the plate set into the 
instrument by placing the plate in the correct 
position and pressing the appropriate button on 
the vendor’s tune page (e.g., the “Insert MALDI 
sample plate” button on the “MALDI source” 
window of the instrumental LTQ tune page).

 – Once the plate has been inserted, confirm the 
spot in which you placed your sample and shoot 
the spot with an appropriate laser energy to 
obtain a signal intensity (approximately 1E7 for 
MALDI-LTQ-Orbitrap XL, see Note 24).

 – Open Thermo Xcalibur Sequence Setup, and cre-
ate a new sequence (or use alternative vendor’s 
software with regard to its specifications).

 – Fill the sequence, including the title, path (for sav-
ing the data), instrumental method (see Note 25), 
and spot position (see Note 26).

 – Start automated or manual acquisition of every 
spot of the sequence (in Xcalibur: Select each line 
to be run and press the “Run Sequence” button).

 (b) ESI-MS (see Notes 27–29).
●● Sample Prep.

 – Dissolve samples (approximately 5 μg on average) 
in 5 μL of 0.1% formic acid per tissue used or per 
0.25 mL hemolymph by vortexing and then soni-
cating for 10 min.

 – Transfer the volume into a LC vial with a screw top 
septum (we use Waters vials), making sure to get 
all the volume to the bottom with no bubbles.

●● MS analysis (we use Q-Exactive, Thermo)
 – Place the LC vial into the chilled sample com-

partment of the LC system (we use the Waters 
NanoAquity). Remember the tray number and 
tray position in which the samples were placed.

 – Make sure the column system has been equili-
brated to the starting conditions of the gradient 
you will be using.

 – On the instrument profile, set up the sequence as 
described above (see Note 25).

 – Select each sample in the sequence (see Note 30) 
to be run (in Xcalibur: press the “Run Sequence” 
button).
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 5. Data Analysis.
 (a) MALDI-MS.

●● Average all the MS spectra collected by left-clicking 
and dragging across the chromatogram.

●● Copy the raw data into your vendor’s software using the 
exact masses (Xcalibur: by right-clicking on the spec-
trum, selecting “Export” and “Clipboard (exact mass)).”

●● Paste data in blank spreadsheet file (we use Excel, 
Microsoft).

●● Compare the masses found to the in-house database 
(unlabeled or labeled) (see Notes 31 and 32). See 
Fig. 3 for an example spectrum.

 (b) ESI-MS
●● Load the data into a de novo sequencing software (we 

use PEAKS), creating a new project, and loading the 
raw data into the program (see Note 33).

●● Process the samples (using the “PEAKS search” but-
ton), indicating any enzyme used and any PTMs 
expected (see Note 34), and choosing the in-house 
database. De novo sequencing will be done with the 
same parameters (see Notes 35).

●● Once the search is complete, quantitative information 
can be mined (see Note 36), in PEAKS by using the 
“Quantification” icon.

Fig. 3 Example spectrum of results obtained from tissue analysis of blue crab, Callinectes sapidus, brain using a 
MALDI-LTQ-Orbitrap XL. Neuropeptides from the Orcokinin family are indicated, as well as an unknown peptide. 
Enlarged images show the mass shift between light and heavy-labeled peptides, which enables relative quantitation
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 1. Sample Preparation.
 (a) Small or thin tissue (e.g., PO, STNS, STG as in Fig. 1).

●● Collect the tissue of interest by means of dissection [17, 
19], being mindful of tissue orientation (see Note 37).

●● Hold onto tissue with tweezers and briefly submerge 
it in a microfuge tube of water to desalt (see Note 38).

●● Place the clean tissue directly on a glass slide. Use a 
marker to label the orientation of the tissue (i.e., 
which area is closest to the head, tail, etc.). Stretch the 
tissue out on the slide to ensure that it is lying flat and 
easily visible.

●● Tissue should be analyzed immediately (see Note 39).
 (b) Large tissue (e.g., brain, TG).

●● Prepare gelatin solution, vortex, and place it in a 
37 °C water bath until fully dissolved. Keep gelatin 
warm while not in use.

●● Pour enough gelatin into a plastic cup to cover the 
bottom of the cup. Allow the gelatin to solidify at 
room temperature.

●● Collect the tissue and desalt as described above for 
small tissue.

●● Place the tissue on top of the gelatin layer, making note 
of the tissue orientation. Fill the cup with warm gelatin. 
The tissue will float toward the top. Reorient the tissue 
if necessary to make sure it is centered in the cup.

●● Immediately place the cup with tissue in dry ice to 
flash freeze it (see Note 39).

●● Store tissue at −80 °C until use.
●● Cross-section tissue using a cryostat.

 – Remove tissue-embedded gelatin block from 
plastic cup and trim excess gelatin with a clean 
razor blade.

 – Place small droplet of water on cryostat chuck 
and place tissue block on top. Surround the rest 
of the block with water, making sure to not get 
any below the chuck.

 – Keep the block/chuck in the cryostat to allow the 
water to freeze, attaching the tissue block on the 
chuck (approximately 15 min).

 – Attach the chuck to cryostat and align tissue block 
so that even slices can be made through tissue.

3.2 Localization 
by Mass 
Spectrometric Imaging
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 – Obtain several 12–16 μm sections from through-
out the tissue. Thaw-mount each section to a 
glass slide by warming the glass slide slightly and 
placing it directly above section. Section will 
adhere to slide (see Note 40).

 – Store slides at −80 °C until ready for analysis (see 
Note 41).

 2. Image Acquisition (MALDI-MS).
 (a) Matrix Application via Sprayer (see Note 42).

●● Turn on matrix sprayer (we use the TM-Sprayer, all 
subsequent experimental details refer to that) and sol-
vent syringe pump, setting desired solvent flow rate.

●● Set pressurized air to 10 psi.
●● Open program and set temperature to 80 °C for DHB 

(see Notes 43 and 22).
●● Set up the desired method (see Note 44).
●● Switch the injection loop to “Load” and load matrix 

using a syringe. Switch the injection loop to “Spray” 
and ensure that matrix is being sprayed. It may take 
several minutes for matrix to reach the spray nozzle.

●● Click “Start” on the Sprayer software (see Notes 45 
and 46).

●● When method has finished, flush the matrix loop with 
solvent three times and set the temperature of the 
sprayer to 30 °C. When the sprayer temperature has 
lowered to this temperature, turn off sprayer, syringe 
pump, pressurized air, and software.

 (b) Analysis on MALDI-LTQ-Orbitrap
●● Insert one or two slides into MALDI imaging plate.
●● Place plate face-down in scanner, and scan image of 

entire plate. Ensure that the white crosses in the cor-
ners of the plate are clearly visible in the scanned 
image; otherwise, the image cannot be aligned to the 
plate in the instrument.

●● Attach the backing plate to the MALDI imaging plate 
and insert the plate set into the instrument.

●● Once the plate has been inserted, click on the “Tissue 
Imaging” tab of the MALDI Source page and check 
the box titled “Use Tissue Imaging Feature.”

●● Under “Position File,” check “Import Image” and 
upload the scanned image of the MALDI plate  
(see Note 47).
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●● Enter the appropriate raster size (see Note 48) and 
ensure that the size “rectangular” is selected. 
(Rectangles are the preferred shape for methods.)

●● Select “View Plate,” and click on the square selection 
tool. Select the area of the tissue. Close the “View Plate” 
window and save the position file (see Notes 49–51).

●● Click on the “Control” tab and shoot the laser at an 
area of matrix. Adjust the laser energy as needed in 
order to obtain sufficient signal (with our instrument, 
on the order of 1E7).

●● Open the software setup (Thermo Xcalibur Sequence 
Setup), and create a new sequence as previously 
described. For the position, copy and paste the direc-
tory of the position file for each tissue into its respec-
tive row.

●● Select each line to be run and press the “Run 
Sequence” button.

 (c) Data Analysis.
●● ImageQuest

 – Open raw data in ImageQuest.
 – Click the “New data set” icon and type in the mass 

of interest and the tolerance window with the “Base 
Peak” plot type. Under plot type, select the desired 
normalization, if any (see Note 52). Click “OK.”

 – To save or export individual images, select the 
image and click “Copy” in the Edit tab. Paste the 
image in the desired location (see Note 53). See 
Fig. 4 for example MS images.

●● MSiReader (see Note 54) [12].
 – Open the raw data in MSiReader using the appro-

priate open-access format (see Note 55).
 – Enter an m/z value from ImageQuest that dis-

plays a clear distribution in the tissue.
 – Enter the appropriate parameters for the m/z win-

dow, normalization (see Note 52), and color map.
 – Use the image overlay feature to upload a scanned 

image of the tissue and align the image to the MS 
image of the tissue. Set the transparency to 
around 50% to ensure both optical and MS 
images are clearly visible.

 – Generate an image of each neuropeptide signal of 
interest from a database using “generate an image 
for each peak in a list” button.
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 – Manually examine images for detected neuropep-
tides and distinct spatial distributions.

 – Search for novel neuropeptides and m/z values out-
side of the database by using the peak finding tool.

●● 3D image generation (Image J).
 – Open grayscale images of consecutive tissue slices 

with the same m/z value (saved from ImageQuest).
 – Align the images using the functions under 

“image.”
 – Combine the images into a three-dimensional 

stack using the “images to stack” button.
 – View the three-dimensional image by clicking 

“image,” “stacks,” and then “3D project.” 
Viewing parameters can be adjusted in the 3D 
projection window.

Fig. 4 Example MS images of a blue crab, Callinectes sapidus, PO. Images were 
obtained on a MALDI-LTQ-Orbitrap XL and show the spatial distribution of six 
selected m/z values. All images are normalized to the TIC and overlaid on the 
optical image of the tissue
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4 Notes

 1. While storage at −80 °C minimizes postmortem degradation, 
tissues should only be stored for up to 6 months before use. 
There are several ways to decrease postmortem degradation for 
both tissues and hemolymph, which would extend their stor-
age life. For tissues, the use of a Denator heat stabilizer system 
or boiling of the tissues for heat stabilization has been shown 
to be effective [20]. For hemolymph, the addition of protease 
inhibitor cocktail or EDTA can reduce protease activity.

 2. Several different extraction solvents have been tested for their 
ability to extract neuropeptides from tissues, including acidified 
organic solvents [21]. A method termed “mixing on column” 
(MOC), where four different extraction solvents are incorpo-
rated sequentially, has been shown to be extremely effective for 
mammalian neuropeptides [22], but this technique’s useful-
ness is still being tested for crustacean peptidomics.

 3. While a manual homogenizer has been shown to be effective for 
the small crustacean tissues, an electronic sonicator may be needed 
to fully break down the tissue walls of large organs. These should 
be used with the tissues on ice to help with heat dissipation.

 4. When deciding how many tissues to pool, it is important to 
balance biological variance with the amount of tissues required 
for the study. In most stress-related studies, at least three ani-
mals’ tissues are pooled for each biological replicate.

 5. Direct profiling is an alternative strategy to extraction. The 
tissue of interest can be placed on the stainless steel spotting 
plate, with matrix being spotted directly onto the tissue area of 
interest. This method has become phased out with the devel-
opment of new imaging techniques (see “Localization Using 
Imaging” section in this book chapter).

 6. Many crustacean peptides vary widely in their molecular masses. 
For example, crustacean neuropeptides can range from 0.5 to 
9 kDa. With many Orbitrap-based instruments, it is difficult to 
analyze the larger peptides without taking a bottom-up approach. 
This means some sort of digestion prior to analysis may be 
required to get a full picture of a crustacean peptidome. For 
crustacean peptides, the digestion is usually done on the initial 
extract. After reducing all disulfide bonds with dithiothreitol and 
alkylating with iodoacetamide, an enzyme (e.g., trypsin) is added 
at a 25–50:1 peptide:trypsin ratio. Peptide content can be deter-
mined using the bicinchoninic acid assay or a similar assay.

 7. Each crab has a limited amount of hemolymph stored in its 
body. For example, Callinectes sapidus has approximately 
5 mL. After removal, hemolymph is restored over a period of 
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time. Thus, the amount of hemolymph removed depends on 
the species of crab and whether it is to survive afterwards. 
Replacing the volume of removed hemolymph with an equal 
volume of crab saline can increase the crab’s chance at survival.

 8. After drying down any hemolymph samples (initially to fully 
processed), they should be resuspended prior to storage in the 
−80 °C freezer to ensure full dissolution.

 9. Depending on the size of the peptides of interest, two versions 
of MWCO filters are available: 3 K or 10 K Daltons. 10 K is 
normally used to purify a wide mass range of crustacean pep-
tides (see Note 5). After digestion, 3 K MWCO filters can be 
used to simplify the sample and allow for a targeted analysis.

 10. Many times, the MWCO filters become clogged with proteins 
that were not dissolved in the methanol:water mixture that was 
added to the extract, and which were not pelleted in the extrac-
tion step. In order to lessen the chance of this happening, (a) 
centrifuge the extract at >16,000 × g for 15–20 min before put-
ting the supernatant through the filter, (b) separate the extract 
into two fractions with two MWCO filters, or (c) centrifuge the 
extract through the filter for a longer period of time (45+min).

 11. There are several types of commercial probes that can be used 
for microdialysis. Alternatively, homemade probes can be 
implemented at a much lower cost. Whether purchasing or 
making probes, there are several factors worth considering, 
including membrane material, the molecular weight cutoff (the 
expected MWCO is approximately a third of the reported 
MWCO), area of membrane, and use of polymer coatings [23].

 12. The microdialysis technique tends to have low recovery 
in vivo. The recovery can be enhanced through the use of 
affinity agents [24].

 13. It is important to closely monitor the crab while it recovers 
from surgery, as the majority of post-surgery complications 
(i.e., crab dying, pulling out probe, clogging probe) typically 
occur within the first 24 h.

 14. Collection windows are typically within the range of 30 min to 
2 h. This is dependent on the necessary temporal resolution 
and recovery of sample. Shorter collection durations provide 
higher resolutions, but yield lower sample volumes. Collection 
times of several minutes have been shown feasible, often using 
online microdialysis collection coupled to ESI. However, this 
method also comes with drawbacks [25].

 15. The optimum infusion rate for microdialysis is a trade-off between 
relative recovery and absolute recovery. Lower flow rates allow 
for more diffusion of sample through the membrane, but result 
in less sample volume, while higher flow rates enable the collec-
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tion of more sample overall but run the risk of disturbing the 
crab. We have found the ideal flow rate to be 0.5 μL/min.

 16. When collecting samples, it is important to account for the 
dead volume between the tip of the probe and the end of the 
tubing (and collection needle, if one is being used). The delay 
from sample diffusing into the probe to reaching the end of 
the tubing could be an hour or greater, depending on the 
length of tubing and infusion rate.

 17. Microdialysis samples have been shown to degrade rapidly, 
even within several hours. Therefore, samples should be ana-
lyzed as soon as possible after collection. If longer storage time 
is necessary, there are several methods for improving the life-
time of the samples [25, 26].

 18. Many different varieties of separations can be done to increase 
peptide purity, including strong cation exchange (SCX) and 
C18 pipette tips (e.g., ZipTips). Success has also been found 
in increasing peptide coverage in fractionation using C18 
pipette tips or an a high-performance liquid chromatography 
(HPLC) system [27].

 19. Formaldehyde labeling is commonly used to produce 2 or 3 
different isotopic forms that differ in mass [28–30], although 
up to 5 different isotopic forms can be generated with differ-
ent combinations of heavy and light formaldehyde and reduc-
ing agent (see Chapter 10). Other labeling methods exist, such 
as isotopic N,N-dimethyl leucine (iDiLeu), which boasts 
5-plex labeling capabilities, which allows for relative or abso-
lute quantitation by an in-solution calibration curve [31]. 
Absolute quantitation of a single peptide can also be done by 
adding a deuterated version of the peptide to the original 
extract of the sample.

 20. For crustacean tissues, formaldehyde labeling has been shown 
to be extremely effective due to its quick and complete label-
ing of peptides. While MS-based quantitation strategies are 
simple, they have limitations, especially when analyzing more 
than five samples or samples with high spectral complexity. On 
the other hand, MS/MS-based quantitation strategies, such as 
iTRAQ, TMT, or N,N-dimethyl leucine (DiLeu), allow for 
higher multiplexing (up to 12 sample comparisons at once 
have been demonstrated, but up to 18 may be possible) with 
lower MS spectral complexity [32, 33]. Unfortunately, quan-
titative depth may suffer because, in order to become quanti-
fied, the peptide needs to be selected for MS/MS.

 21. Prior to spotting with matrix, an offline separation can be done, 
for example with capillary electrophoresis or a HPLC. Success 
has been seen for separating tryptic peptides with both high-
pH and strong-cation-exchange chromatography [34, 35].
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 22. Several matrices work well for crustacean peptide analysis, 
including DHB and CHCA. While DHB extracts peptides 
well, CHCA, known for being a “universal matrix,” tends to 
provide a more homogenous layer.

 23. Several spotting techniques exist, including the suggested pre-
mixing; alternatives are sandwiching, or individual mixing on 
plate prior to recrystallization.

 24. Depending on the instrument, lifetime of the laser, instrumen-
tal setup, and the matrix of choice, the laser energy used will 
need to be optimized for each sample.

 25. In order to acquire more confident identifications or perform de 
novo sequencing, tandem MS is necessary. For MALDI ins-
truments, collision-induced dissociation and high-energy colli-
sional dissociation are the main commercially available options. 
Unfortunately, MALDI ionization mainly produces singly 
charged ions, which lead to poor fragmentation. This means that 
most identifications by MALDI are performed through accurate 
mass matching. ESI provides much higher-quality fragmenta-
tion spectra, meaning that tandem MS can be used for high-
confidence identification and discovery of novel peptides. As 
another fragmentation option, electron transfer dissociation, 
which is better for post-translational modification analysis, is 
now being more readily available. Even with high quality  tandem 
MS spectra, de novo sequencing of peptides can be challenging. 
The use of chemical derivatization with a nonisotopic version of 
formaldehyde (see Note 19) has allowed for more complete cov-
erage when de novo sequencing putative peptides [30]. Other 
methods, such as thiol reduction and alkylation, have also been 
used to achieve high-resolution sequencing of larger, disulfide-
bonded crustacean peptides [36].

 26. Xcalibur software only recognizes plates as having 96 wells, so 
it will only allow you pick spots that are within that plate size, 
even if you are using a 384-well plate.

 27. Besides classic LC separation, several other complementary 
options exist. Capillary electrophoresis is compatible offline with 
both MALDI and ESI analysis for enhanced separation of crusta-
cean neuropeptides [37, 38]. Ion mobility has also been shown to 
be effective at separating D/L-epimeric crustacean peptides [39].

 28. The use of either a commercial or homemade column should 
be considered. Homemade packing lowers the cost of each 
column and allows for customization, which may improve 
peptide separation and thus coverage. However, low unifor-
mity can cause inconsistency between columns in comparison 
to commercially available columns, although these columns 
can be much more expensive in comparison.
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 29. For peptides, the reverse-phase C18 column setup uses a gradient 
of water with 0.1% FA and acetonitrile with 0.1% FA to elute the 
sample. Depending on the complexity of the sample, the time of 
gradient, highest percent acetonitrile added, and instrumental 
parameters (e.g., dynamic exclusion) will need to be adjusted.

 30. When beginning any LC-MS experiment, a quality control 
sample should be run to determine if the instrument is work-
ing optimally. Also, blanks should be run between each new 
sample type to decrease sample overlap.

 31. For Orbitrap instruments, the standard mass tolerance is 
±5 ppm.

 32. This can be done manually or with a simple peak-picking 
program.

 33. Several software packages are capable of performing de novo 
sequencing, database searching, and peak peaking for quanti-
tation besides PEAKS (e.g., Proteome Discoverer).

 34. Common post-translational modifications (PTMs) for crusta-
cean neuropeptides include amidation and dehydration. If any 
labeling is done, it is important to include the tag or modifica-
tion during the search (e.g., dimethylation).

 35. PEAKS software package works by first de novo sequencing all 
of the raw data, which will then be matched to the provided 
database of precursor masses and proposed sequences. It is 
important to note that, while other databases come from 
sequenced genomes, the crustacean neuropeptide database 
has been developed in-house, as there is no genomic database 
for crustaceans. When looking at peptides with no digestion, 
PEAKS shows the peptide searched as a “protein” in the pro-
gram. The “peptides” section is the individual peptides that 
make up all the crustacean peptides, which can include cleaved 
or degraded derivatives. Anything that doesn’t match is placed 
in a “de novo only” tab, which can provide you with possible 
novel peptide groups. For neuropeptides, these “de novo 
only” peptides are compared to current family sequences, 
from which certain sequence themes can be found to identify 
novel neuropeptides. Confident identification can then be 
done by synthesizing standards to confirm MS/MS and LC 
retention patterns.

 36. Both MS and MS/MS-based quantitation can be done, 
depending on the labeling used in the quantitation step. 
Label-free quantitation is also possible.

 37. It may be helpful to label dissection dishes with the orientation 
of the tissues to avoid uncertainties after the tissue is dissected.
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 38. Delicate tissue such as the PO can be transferred to the water 
by either carefully folding the tissue into quarters or by hold-
ing the tissue at either end with separate sets of tweezers.

 39. To prevent degradation, a Denator heat stabilizer can be 
implemented immediately after desalting. However, caution 
must be taken to avoid melting delicate tissue.

 40. It is common for slices to fold, tear, or become distorted dur-
ing the process of thaw mounting. Once the slice is on the 
slide, thoroughly check it to ensure the integrity of the tissue.

 41. For best results, slides should be analyzed as soon as possible. 
During storage, slides can be wrapped in tin foil to protect 
them from damage. When removing the slides from the 
freezer, water will condense on the slides, which can cause dif-
fusion, due to the major temperature change. Place them in a 
desiccator to minimize this effect.

 42. There are several methods for applying matrix to a sample, 
including airbrush, automated sprayer, inkjet printer, and sub-
limation. The method described here utilizes an automated 
sprayer (e.g., TM-Sprayer) which has been found to be the 
most reproducible [40].

 43. The sprayer temperature should be high enough to evaporate 
the matrix/solvent mixture. For the TM-Sprayer, turn up the 
temperature slowly until you hear a “puffing” noise. Reduce 
the temperature by 5 °C for the final method.

 44. Parameters to consider when choosing a method include the 
number of times the sprayer passes over and coats the slide, 
the drying time between coats, the direction the sprayer moves 
in to coat the slide (e.g., horizontal or vertical), and the system 
flow rate. Our preferred method includes 12 passes with a 30-s 
dry time between passes, and the orientation alternating 
between horizontal and vertical with each pass to provide an 
even coating at a flow rate of 0.1 mL/min. Methods should be 
optimized to the peptide group of interest and matrix to mini-
mize diffusion while increasing peptide extraction.

 45. The matrix loop only has a finite volume it can hold, and so it 
may be necessary to reload it with matrix during the course of 
the method. If this is necessary, wait until the sprayer is done 
with its current pass, switch the injection loop to “Load,” load 
matrix, and switch the injection loop back to “Spray” before it 
starts the next pass.

 46. After clicking “Start,” the system may say the temperature is 
unstable due to the sensitivity of the system. Since the tem-
perature will never fully stabilize, click “Start Now” to start 
the method.

 47. The MALDI-Orbitrap is also capable of scanning in the whole 
plate or each individual slide at varying image qualities. 
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Scanning the plate with an external system only takes a few 
minutes, while scanning one slide at “normal” resolution takes 
~25 min. For other instruments, images need to be scanned 
by an external scanner.

 48. Raster size determines the spatial resolution of the tissue being 
imaged. While small raster sizes provide better image resolu-
tion, they can drastically increase the analysis time of the 
instrument. The MALDI-Orbitrap allows for a raster size of 
75 μm without oversampling, but other MALDI instruments 
boast spatial resolution down to a few microns.

 49. After selecting the final area of interest, saving this image in 
the “View Plate” window allows for easier image overlay dur-
ing data processing.

 50. The software tends to shift the selected area unpredictably 
after closing the window. Therefore, it is recommended to 
close and reopen the “View Plate” window after a selection 
has been made to ensure that the area of interest is still within 
the selection box.

 51. It is good practice to include a small amount of area outside of 
the tissue when selecting the area to be analyzed in order for it 
to be used as a means to distinguish signal from random noise.

 52. Typically, normalization is performed in reference to the total 
ion current (TIC), in which each mass spectrum is divided by 
its TIC. This ensures that all spectra have the same integrated 
area under their curves. Other normalization strategies are 
emerging [41], but TIC continues to be the most widely used.

 53. When comparing multiple images, it is often helpful to set 
them to the same intensity scale. This can be done by entering 
the Min and Max Plot Values in the “Scale” tab.

 54. MSiReader is a freely available, open-access software that can 
be downloaded from http://www.msireader.com/ [15].

 55. To convert to imzML in ImageQuest, click File, Export, 
imzML. Either all peaks or centroids only can be exported.
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Chapter 18

Identification of Endogenous Neuropeptides 
in the Nematode C. elegans Using Mass Spectrometry

Sven Van Bael, Samantha L. Edwards, Steven J. Husson, 
and Liesbet Temmerman

Abstract

The nematode Caenorhabditis elegans lends itself as an excellent model organism for peptidomics studies. 
Its ease of cultivation and quick generation time make it suitable for high-throughput studies. Adult her-
maphrodites contain 959 somatic nuclei that are ordered in defined, differentiated tissues. The nervous 
system, with its 302 neurons, is probably the most known and studied endocrine tissue. Moreover, its neu-
ropeptidergic signaling pathways display a large number of similarities with those observed in other meta-
zoans. However, various other tissues have also been shown to express several neuropeptides. This includes 
the hypodermis, gonad, gut, and even muscle. Hence, whole mount peptidomics of C. elegans cultures 
provides an integral overview of peptidergic signaling between the different tissues of the entire organism. 
Here, we describe a peptidomics approach used for the identification of endogenous (neuro)peptides in 
C. elegans. Starting from a detailed peptide extraction procedure, we will outline the setup for an online 
liquid chromatography-mass spectrometry (LC-MS) analysis and describe subsequent data analysis approaches.

Key words Caenorhabditis elegans, Neuropeptide, Peptidomics, FMRFamide-like peptide, flp, 
Neuropeptide-like protein, nlp, Mass spectrometry, LC-MS

1 Introduction

Caenorhabditis elegans is a free-living nematode that can easily be 
found in anthropogenic habitats, such as compost heaps. It was 
first introduced into the lab in the 1960s and has since become a 
model organism of choice for thousands of researchers around the 
world. C. elegans can exist as self-fertilizing hermaphrodites, con-
sisting of exactly 959 somatic nuclei that are ordered into fully 
differentiated tissues (Fig. 1), or males consisting of 1031 somatic 
nuclei. In favorable conditions, the abundance of males in the pop-
ulation is very low (±0.1%) but their numbers increase under con-
ditions of stress. Also, male-mating will result in a 50% male 
progeny, which is useful when crossing hermaphrodites with males 

1.1 Caenorhabditis 
elegans as a Model 
Organism
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for genetic studies. In addition, C. elegans has a relatively short life 
cycle. It takes about 3 days to complete the cycle from egg to egg-
laying adult, during which the animal goes through four larval 
stages (L1–L4). Unfavorable conditions during development can 
lead to resilient, thinner “dauer” larvae. These have a relatively 
impermeable cuticle, are nonfeeding, and can survive for months, 
in contrast to the average lifespan of around 2–3 weeks under stan-
dard conditions. For a more complete introduction on C. elegans 
as a model organism, readers are referred to Corsi et al. [1].

A comprehensive knowledge infrastructure has been developed 
within the worm community, with many resources, research methods, 
and protocols freely accessible online. “WormBase” is the communi-
ty’s centralized database, and next to its elaborate C. elegans data, it 
contains information on many other nematode species (http://www.
wormbase.org). The “WormBook” (http://www.wormbook.org) is 
an open-access collection of peer-reviewed chapters that cover all 
kinds of different topics and protocols related to C. elegans. The anat-
omy of C. elegans has been studied in great depth and detailed micro-
scopic images of these transparent animals are available on “WormAtlas” 
(http://www.wormatlas.org), together with a plethora of detailed 
schematic representations. Additionally, a 3D representation of the C. 
elegans connectome is available at OpenWorm (http://www.open-
worm.org), an open-source project that aspires to build a compre-
hensive computational model of the worm. C. elegans was also the 
first multicellular organism to have its genome fully sequenced [2]. 
The genome is about 100 Mb in size but contains a similar number of 

Fig. 1 (a) Bright-field micrograph of an adult C. elegans hermaphrodite. 
(b) Schematic drawing of the most prominent anatomical structures

Sven Van Bael et al.
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genes (20,532; WormBase WS235 release) as the human genome 
(~20,500) [3]. Recent estimates relying on primary sequence infor-
mation predict about 38% similarity between human and C. elegans 
genes [4]. C. elegans is an ideal organism to investigate processes that 
are relevant to human physiology such as aging. In addition, C. ele-
gans is often used as a model system for parasitic nematodes.

Neuropeptides are small messenger molecules that are derived from 
larger precursor proteins by the action of various processing enzymes. 
These biologically active peptides can be found in all metazoan species 
where they orchestrate a wide variety of physiological processes. The 
knowledge of the primary amino acid sequence of the neuropeptider-
gic signaling molecules is absolutely necessary to understand their 
function and interactions with G-protein coupled receptors. Three 
classes of neuropeptide-encoding genes have been inferred from the 
genomic data of C. elegans: these three groups are referred to as flp 
genes, nlp genes, and the insulin superfamily. Thirty-one FMRFamide-
like peptide (flp) genes were predicted by searching genomic sequences 
and sequences of mRNA transcripts such as cDNA libraries and 
Expressed Sequence Tag (EST) data [5–10] (Table 1). Combining in 
silico searches of the C. elegans genome with biochemical methods 
such as peptidomics, 52 neuropeptide-like protein (nlp) genes have 
been identified (Table 2) [11–16]. These neuropeptide preproproteins 
all contain peptides without the RFamide motif, but with sequence 
homology to other invertebrate neuropeptides. This group includes 
ntc-1, pdf-1, and snet-1 [17–19]. Additionally, bioinformatic analyses 
were able to identify 40 divergent members of the insulin superfamily. 
These putative insulin-like (ins-1 to ins-39, and daf-28) genes are also 
catalogued as neuropeptides due to their expression in sensory neurons 
[20]. Based on sequence information alone, one cannot deduce 
whether all the predicted peptides are actually expressed and properly 
processed into mature, active peptides. Therefore, mature neuropep-
tides need to be identified in biological samples. Initial efforts in the 
field struggled especially with small-sized animals, such as C. elegans, 
and in the early days only 12 neuropeptides of C. elegans could be bio-
chemically isolated and identified using Edman degradation analysis or 
gas-phase sequencing [21–26]. Our efforts of the last decade have 
helped to systematically search for and characterize neuropeptides of C. 
elegans using peptidomics, relying on liquid chromatography and mass 
spectrometry. We continuously aim to complete our understanding of 
which peptides are actually present in the nematode and to identify 
their post-translational modifications, which are often required for a 
peptide’s bioactivity—all of this in the context of modeling the rele-
vance of specific neuropeptides and their processing in fundamental 
processes regulating behavior and physiology [27–35]. In this chapter, 
we introduce the basic techniques and methods required to culture the 
nematodes and give a detailed protocol with which to perform the 
sample preparation. We then focus on online LC-MS analysis and 
describe subsequent data analysis approaches.

1.2 Peptidomics  
of C. elegans

C. elegans Peptidomics
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Table 1 
FMRFamide-like neuropeptides in C. elegans

Gene Peptide sequencea,b

flp-1 SADPNFLRFamide

SQPNFLRFamide

ASGDPNFLRFamide

SDPNFLRFamide

AAADPNFLRFamide

(K)PNFLRFamide

AGSDPNFLRFamide

(K)PNFMRYamide

flp-2 SPREPIRFamide

LRGEPIRFamide

flp-3 SPLGTMRFamide

TPLGTMRFamide

EAEEPLGTMRFamide

NPLGTMRFamide

ASEDALFGTMRFamide

EDGNAPFGTMRFamide

EDGNAPFGTMKFamide

SAEPFGTMRFamide

SADDSAPFGTMRFamide

NPENDTPFGTMRFamide

flp-4 (GLRSSNGK)PTFIRFamide

ASPSFIRFamide

flp-5 GAKFIRFamide

AGAKFIRFamide

APKPKFIRFamide

flp-6 KSAYMRFamide

pQQDSEVEREMM

flp-7 SPMQRSSMVRFamide

TPMQRSSMVRFamide

SPMERSAMVRFamide

(continued)
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Table 1
(continued)

Gene Peptide sequencea,b

SPMDRSKMVRFamide

SSIDRASMVRLamide

flp-8 KNEFIRFamide

flp-9 KPSFVRFamide

flp-10 pQPKARSGYIRFamide

flp-11 AMRNALVRFamide

ASGGMRNALVRFamide

NGAPQPFVRFamide

SPLDEEDFAPESPLQamide

flp-12 RNKFEFIRFamide

flp-13 AMDSPLIRFamide

AADGAPLIRFamide

APEASPFIRFamide

ASPSAPLIRFamide

SPSAVPLIRFamide

ASSAPLIRFamide

SAAAPLIRFamide

flp-14 KHEYLRFamide

flp-15 GGPQGPLRFamide

RGPSGPLRFamide

flp-16 AQTFVRFamide

GQTFVRFamide

flp-17 KSAFVRFamide

KSQYIRFamide

flp-18 (DFD)GAMPGVLRFamide

EMPGVLRFamide

(K)SVPGVLRFamide

EIPGVLRFamide

SEVPGVLRFamide

DVPGVLRFamide

SYFDEKKSVPGVLRFamide

(continued)

C. elegans Peptidomics
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Table 1
(continued)

Gene Peptide sequencea,b

flp-19 WANQVRFamide

ASWASSVRFamide

flp-20 AMMRFamide

AVFRMamide

flp-21 GLGPRPLRFamide

flp-22 SPSAKWMRFamide

flp-23 VVGQQDFLRFamide

TKFQDFLRFamide

NDFLRFamide

flp-24 VPSAGDMMVRFamide

flp-25 DYDFVRFamide

ASYDYIRFamide

flp-26 (E)FNADDLTLRFamide

GGAGEPLAFSPDMLSLRFamide

NYYESKPY

flp-27 pQPIDEERPIFME

(EASAFGDIIGELKGK)GLGGRMRFamide

flp-28 APNRVLMRFamide

flp-32 AMRNSLVRFamide

flp-33 APLEGFEDMSGFLRTIDGIQKPRFamide

flp-34 ALNRDSLVASLNNAERLRFamide

ADISTFASAINNAGRLRYamide
aSequences in bold have been confirmed by MS/MS of samples prepared according to 
the method described in this chapter
bSequences between parentheses are possible alternative forms of the peptide 
(predicted)

Sven Van Bael et al.
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Table 2 
Neuropeptide-like peptides in C. elegans

Gene Peptide sequencea,b

nlp-1 MDANAFRMSFamide

MDPNAFRMSFamide

VNLDPNSFRMSFamide

nlp-2 SIALGRSGFRPamide

SMAMGRLGLRPamide

SMAYGRQGFRPamide

nlp-3 AINPFLDSMamide

AVNPFLDSIamide

YFDSLAGQSLamide

nlp-4 SLILFVILLVAFAAARPVSEEVDRV

DYDPRTEAPRRLPADDDEVDGEDRV

DYDPRTDAPIRVPVDPEAEGEDRV

nlp-5 SVSQLNQYAGFDTLGGMGLamide

ALSTFDSLGGMGLamide

ALQHFSSLDTLGGMGFamide

nlp-6 (MA)APKQMVFGFamide

YKPRSFAMGFamide

AAMRSFNMGFamide

LIMGLamide

nlp-7 pQADFDDPRMFTSSFamide

SMDDLDDPRLMTMSFamide

MILPSLADLHRYTMYD

LYLKQADFDDPRMFTSSFamide

nlp-8 AFDRFDNSGVFSFGA

AFDRMDNSDFFGA

SFDRMGGTEFGLM

YPYLIFPASPSSGDSRRLV

nlp-9 GGARAFYGFYNAGNS

GGGRAFNHNANLFRFD

GGGRAFAGSWSPYLE

(continued)

C. elegans Peptidomics
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Table 2
(continued)

Gene Peptide sequencea,b

TPIAEAQGAPEDVDDRRELE

nlp-10 AIPFNGGMYamide

STMPFSGGMYamide

AAIPFSGGMYamide

GAMPFSGGMYamide

nlp-11 HISPSYDVEIDAGNMRNLLDIamide

SAPMASDYGNQFQMYNRLIDAamide

SPAISPAYQFENAFGLSEALERAamide

nlp-12 DYRPLQFamide

DGYRPLQFamide

nlp-13 NDFSRDIMSFamide

SGNTADLYDRRIMAFamide

pQPSYDRDIMSFamide

SAPSDFSRDIMSFamide

SSSMYDRDIMSFamide

SPVDYDRPIMAFamide

AEDYERQIMAFamide

nlp-14 ALDGLDGSGFGFD

ALNSLDGAGFGFE

ALDGLDGAGFGFD

ALNSLDGQGFGFE

ALNSLDGNGFGFD

nlp-15 AFDSLAGSGFDNGFN

AFDSLAGSGFGAFN

AFDSLAGSGFSGFD

AFDSLAGQGFTGFE

AFDTVSTSGFDDFKL

nlp-16 STEHHRV

SEGHPHE

ATHSPEGHIVAKDDHHGHE

SSDSHHGHQ

(continued)
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Table 2
(continued)

Gene Peptide sequencea,b

SVDEHHGHQ

NAEDHHEHQ

SEHVEHQAEMHEHQ

STQEVSGHPEHHLV

nlp-17 GSLSNMMRIamide

pQQEYVQFPNEGVVPCESCNLGTLMRIamide

nlp-18 SPYRAFAFA

ARYGFA

SPYRTFAFA

ASPYGFAFA

SDEENLDFLE

nlp-19 IGLRLPNFL

IGLRLPNFLRF

IGLRLPNML

MGMRLPNIIFL

nlp-20 FAFAFA

SGPQAHEGAGMRFAFA

APKEFARFARASFA

nlp-21 GGARAMLH

GGARAFSADVGDDY

GGARAFYDE

GGARAFLTEM

GGARVFQGFEDE

GGARAFMMD

GGGRAFGDMM

GGARAFVENS

GGGRSFPVKPGRLDD

pQYTSELEEDE

nlp-22 SIAIGRAGFRPamide

nlp-23 LYISRQGFRPA

(continued)

C. elegans Peptidomics
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Table 2
(continued)

Gene Peptide sequencea,b

SMAIGRAGMRPamide

AFAAGWNRamide

nlp-24 pQWGGGPYGGYGP

GYGGGYGGamide

YGGYGamide

FTGPYGGYGamide

GPYGYGamide

GPYGGGGLVGALLamide

pQWGGGPYGGYGPRGYGGGYGGamide

YGGYGGRGPYGGYGGRGPYGYGamide

nlp-25 pQWGGGYGNPYGGYamide

pQWGGGWNNGGGYGNPYGGYamide

GGGYGGGYGGGFGAQQAYNVQNAA

IGTEVAEGVLVAEEVSEAIamide

nlp-26 pQFGFGGQQSFGamide

GGQFGGMQ

GGFNGN

GGFGQQSQFGamide

GGNQFGamide

GGSQFNamide

GGFGFamide

pQFGFGGQQSFGGRGGQFGGMQRGGFNGN

GGSQFNGRGGNQFGamide

nlp-27 pQWGYGGMPYGGYGGMGGYGMGGYGMGY

MWGSPYGGYGGYGGYGGWamide

nlp-28 GYGGYamide

GYGGYGGYamide

GMYGGWamide

pQWGYGGYGRGYGGYGGYGRGMYGGYamide

GMYGGYGRGMYGGWamide

(continued)
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Table 2
(continued)

Gene Peptide sequencea,b

nlp-29 pQWGYGGYamide

GYGGYGGYamide

GMYGGYamide

GMYGGWamide

pQWGYGGYGRGYGGYGGYGRGMYGGYamide

GMYGGYGRGMYGGYGRGMYGGWamide

nlp-30 pQWGYGGYamide

GYGGYGGYamide

GYGGYamide

GMWamide

PYGGYGWamide

pQWGYGGYGRGYGGYGGYGRGYGGYamide

GYGGYGRGMWGRPYGGYGWamide

nlp-31 pQWGYGGYamide

GYGGYGGYamide

GYGGYamide

GMYGGYamide

PYGGYGWamide

pQWGYGGYGRGYGGYGGYGRGYGGYGGYamide

GYGGYGRGMYGGYGRPYGGYGWamide

nlp-32 YGGWGamide

GGWamide

GGamide

GYGamide

GGGWGamide

GGGWamide

GGGamide

FGYGGamide

GWamide

YGGWGGRGGWGRGGGRGYGamide

(continued)
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Table 2
(continued)

Gene Peptide sequencea,b

GGGWGGRGGGWGRGGGGRGFYGGamide

nlp-33 pQWGYGGPYGGYGGGYGGGPWGYGGGW

HWGGYGGGPWGGYGGGPWGGYY

RHWGGYGGGPWGGYGGGPWGGYY

nlp-34 PYGYGGYGGW

PYGYGWamide

nlp-35 AVVSGYDNIYQVLAPRF

nlp-36 DDDVTALERWGY

NIDMKLGPH

SMVARQIPQTVVADH

nlp-37 NNAEVVNHILKNFGALDRLGDVamide

nlp-38 (ASDDR)VLGWNKAHGLWamide

TPQNWNKLNSLWamide

SPAQWQRANGLWamide

nlp-39 EVPNFQADNVPEAGGRV

nlp-40 APSAPAGLEEKLR

pQPAADTFLGFVPQ

nlp-41 APGLFELPSRSV

nlp-42 SALLQPENNPEWNQLGWAWamide

NPDWQDLGFAWamide

nlp-43 KQFYAWAamide

nlp-44 APHPSSALLVPYPRVamide

LYMARVamide

AFFYTPRIamide

nlp-45 RNLLVGRYGFRIamide

nlp-46 NIAIGRGDGLRPamide

nlp-47 pQMTFTDQWT

nlp-48 GVGDVPSMFFSPFRMMamide

nlp-49 SPSMGLSLAEYMASPQGGDNFHFMPSamide

nlp-50 TEGLSRASANAYYRLamide

(continued)
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Table 2
(continued)

Gene Peptide sequencea,b

nlp-51 SQTQEANIQPFIRF

nlp-52 GDVKSVFFSPFRMVamide

pdf-1 SNAELINGLIGMDLGKLSAVamide

SNAELINGLLSMNLNKLSGAamide

SPLLYRAPQMYDDVQFV

SPLLYRAPQYQMYDDVQFV

ntc-1c CFLNSCPYRRYamide
aSequences in bold have been confirmed by MS/MS of samples prepared according to 
the method described in this chapter
bSequences between parentheses are possible alternative forms of the peptide (predicted)
cIn the ntc-1 peptide, a sulfur bridge is formed between Cys1 and Cys6

2 Materials

 1. C. elegans strains can be ordered from the Caenorhabditis 
Genetics Center (CGC, http://www.cbs.umn.edu/CGC/), 
which is supported by the National Institutes of Health Office 
of Research Infrastructure Programs (P40 OD010440), or the 
National BioResearch Project (NBRP, Japan, http://shigen.
nig.ac.jp/c.elegans). These centers collect, maintain, and dis-
tribute different C. elegans (mutant) strains. C. elegans N2 
(Bristol) is referred to as the wild-type reference strain. 
Nematodes ordered at the stock centers are sent by regular 
post on small petri dishes.

 2. Escherichia coli OP50 bacteria, available at the CGC.
 3. Nematode Growth Medium (NGM): Dissolve 3 g NaCl, 17 g 

agar, and 7.5 g peptone in 1 L deionized H2O. Sterilize by 
autoclaving and add 1 mL of 1 M CaCl2, 1 mL of 5 mg/mL 
cholesterol in ethanol, 1 mL of 1 M MgSO4, and 25 mL of a 
1 M K2HPO4/KH2PO4 buffer (3.56%:10.83% w/v, pH 6.0). 
Pour NGM medium in petri dishes under sterile conditions 
(see Note 1).

 4. Incubators (20 °C) (see Note 2).
 5. Petri dishes, 90 mm diameter.

 1. Microcentrifuge.
 2. Centrifuge for 15–50 mL tubes.

2.1 Culturing  
C. elegans

2.2 Sample 
Preparation
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 3. Vacuum concentrator, here SpeedVac vacuum centrifuge 
(Savant).

 4. Glass homogenizer, type Potter-Elvehjem.
 5. Sonicator (here Branson Ultrasonic SLPe).
 6. Small separatory funnel.
 7. 60% sucrose solution. This solution can be stored at 4 °C for a 

couple of weeks.
 8. S basal buffer: Dissolve 5.85 g NaCl, 1 g K2HPO4, 6 g KH2PO4 

in 1 L deionized H2O. Sterilize by autoclaving.
 9. Extraction solvent: methanol, water, acetic acid (90:9:1, 

v/v/v), make fresh and keep cold on dry ice.
 10. n-hexane.
 11. 100 mM CH3COONH4 solution, at pH 7 (adjusted with 1 M 

NaOH).
 12. Ultrapure H2O containing 0.1% formic acid (FA).
 13. 50% acetonitrile containing 0.1% FA.
 14. 70% acetonitrile containing 0.1% FA.
 15. Acetonitrile containing 0.1% FA.
 16. Solid-phase extraction cartridges (SPE) (such as Oasis HLB, 

Waters, Milford, MA, USA).
 17. 0.45 μm filters (such as Millex LCR, Millipore, Bedford, MA, 

USA).
 18. 10 kDa cut-off filters (such as Amicon Ultra-4, Millipore).
 19. Sephadex size-exclusion columns (such as G-10 Sephadex, PD 

Miditrap, Waters).
 20. C18 pipette tips (such as ZipTip, Millipore).

The analysis requires an ultra-high performance liquid chromatog-
raphy (UHPLC) system for chromatographic separation, coupled 
online to a mass spectrometer for detection and quantification. 
The equipment we use is described in this section.

 1. UHPLC system (Dionex UltiMate 3000, Thermo Scientific, 
Waltham, MA, USA).

 2. C18 pre-column (Acclaim PepMap100, C18, 75 μm × 20 mm, 
3 μm, 100 Å; Thermo Scientific).

 3. Integrated C18 analytical column/nano-electrospray ion source 
(EASY-Spray, PepMap RSLC, C18, 75 μm × 500 mm, 2 μm, 
100 Å; Thermo Scientific).

 4. Quadrupole-Orbitrap mass spectrometer (Q Exactive Hybrid 
Quadrupole-Orbitrap, Thermo Scientific) (see Note 3).

2.3 Peptidomics 
Analysis
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 5. Solvent A: ultrapure H2O containing 0.1% FA.
 6. Solvent B: 80% acetonitrile containing 0.08% FA. All solvents 

need to be HPLC grade.

Several software solutions can be used to process MS data. We rely on:

 1. Mascot search engine (www.matrixscience.com).
 2. PEAKS software (www.bioinfor.com).
 3. ProteoWizard software (http://proteowizard.sourceforge.net/).

3 Methods

This section provides a concise description of some basic methods 
used in culturing C. elegans.

 1. C. elegans is normally grown on solid NGM medium contain-
ing the E. coli OP50 strain as a food source (see Note 4). 
Bacteria can be grown by inoculating LB broth and subsequent 
incubation at 37 °C.

 2. Using sterile technique, apply 100 μL of an OP50 culture 
grown overnight on prepared NGM petri dishes. Spread the 
bacteria over the surface and let it dry. Grow overnight in a 
37 °C incubator to form a visible OP50 lawn (see Notes 5–8).

 3. Several methods exist to transfer worm cultures from an old 
plate to a fresh one. Using sterile technique, a small piece of 
agar can be cut from the old plate and transferred to a new 
one. Alternatively, it is also possible to pick individual animals 
using a “worm picker,” which consists of a flat-ended platinum 
wire welded into a glass Pasteur pipette.

 4. To maintain the strains, worms should be transferred to fresh 
plates 2–3 times a week (see Note 9).

 1. Collect mixed-stage or age-synchronized (see Note 10) worms 
from 15 to 20 fully grown petri dishes by rinsing the plates 
with S basal buffer.

 2. Living animals are separated from E. coli bacteria and dead ani-
mals by flotation on 30% sucrose. Add an equal volume of cold 
60% sucrose solution (~4°C) to the S basal containing the 
worms and mix. Gently add 1 mL of S basal buffer, two phases 
will form due to the difference in density. Centrifuge for 4 min 
at 300 × g. Living animals will float on top of the sugar gradi-
ent. This step relies on density of the solvents and worms, 
which is temperature dependent. If the worms do not form a 
distinct layer or pellet, consider also keeping the S basal buffer 
on ice. Collect the animals by aspirating the top S basal layer 
(see Note 11), and wash by first pelleting the worms (centri-
fuge 3 min at 300 × g). Next, remove the supernatant and add 

2.4 Data Processing 
and Peptide 
Identification

3.1 Maintenance 
of C. elegans Cultures

3.2 Sample 
Preparation
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fresh S basal buffer. Repeat this procedure three times or until 
the supernatant is clear.

 3. After the last washing step, remove as much supernatant as 
possible, keeping only the pelleted worms. From experience, 
we suggest that worm pellet volumes ranging from 300 to 
600 μL are sufficient for successful extractions.

 4. Transfer the nematodes to 10 mL of extraction solution, 
cooled on dry ice (see Notes 12 and 13), the worm pellet will 
flash freeze but the extract solution should remain liquid.

 5. The worms are homogenized on dry ice using the glass homog-
enizer. Sonicate the homogenized solution three times for 
20–30 s (see Note 14).

 6. Centrifuge the sample for 12 min at 2100 × g. Discard the pel-
let and evaporate the methanol using a vacuum concentrator 
(see Note 15).

 7. The remaining aqueous solution, which contains the peptides, 
is delipidated by re-extraction with n-hexane. In a small sepa-
ratory funnel, add an equal volume of n-hexane to the aque-
ous sample and mix by vigorous inversion. Wait until the 
layers separate and carefully collect the bottom (aqueous) 
layer (see Note 16).

 8. Some residual n-hexane may be in solution in the aqueous 
phase; evaporate this in the vacuum concentrator (±30 min.).

 9. Rinse the Amicon Ultra-4 10 kDa filters with 4 mL of ultra-
pure H2O and centrifuge for 10 min at 4000 × g. Add the 
sample and centrifuge at 4000 × g until the majority of the 
sample has run through (20–40 min) (see Note 17).

 10. Prepare the Sephadex size-exclusion columns by adding 16 mL of 
100 mM CH3COONH4. Add the sample to the column (maxi-
mum 1 mL, see specifications of the column) and let it enter the 
packed bed. Add CH3COONH4 solution until the total volume of 
sample and buffer equals 1.7 mL. Discard the flow-through and 
elute the sample with 1.2 mL CH3COONH4 solution.

 11. Further cleanup of the samples is done using solid-phase 
extraction cartridges. Activate the cartridge using acetonitrile 
containing 0.1% FA, then, rinse with water containing 0.1% 
FA. Add the sample and wash again with 0.1% FA in water. 
Elute the peptides with 50% acetonitrile containing 0.1% FA.

 12. Samples are concentrated for LC-MS analysis using C18 pipette 
tips. Activate the pipette tips by aspirating acetonitrile con-
taining 0.1% FA (repeat three times). Rinse the column with 
water containing 0.1% FA (repeat three times). Aspirate the 
sample, and let it flow three times over the column bed, 
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repeat this for the whole sample. Rinse the column again 
three times with water containing 0.1% FA. Finally, elute with 
50% acetonitrile containing 0.1% FA.

 13. Samples can be stored at 4 °C prior to LC-MS analysis.

 1. Since samples are stored in 50% acetonitrile containing 0.1% 
FA, excess acetonitrile is evaporated in the vacuum concentra-
tor. Then, 2% acetonitrile containing 0.1% FA is added to a 
total volume of 15 μL.

 2. The UHPLC system is set to draw 5 μL of sample and load it 
on the pre-column with a flow of 5 μL/min.

 3. Peptides are separated by using a gradient ranging from 4 to 
35% solvent B for 200 min, rising to 100% solvent B the fol-
lowing 25 min.

 4. MS data is typically acquired using a data-dependent Top10 
method choosing the most abundant precursor ions from a full 
MS survey scan for fragmentation by high-energy collisional 
dissociation (HCD). Full MS scans are acquired at a resolution 
of 70,000 at m/z 200, with a maximum injection time of 
256 ms. The resolution for MS/MS scans after HCD fragmen-
tation is set at 17,500 at m/z 200, with a maximum injection 
time of 64 ms. If one has an interest in specific peptides, rather 
than in overall profiling, targeted methods for MS/MS analysis 
can be applied.

 1. MS/MS data can be transformed into mgf and mzXML files 
using freely available software such as ProteoWizard (available 
at http://proteowizard.sourceforge.net/).

 2. The resulting mgf files can be submitted to a Mascot search, 
which matches the fragmentation data against any sequence 
database (see Note 18). As variable modifications select: amino-
terminal pyroglutamic acid (from Glu and Gln), carboxy-ter-
minal Gly-loss and amidation, and methionine oxidation. As 
enzyme, select “None” and leave the field with fixed modifica-
tions empty. Peptide mass tolerance and MS/MS fragment 
mass tolerance depend on the mass spectrometer used. In the 
case of the workflow described above, it would be set to 
10 ppm and 15 mu respectively.

 3. Unknown post-translational peptide modifications may com-
plicate identification based on MS/MS data. This can be over-
come by using commercial software like PEAKS (www.
bioinfor.com), which combines an in silico spectrum database 
search with de novo sequencing of the raw MS/MS data. This 
combination will further increase the number of reliable pep-
tide identifications.

3.3 Liquid 
Chromatography- 
Mass Spectrometry

3.4 Data Processing 
and Peptide 
Identification

C. elegans Peptidomics
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4 Notes

 1. Petri dishes that allow airflow under the lid are preferred for 
sufficient oxygen supply and to avoid condensation. Depending 
on the amount of plates needed, a peristaltic pump can be used 
to pour the NGM.

 2. C. elegans is normally cultured at 20 °C. Lowering the tem-
perature (e.g., to 15 °C) will slow down development, result-
ing in slower growth. This delay may be useful, depending on 
planning of experiments, but bear in mind it may also affect 
peptide profiles.

 3. The Dionex UltiMate 3000 UHPLC system is coupled online 
to the Q Exactive mass spectrometer via the EASY-Spray ana-
lytical column and integrated nano-electrospray ion source.

 4. The E. coli OP50 strain is uracil auxotroph, and has a limited 
growth on NGM plates. A thin bacterial lawn facilitates the 
observation of nematodes when using a microscope.

 5. Damaging the surface of the NGM should be avoided since 
worms tend to crawl into the agar. When spreading the bacte-
ria, try not to cover the edges of the surface. If the bacterial 
lawn reaches the edges of the petri dish, worms may crawl up 
the sides and die.

 6. Depending on the experiment, bacteria can be grown for 
shorter or longer periods of time to produce a thinner or 
thicker lawn. The plates can also be left at room temperature 
for approximately 2 days, which will also result in a homoge-
nous lawn.

 7. NGM petri dishes with an OP50 lawn can be stored at 4 °C for 
several weeks, although it is better to use freshly made plates 
for each experiment.

 8. When the plates are stored at 4 °C, allow them first to equili-
brate at 20 °C for a certain amount of time before using them 
for culturing the nematodes.

 9. The frequency of transferring worms to fresh plates depends 
on the size of the chunks, the dimension of the petri dish, and 
the growth temperature.

 10. A synchronous C. elegans culture can be obtained by treatment 
of gravid hermaphrodites with a sodium hypochlorite/sodium 
hydroxide mixture to release the eggs. After a sucrose flotation 
step, which separates the eggs from the debris, eggs are trans-
ferred to S basal buffer and incubated at 20 °C for 24 h. Due 
to absence of food, the hatched eggs will arrest in the L1 sta-
dium, which then can be transferred to NGM plates contain-
ing OP50.
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 11. Fifteen to twenty fully grown petri dishes yield a pellet of 
300–500 μL of living nematodes.

 12. The extraction solvent is designed to extract small endogenous 
peptides, while large proteins precipitate. Optionally, when 
interested in larger peptides (5–15 kDa) such as insulin-like 
peptides, one may achieve better results with diluted acids as 
an extraction solvent.

 13. The homogenization and sonication steps are performed on 
dry ice to help inactivate the peptidases present in the sample. 
Active peptidases will degrade proteins and possibly shorten 
and/or fragment peptides, which are obviously not of interest.

 14. Sonication of the sample will aid in disruption of the cell mem-
brane, thereby releasing cellular contents into the extraction 
solvent. Since sonication heats up the sample, it is recom-
mended to place the sample on dry ice and only sonicate for 
short intervals.

 15. It is preferable not to dry the sample to completion in the 
vacuum concentrator, as it is often difficult to reconstitute the 
dry pellet. This could lead to considerable sample loss.

 16. If no separatory funnel is available, delipidation can be carried 
out in a standard tube. When both phases have settled, aspirate 
the top organic layer with a pipette. Make sure no residual 
hexane remains in the sample by visually inspecting the tube.

 17. Since most peptides of interest are within the 0.7–10 kDa 
range, we usually enrich this mass range by applying a Sephadex 
size-exclusion column followed by a 10 kDa molecular weight 
cut-off filter. This ensures the removal of molecules that are 
not of direct interest, and otherwise would interfere with the 
LC-MS analysis. Depending on the peptides of interest, the 
type of molecular weight cut-off filters can be adapted.

 18. A local Mascot server has the advantage of custom-made 
sequence databases. We use in-house developed FASTA data-
bases containing C. elegans neuropeptide precursors as well as 
a database with in silico cleaved neuropeptides. To check for 
potential false positive identifications, an additional database 
containing all proteins from C. elegans and E. coli along with a 
list of common contaminants (e.g., keratin) is used.
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Chapter 19

EndoProteoFASP as a Tool to Unveil the Peptidome-
Protease Profile: Application to Salivary Diagnostics

Fábio Trindade, Inês Falcão-Pires, Adelino Leite-Moreira, 
Pedro S. Gomes, Julie Klein, Rita Ferreira, and Rui Vitorino

Abstract

In the quest to fully comprehend the proteolytic events leading to the generation of the salivary  peptidome, 
we have developed a method for the sequential elution of salivary peptides throughout progressive  endogenous 
proteolysis. By screening the time-dependent changes in the salivary peptidome we can  predict the activity 
pattern of salivary proteases responsible for such peptide fingerprint and identify  susceptible protein targets. 
Herein, we describe a step-by-step tutorial based on a filter-aided sample  preparation (FASP) method, taking 
advantage of the endogenous salivary proteases armamentarium (endoProteoFASP), to produce new  peptides 
from the salivary proteins, adding to those present in the sample at the time of  collection. In this protocol, 
the different sets of peptides retrieved after sample  elution are identified  following a liquid chromatography-
tandem mass spectrometry approach. The  likelihood of a large set of endogenous proteases (collected from 
several public sources) to be responsible for the generation of such peptides can be predicted by the analysis 
of the cleavage site specificity by Proteasix (http://proteasix.cs.man.ac.uk/) algorithm. The attained 
 peptidome-protease profile can be useful to elucidate the  peptidome dynamics and the proteolytic events 
underpinning pathophysiological phenomena taking place locally within the oral cavity. This may help 
 clinicians to diagnose oral pathologies and develop preventive  therapeutic plans.

Key words EndoProteoFASP, FASP, Peptidomics, Peptidome, Protease, Saliva, Proteasix

1 Introduction

The disclosure of the proteolytic events architecting the human 
 salivary peptidome remains an incomplete task. This is because the 
oral cavity displays a myriad of endo- and exoproteases that are 
 responsible for the generation of thousands of small peptides, in a 
process that starts before secretion and extends beyond  protein release 
and combination with the remaining salivary  components [1, 2]. 
Several attempts have been made to  understand this  complexity 
 following two main strategies. The first is based on peptidomic 
 strategies, mainly liquid  chromatography (LC) and/or mass 
 spectrometry (MS) using matrix-assisted laser desorption  ionization 
(MALDI) with tandem  time-of-flight (TOF/TOF) followed by 

http://proteasix.cs.man.ac.uk
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 peptide cleavage sites analysis for protease prediction. The second 
resorts to zymography, followed by proteomics (LC-MS/MS), in an 
attempt to identify active proteases in zymograms [3–6]. Each  strategy 
has its own strengths. In the former, direct separation and analysis of 
peptides through LC and MS reduces sample manipulation and eases 
protocol automation. In the latter, gel permeation allows the  reduction 
of sample complexity and simultaneously provides robustness against 
sample contaminants that would hamper total protein digestion.

This chapter describes the advantages conferred by filter-aided 
sample preparation (FASP) techniques. FASP not only guarantees 
sample clean-up but also provides a reactor-like environment for 
 protein degradation and a suitable platform for sequential elution of 
digests [7, 8]. This observation is the rationale behind the design of a 
new approach for the study of salivary degradomics, which is a bridge 
between salivary peptidome and salivary proteases. The endoProteo-
FASP method described in this chapter relies on the endogenous sali-
vary protease pool to produce new peptides, beyond those making part 
of the natural peptidome [9]. Then, following  peptide elution and 
identification, cleavage site analysis by Proteasix allows the prediction 
of implicated proteases and the ability to relate specific peptidome-
proteases profiles with different time-points of  collection [10]. The 
versatility of endoProteoFASP is explained by the dual use of a 30 kDa 
cut-off filter as both a sample cleaner device and as a proteomic reactor. 
In this method saliva samples are first loaded onto spin filters and the 
natural peptides are eluted by centrifugation. Peptide elution results in 
concentrating high molecular weight material and consequently in 
protease concentration. Thus, the activity of  salivary proteases is 
enhanced by concentration effect, as well as by incubation at 37 °C. 
When used this way, the spin filter acts as  proteomic reactor, yielding 
new peptides that can be eluted sequentially. Eluted peptide fractions 
can then be separated and identified by high  performance LC (HPLC) 
coupled to tandem MS. In the end, the time-dependent peptidome 
profile can be analyzed by Proteasix  algorithm, in order to predict 
which proteases are active at the time of collection and those who 
remain active after incubation. Additionally, it is possible to use the 
sample retentate to perform zymography and directly assess the 
 proteolytic activity in saliva. Hence, with  endoProteoFASP we can 
associate specific peptidomic data with the predicted (Proteasix) or 
experimentally validated (zymography)  activity of proteases. Also, this 
can be performed without the use of exogenous synthetic peptides 
(e.g., as in enzymatic assays) or proteases (e.g., as in trypsin-based 
shotgun proteomics) which provides a reliable platform for the char-
acterization of the proteolytic phenomena taking place in the oral cav-
ity. We have already demonstrated the utility of this  technique to 
uncover potential markers for the diagnosis of chronic periodontitis 
[10], but it can be further useful to understand the  proteolytic events 
underlying several oral conditions and to pinpoint new markers for 
salivary diagnostics.
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2 Materials

Saliva samples should be immediately frozen at −80 °C, if they are 
not processed right after collection. Peptide fractions should be 
kept on ice, if they cannot be readily vacuum-dried after elution. All 
solutions should be prepared with ultrapure water (18.2 MΩ cm). 
Solvents used should be LC- and MS-compatible.

 1. Sterile 50 mL tubes.
 2. 1.5 mL or 2 mL tubes.
 3. Refrigerated benchtop centrifuge.
 4. Colorimetric assay for determination of protein 

 concentration—e.g., DC kit (BioRad®).

 1. 30 kDa cut-off spin filters.
 2. 2 mL microfuge tubes.
 3. Benchtop centrifuge.
 4. Centrifugal vacuum evaporator.
 5. Equilibration solution: 50 mM ammonium bicarbonate (ABC) 

solution (NH4HCO3).
 6. SDS solution: 1% (w/V) sodium dodecyl sulfate.
 7. TFA solution: 0.1% (V/V) trifluoroacetic acid.

 1. Sonicator bath.
 2. nanoHPLC apparatus equipped with a 150 mm × 75 μm capillary 

C18 column with 3 μm particle size and with a UV detector.
 3. Automatic fraction collector robot (such as the Probot™ with 

μCarrier 2.0 software, Dionex Corporation, Amsterdam, The 
Netherlands).

 4. MALDI plates.
 5. MALDI-TOF/TOF spectrometer (4800 Proteomics 

Analyzer, Applied Biosystems, Foster City, CA, USA) and 
respective software (4000 Explorer software®, v3.5, Applied 
Biosystems, Foster City, CA).

 6. Protein identification software (Mascot, Matrix Science Ltd., UK).
 7. 50:49.7:0.3 acetonitrile (ACN)/water/TFA (V/V/V) solution.
 8. TFA solution: 0.1% (V/V) trifluoroacetic acid.
 9. HPLC mobile phase A: water (98%), 2% ACN, 0.1% TFA.
 10. HPLC mobile phase B: water (5%), 95% ACN, 0.045% TFA.
 11. MALDI matrix solution: 3 mg/mL of α-cyano-4-

hydroxycinnamic acid in 70% ACN and 0.1% TFA, spiked with 
an internal standard Glu-Fib (15 fmol/uL) for internal 
 calibration of the MS device.

2.1 Saliva Collection 
and Processing

2.2 Collection 
of Peptides

2.3 Peptide 
Separation 
and Identification 
by nanoHPLC-MALDI-
TOF/TOF

EndoProteoFASP to Unveil Peptidome-Protease Profiles
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3 Methods

The methodological approach described in this chapter is suitable to 
study the endogenous proteolytic activity in saliva, but it is likely to be 
useful in other biofluids. Without the need for addition of  exogenous 
proteins or proteases, EndoProteoFASP makes the most of saliva’s 
protease pool to generate peptides ex vivo from the  peptide-depleted 
salivary matrix, being the own salivary proteins the targets of such 
enzymatic activity. The sequence of the peptides (either produced 
in vivo or artificially ex vivo) can be used for  protease prediction. 
Furthermore, in this approach we can use affordable reagents and 
materials and extensive sample manipulation is not required. Time 
consumption will be defined only by the time of  incubation (from 
some hours to several days) and the number of samples, which will 
require more runs in the LC-MS/MS apparatus.

Once peptides are identified, Proteasix analysis can be per-
formed. This software relies on the alignment of the input  peptides 
with the full-length sequence (from databases such as SwissProt) to 
determine the N- and C-termini cleavage sites (CS). Then, each 
CS is crossed with a CS database in order to collect all predicted 
CS-protease combinations [11]. The protease output will be 
divided into five sections: observed, predicted, and  predicted with 
cleavage of one (input +1 AA), two (input +2 AA), and three amino 
acids (input +3 AA), catalyzed by exopeptidases. For  predicted 
associations, the degree of confidence will be depicted from low to 
medium to high confidence, depending on specificity weight 
matrices of the MEROPS database (http://merops.sanger.ac.uk/, 
this and other useful websites and their main application are 
 summarized in Table 1). Proteasix has an ontology program 
(Proteasix Ontology, PxO) which associates gene ontology  location 
terms to retrieved proteases. Although it is not yet used in the 
 prediction algorithm, PxO helps the user to attribute a biological 
meaning to the protease output [12]. The workflow to perform 
EndoProteoFASP + Proteasix analysis is depicted in Fig. 1.

 1. Collect unstimulated whole saliva in 50 mL tubes by passive 
 drooling, or use specially developed devices for saliva collection 
(e.g., Salivette®). Sampling should be conducted in early morn-
ing from subjects that have not drunk fluids or eaten for at least 
60 min.

 2. Centrifuge samples at 12,000 × g for 30 min (at 4 °C) in 
1.5 mL or 2 mL microfuge tubes (see Note 1).

 3. Collect the supernatant carefully and discard the pellet. Aliquot 
the supernatants in several fractions and store at −80 °C, if not 
immediately proceeding to the following steps (see Note 2).

 4. Determine the protein concentration using the colorimetric 
assay (see Note 3).

3.1 Saliva Collection 
and Processing

Fábio Trindade et al.
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 1. Add 200 μL of ABC solution to the filter.
 2. Centrifuge at 14,000 × g for 10 min at room temperature 

(RT).
 3. Discard filtrate (see Note 4).
 4. Repeat steps 1–3 once.

 1. Load filter with a sample volume corresponding to a particular 
amount of protein (e.g., 150 μg) (see Note 5).

 2. Add ABC solution to dilute the sample up to 500 μL.

3.2 EndoProteoFASP

3.2.1 Filter Equilibration 
and Pre-conditioning

3.2.2 Collection 
of the Natural Peptidome

Table 1 
Useful websites and webtools and their main application

Website/Webtool Application

Mascot
http://www.matrixscience.

com/search_form_select.
html

Search engine that uses MS data to identify proteins from primary 
sequences databases. It can also identify post-translational 
modifications. It is possible to perform automatic decoy search in 
order to calculate false discovery rates

Jvenn
http://bioinfo.genotoul. 

fr/jvenn/example.html

A Venn diagram-maker tool that allows to process up to six peptide/
protein datasets and retrieve the list of unique peptides for each set

MEROPS
http://merops.sanger.ac.uk/

Protease database, grouping these enzymes in families and clans 
based on sequence homology. It detains specific information about 
cleavage site specificity, physiological and pathological relevance.  
It also displays KEGG pathway annotations

CutDB
http://cutdb.burnham.org/

It is a proteolytic events database, either experimentally validated or 
predicted, that allows the user to search for specific events from 
several types of inputs: substrate, protease, disease, among others

BRENDA
http://www.brenda- 

enzymes.org/

Large repository of proteases with specific information regarding 
functional parameters, stability, structure, reaction characteristics, 
and implication in disease

Pfam
http://pfam.xfam.org/

Protein database with focus on functional domains. It provides 
detailed structural, functional, and evolutionary information of 
different protein families and clans

Prosite
http://prosite.expasy.org/

Protein domains, families, and functional sites database. It is possible 
to search for information about specific domains or to detect them 
from inputted protein sequences

STRING
http://string-db.org/

Web application that retrieves for one or a group of proteins (e.g., 
proteases) predicted and validated protein interactions as well as 
their intervention on biological processes, molecular functions, or 
KEGG pathways

DisGeNET
http://www.disgenet.org/

Platform gathering gene-disease associations across several databases 
and literature. It allows to search for each protein/protease already 
described associations to diseases and, thus, infer about its potential 
biomarker value

EndoProteoFASP to Unveil Peptidome-Protease Profiles
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 3. Centrifuge at 14,000 × g for 10 min at RT to elute the  naturally 
occurring peptides. Save the filtrate as well as the material 
retained in the filter.

 4. Add 500 μL of ABC solution to the filter and repeat centrifu-
gation (see Note 6). Save the filtrate (combine with filtrate 
from previous step).

 5. Repeat step 4 three times more in order to wash away the 
majority of the peptides, saving the filtrate each time as well as 
the material retained in the filter.

 6. Combine all 5 filtrates and evaporate to complete dryness 
using a centrifugal vacuum evaporator.

 1. Add 500 μL of ABC solution to the filter to prevent sample 
drying (see Note 7).

 2. Incubate samples for the desired period in a lab incubator at 
37 °C (see Notes 8 and 9).

 1. Centrifuge at 14,000 × g for 10 min at RT to elute the newly 
formed peptides. Save the filtrate and the material retained in 
the filter.

3.2.3 Saliva Autolysis

3.2.4 Collection 
of the Peptides Generated 
by Saliva Autolysis

Fig. 1 EndoProteoFASP + Proteasix analysis workflow. After sample loading, naturally occurring peptides are 
eluted from a 30 kDa cut-off filter. Then, samples are allowed to incubate for several hours or days at 37 °C to 
yield more peptides. The new peptidome is collected by sequential washings with ammonium bicarbonate 
(ABC) solution, sodium dodecyl sulfate (SDS), and trifluoroacetic acid (TFA). Peptides are then separated and 
identified by LC-MS/MS. Peptides specific to conditions determined a priori (e.g., time-points of collection, 
disease subtypes, different pathophysiological conditions) are selected by Venn analysis and the list of pep-
tides (along with the information of starting and ending amino acids) is processed by Proteasix software to 
retrieve potentially active proteases, according to cleavage site specificity

Fábio Trindade et al.
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 2. Add 500 μL of ABC solution to the filter and repeat 
 centrifugation (see Note 6). Save both filtrate and material in 
the filter.

 3. Add 400 μL of SDS solution to the filter and gently resuspend 
retentate (see Note 10).

 4. Centrifuge at 14,000 × g for 10 min at RT. Save both.
 5. Add 400 μL of ABC solution to the filter and gently resuspend 

retentate.
 6. Centrifuge at 14,000 × g for 10 min at RT. Save both.
 7. Add 400 μL of TFA solution to the filter and gently resuspend 

retentate.
 8. Perform a final centrifugation at 14,000 × g for 10 min at 

RT. Save the filtrate.
 9. Combine all five filtrates and evaporate to complete dryness in 

a centrifugal vacuum evaporator.
 10. Store peptide extracts at −80 °C until further analysis.
 11. Sample retentate can be resuspended in 20 μL of ultrapure 

water and stored at −80 °C (see Note 11).

 1. Resuspend peptide pellets (from step 6 of Subheading 3.2.2 
and from step 9 of Subheading 3.2.4, separately) in 5 μL of 
ACN/water/TFA solution.

 2. Sonicate for 3 min.
 3. Add 25 μL of TFA solution.
 4. Sonicate again for 3 min.
 5. Use 10 μL of the peptide solution for downstream analysis and 

keep 20 μL (see Note 12).

 1. Program a user-defined injection program, for example with 
Chromeleon software (Dionex Corporation, Sunnyvale, CA) 
(see Note 13).

 2. Prepare the Probot™ system using μCarrier 2.0 software and 
fill the syringe with MALDI matrix solution.

 3. Prepare sample for injection by spinning down for 3 min in a 
benchtop mini-spin and safely transferring it into a sample vial 
in the autosampler (see Note 14).

 4. Set as initial parameters:
 (a) Column oven temperature: 40 °C (see Note 15);
 (b) Loading pump flow: 300 nL/min;
 (c) MicroPump Mobile Phase B: 5%;
 (d) Fraction collection time: 20 s.

3.3 Peptide 
Separation 
and Identification 
by nanoHPLC-MALDI- 
TOF/TOF

3.3.1 Sample 
Preparation

3.3.2 Peptide Separation 
by nanoHPLC

EndoProteoFASP to Unveil Peptidome-Protease Profiles
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 5. Set the chromatographic separation and collect the peptide 
fractions onto the MALDI plates, with the following gradient:

 (a) 10 min—5% HPLC mobile phase B
 (b) 50 min—60% HPLC mobile phase B
 (c) 55 min—100% HPLC mobile phase B
 (d) 65 min—100% HPLC mobile phase B

 1. Follow the manufacturer instructions to prepare MALDI 
instrumentation.

 2. Calibrate the mass spectrometer with Glu-Fib (monoisotopic 
m/z 1570.68) or similar peptide(s).

 3. Acquire spectra in the positive ion reflector mode using 1000 
laser shots in the 700–4100 Da m/z range.

 4. Create a data-dependent acquisition method, selecting the 16 
most intense peaks in each sample spot for subsequent tandem 
mass spectrometry (MS/MS) data acquisition (see Note 16).

 1. Select the desired spots, create and save the MS/MS generic 
data files (.mgf files).

 2. Go to Mascot webpage (http://www.matrixscience.com/
search_form_select.html) (see Note 17).

 3. Perform search on “MS/MS Ion Search”
 (a) Select an appropriate database (e.g., SwissProt).
 (b) Choose the option “No Cleave” for enzyme (see Note 18).
 (c) Choose the option “Homo sapiens” in the taxonomy.
 (d)  Set the precursor ion MS tolerance at 40 ppm and the 

fragment ions’ tolerance (MS/MS tol.) at 0.4 Da.
 (e) Select “+1” as peptide charge.
 (f)  Browse and select the MS/MS data file (.mgf file for 

Explorer software®).
 (g) Select the desired data format (e.g., Mascot generic).
 (h) Select “MALDI-TOF/TOF” as the instrument.
 (i) Check the “decoy” option.
 (j) Start the search.

 1. Prepare a spreadsheet from the list of identified peptides with 
four columns: peptide ID, protein accession number (SwissProt 
code), position of the start amino acid, and position of the stop 
amino acid (see Notes 19 and 20).

 2. Go to Proteasix website (http://proteasix.cs.man.ac.uk/
index.html) and select the “Prediction tool.”

3.3.3 MALDI Spectra 
Acquisition

3.3.4 Protein 
Identification

3.4 Proteasix 
Analysis

Fábio Trindade et al.
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 3. Copy and paste the tab-delimited peptide list to the proper 
field (“Input peptide list”).

 4. Select next step to “CS sequence” (see Note 21).
 5. Once “The automatic reconstruction of N- and C-terminal 

Cleavage Sites is finished” select next step to “Observed 
proteases.”

 6. Once “The identification of observed Protease/Cleavage Site 
association is finished” select next step to “Predicted prote-
ases” (see Note 22).

 7. Once “The probability of Protease/Cleavage Site association 
has been calculated” select next step to “Detail results” (see 
Note 23).

 8. Download results by selecting “Copy and paste detailed 
results” and then “Download detailed results.”

 9. Interpret results by comparing the peptidome profile with the 
set of predicted proteases, for each condition and/or time of 
collection (see Notes 24, 25, and 26).

Two case studies are presented below to explain the utility and 
the rationale behind the use of Proteasix in the study of the proteo-
lytic events taking place in other biofluids beyond saliva and in 
different pathological settings.

Example 1
How to profile proteases potentially implicated in the generation 
of cerebrospinal fluid (CSF) peptidome?

To answer this question, we used peptide data reported by 
Hölttä et al. [13], which we processed according to the instructions 
provided in Subheading 3.4 (for graphical description see Fig. 2). 
In their study, CSF samples were collected and pooled from three 
neurological disorder-free patients. Peptide extracts were analyzed 
by offline LC-MALDI-TOF/TOF, resulting in 730 identified pep-
tides from 104 different proteins [13]. From the list of  identified 
peptides, a new spreadsheet can be created assembling a  user-defined 
peptide ID, the respective protein AC/ID code, in addition to the 
start and end amino acid positions. This new matrix can now be 
copied and pasted to Proteasix prediction tool and, after its  analysis, 
a further matrix is created depicting the peptide-protease associa-
tions. Given the fact that Proteasix software can only process as 
many as 350 peptides at a time, we had to perform more than one 
analysis. After compilation of all data, it was possible to  pinpoint 
potential proteases generating CSF peptidome by counting the 
number of cleavage events for each particular protease (this can be 
rapidly done by using Excel’s COUNTIF function) and attribute 
the respective percentage. It is useful to define a percentage thresh-
old (in Fig. 2 we set 0.5% as threshold) from which the  activity of a 
protease is considered. Not surprisingly, as you may see in Fig. 2, 

EndoProteoFASP to Unveil Peptidome-Protease Profiles
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Fig. 2 Main steps needed to perform Proteasix analysis. From the list of identified peptides, prepare a new 
spreadsheet with four columns (peptide ID, protein accession number/UniProt ID, position of the start amino 
acid, and position of the end amino acid). (1) Go to Proteasix website (http://proteasix.cs.man.ac.uk/) and copy/
paste the input list in the proper field; (2) Run analysis from step 1 to step 5, until detailed results are exhib-
ited; (3) Select the option “Copy and paste detailed results”; (4) Select the whole output list and paste to a .txt 
file and then to an .xls file (using the special text import wizard—with the option tab-separated text); (5) Count 
the number of cleavage events with the Excel function COUNTIF, determine the percentage, and display it in a 
bar chart. From data observation, set an adequate percentage threshold to select predicted active proteases. 
In this case, bar chart represents the profile of predicted proteases to be active in cerebrospinal fluid, from the 
data collected by Hölttä et al. [13] using 0.5 as the percentage threshold

Fábio Trindade et al.
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(matrix) metalloproteases are one group of proteases potentially 
implicated in the generation of CSF peptides, but  calpain 2 
(CAPN2) and some cathepsins (e.g., CTSB, CTSL, CTSD) also 
seem to participate in the proteolysis of CSF proteins.

The prediction of such proteases by Proteasix relies on the 
 recognition of specific motifs in the inputted peptides. Those 
motifs are summarized in MEROPS’ specificity matrix, in which a 
specific score is associated with each amino acid residue possible. 
Table 2 depicts the contingency board: the frequency of each 
amino acid in the P4-to-P4’ positions of the cleavage site. If one 
takes a closer look at this table, we can understand the rationale 
behind protease prediction. For instance, the recognition motifs of 
MMP-9, the matrix metalloprotease predicted to be the most 
active, include Pro (P) in P3, Gly (G) in P1, Leu (L) in P1’, and 
Gly (G) in P3’, which are very frequent in the input peptide 

Amino 

acid 

residues

Amino acid frequency in cleavage site-flanking positions

P4 P3 P2 P1 P1' P2' P3' P4'

A 41 61 51 57 47 41 45 39

C 0 1 0 2 2 0 2 0

D 8 5 9 11 15 12 17 24

E 29 23 26 35 34 37 35 47

F 10 10 11 13 11 9 5 11

G 47 37 32 36 37 38 45 39

H 14 6 7 9 8 11 10 6

I 7 9 14 9 14 15 10 9

K 18 15 25 27 18 16 15 16

L 32 44 47 41 61 50 39 35

M 6 3 5 5 7 2 3 5

N 3 8 3 7 6 3 5 8

P 48 41 30 19 13 26 38 41

Q 19 22 20 16 21 21 20 25

R 29 22 28 56 21 26 29 16

S 37 38 38 27 40 34 33 31

T 15 9 16 8 11 16 10 8

V 34 43 33 19 33 36 33 33

W 1 1 1 0 0 3 2 3

Y 3 3 5 4 2 5 5 5

Table 2 
Contingency table depicting the frequency of amino acid residues in the flanking positions of the 
cleavage sites that generated endogenous cerebrospinal fluid peptides collected and identified by 
Hölttä et al. [13]

Most frequent amino acid residues (>30 times) in each position (P4 to P4’) were highlighted in a gray shade
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 cleavage sites. Also, the recognition motifs of calpain 2, the third 
most active predicted protease, are characterized by the presence of 
Leu (L) in P2, either Ala (A) or Ser (S) in P1’ and Pro (P) in P3’ 
which were also very common in the cleavage sites. A final example 
is cathepsin predicted to be the most active, specifically cathepsin 
B. The cathepsin B recognition motifs include Leu (L) in P3, Ala 
(A) or Val (V) in P2, Gly (G) or Ala (A) in P1, and Gly (G) in P3’ 
which are all well represented in the contingency table.

Despite the useful information one can elucidate from 
EndoProteoFASP + Proteasix analysis, caution should be taken 
with data interpretation. For instance, one should acknowledge 
that some highlighted proteases may arise only from predictions. 
For instance, the activity of calpain 2, matrix metalloprotease 2 
(MMP2), and granzyme M (GZMM), which account for several 
cleavage events according to Proteasix’s algorithm, in CSF, has 
only prediction-based support (see orange bars in Fig. 3). In these 
cases, the validation of these proteases’ activities is even more 
important (see Note 25).

Example 2
How to identify proteases with potential value for ovarian cancer 
diagnosis?

In order to take a snapshot at the set of proteases involved in 
the generation of peptides in ascites fluid in women with ovarian 
cancer, we used the dataset reported by Bery et al. [14]. This study 
enrolled 3 subjects with ovarian cancer and 3 subjects with liver cir-
rhosis (benign ascites), from whom ascites fluid was  collected and 

Fig. 3 Distribution of the predicted active proteases in cerebrospinal fluid and the relative contribution of 
observed data (in blue) and prediction data (in orange) to less active (left) and more active (right) proteases

Fábio Trindade et al.
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peptides identified by nanoLC-MS/MS (LTQ-Orbitrap XL). 
Overall, more than 2000 peptides could be  identified, originating 
from 259 different proteins. Despite the fact that we did not have a 
large enough number of individuals to draw conclusions with regard 
to the diagnostic value of  highlighted proteases, we used this data-
set to demonstrate how performing Proteasix analysis can virtually 
help in such a task. In order to do that, two analyses were per-
formed with Jvenn, an online Venn diagram tool (http://bioinfo.
genotoul.fr/jvenn/example.html), to, first, retrieve peptides that 
are unique in benign ascites (1054 peptides) and in ovarian cancer 
(777 peptides) and, second, to identify those that are common to 
all subjects with benign ascites (29 peptides) and those common to 
all patients with cancer (35 peptides). Thus, by subjecting these last 
two subsets of peptides (29 peptides for benign ascites and 35 pep-
tides for ovarian cancer) to Proteasix analysis we could predict the 
most active proteases in both conditions, assuring that the attained 
profiles were not a reflex of one individual. We followed the same 
analysis protocol as described in the previous example but, in this 
case, we set 2% as the threshold to consider for the activity of a 
given protease. As shown in Fig. 4 and also in Fig. 5, it is possible 
to detect some proteases with remarkable  predicted over-activity in 
ovarian  cancer and in liver cirrhosis (benign ascites). For instance, 
meprin 1A subunit alpha (MEP1A) and beta (MEP1B), matrix 
 metalloprotease 2 (MMP2), and cathepsin E (CTSE) seem to be 
overactive in ascites fluid of women with ovarian cancer, while in 
the opposite cathepsin B (CTSB), L (CTSL), signal peptidase 

Fig. 4 Comparison of the predicted protease profile in ascites fluid from patients with ovarian cancer (blue 
bars) and from controls (orange bars—benign ascites derived from liver cirrhosis). The distribution of prote-
ases is based on the percentage of cleavage events. A threshold has been set at 2%, so that only proteases 
associated with higher percentages of cleavage events could be considered

EndoProteoFASP to Unveil Peptidome-Protease Profiles
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 complex catalytic subunit SEC11C, kallikrein 2 (KLK2), and 
 plasminogen (PLG) seem to be overactive in benign ascites. Thus, 
the attained  protease profile can be of diagnosis relevance, but 
again, validation is always warranted (see Note 25).

Hence, the endoProteoFASP approach, together with Proteasix, 
can be useful to take a first look at the profile of active proteases  
in several biological samples, across different pathological settings. 
Additionally, by comparing the peptidome and protease profile in a 
time course, one can understand in more detail the proteolytic events 
taking place in a biological medium. Final validation can be used with 
the same platform by adding specific protease inhibitors or an excess 
of synthetic protease substrates to the filter unit or, alternatively, one 
can perform zymography studies with sample retentate and identify 
proteases by zymography-LC- MS/MS strategies.

4 Notes

 1. Use fresh samples, if possible, and avoid multiple freezing/
thawing cycles to prevent protein precipitation and the decline 
of protease activity.

 2. Do not aspirate the saliva supernatant close to the pellet. The 
pellet contains food remnants, cell debris, bacteria, and other 
insoluble materials, and these can contaminate sample. It is pref-
erable to waste part of the sample, as saliva can be noninvasively 
and safely collected in considerably large amounts (>10 mL).

Fig. 5 Bar chart illustrative of the difference of cleavage events attributed to each protease in ovarian cancer 
(upwards) and in benign ascites (downwards), showing the set of proteases more active in both conditions
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 3. It is unnecessary to use the complete RC (reducing agent 
compatible)-DC (detergent compatible) kit, because samples 
have not been treated with any reducing agent.

 4. If the filter retains the equilibration solution, it should be 
 discarded. Membrane filters might be defective from the 
 manufacturing process or the product might be expired. In 
this case, use filters from a new product batch.

 5. The amount of sample to load will depend on the number  
of peptide elutions one wants to perform as well as the time of 
sample incubation. Accordingly, the higher the time of incu-
bation and the greater the number of elutions, the higher will 
be the amount of protein to be loaded. The starting  protein 
mass may require optimization.

 6. After each centrifugation cycle check for potential filter block-
ade. Whenever this is the case, gently suspend sample retentate 
avoiding filter damage and/or perforation and perform an 
extra centrifugation cycle.

 7. Pay attention to the tubes’ lids. Tubes should be properly 
sealed; otherwise there is the risk of water evaporation and 
sample drying. Loss of proteolytic activity can occur under 
these circumstances. Furthermore, proper tube sealing can 
minimize the risk of filter drying and blockade.

 8. We have designed this protocol to study the activity of salivary 
proteases under physiological conditions (37 °C). Nevertheless, 
the same method can be applied for biotechnological pur-
poses, such as to test the activity of salivary proteases at lower 
or higher temperatures. When that is the case, acknowledge 
the risk of protein aggregation (at lower temperatures) or 
denaturation (at higher temperatures).

 9. We have successfully collected new peptides after 18 hours and 
after 115 h [9, 10], but longer incubation periods can be tested.

 10. After adding SDS, the volume of the remaining solutions to 
 resuspend the retentate should not exceed 400 μL owing to 
foam formation, the spilling risk, and consequent sample 
contamination.

 11. Sample retentates, which are enriched with proteins larger 
than 30 kDa, can be subjected to downstream SDS-PAGE or 
zymography analysis.

 12. Samples can be dried again and kept at −80 °C for repetition 
of analysis, if deemed necessary.

 13. For details on how to use this program the reader is referred 
to Sect. 3.5.1 of Cova et al. [15].

 14. Avoid the formation of bubbles, as these will compromise 
 regular chromatographic separation.

EndoProteoFASP to Unveil Peptidome-Protease Profiles
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 15. The column oven temperature can be changed in order to 
 optimize elution of peptides. Generally, increasing the tem-
perature will reduce peptide retention and prevent peptide 
co-elution.

 16. Collision energy should be of 2 kV using air as collision gas 
(pressure should be 2 × 10−7 Torr).

 17. Protein identification can also be performed with alternative 
algorithms such as SCIEX’s ProteinPilot™ (http://sciex.
com/products/software/proteinpilot-software).

 18. Recall that we are exploring the salivary endogenous proteases. 
This way, we have not added any exogenous protease. Still, if 
the protein composition of the retentate is to be analyzed, then 
trypsin could be used.

 19. The peptide identification can be a number, a name, or any 
identification system the user is comfortable with.

 20. Only peptides from proteins identified with statistical signifi-
cance (p-value <0.05) should be selected.

 21. Proteasix makes use of the SwissProt knowledgebase to gather 
the amino acid sequence for each peptide listed.

 22. Proteasix retrieves information from MEROPS (the Peptidase 
Database, release 10.0, http://merops.sanger.ac.uk/) in order 
to predict the likelihood of a given protease to generate the 
input list of peptides. This database presents, for each protease, 
its substrate specificity using the P4, P3, P2, P1, P1’, P2’, P3’, 
and P4’ nomenclature system. Furthermore, this database can 
be useful to explore the type of proteases potentially generating 
the peptides analyzed by Proteasix, as it displays specific infor-
mation regarding their physiological role, pharmaceutical rele-
vance as well as their participation in KEGG pathways.

 23. The Proteasix output displays, for each peptide, detailed infor-
mation of the predicted protease, namely the type of cleavage 
(N- or C-termini), the predicted cell location (based on gene 
ontology), the source of information (e.g., MEROPS or 
CutDB, BRENDA, PubMED), and additional information 
concerning the existence of additional exopeptidases generating 
the peptide.

 24. From the list of predicted proteases, it is useful to analyze the 
percentage of cleavages associated with each protease and define 
a threshold to define a set of proteases potentially active in each 
experimental condition (before and after autolysis, in health  
and disease, before and after addition of an inhibitor, among 
others).

 25. Validation of specific proteases can be ensued by adding  specific 
protease inhibitors or synthetic substrates to the filter unit in 
order to see the changes in the protease profile and in the 
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 peptidome profile, respectively. Furthermore, it is possible to 
perform zymography with sample retentate (high  molecular 
weight material) in order to directly assess protease activity. 
Besides it is possible to cut the bands with higher optical 
 density, perform tryptic digestion, and identify proteases by 
LC-MS/MS. Final validation can be done by using antibody-
based methods, namely western blot.

 26. Additional information about proteases, particularly related 
to functional domains, can be found in Pfam website (http://
pfam.xfam.org/), a database that collects a large number of 
protein families, with detailed structural and functional infor-
mation. Pfam groups proteins into families and clans, based 
on sequence similarities, related structure and function as well 
as profile-profile comparisons. Thus, it is possible to study the 
evolutionary relationships between proteases using this data-
base [16, 17].

Acknowledgments

This work was supported by the Portuguese Foundation for 
Science and Technology (FCT) through UnIC, iBiMED, QOPNA 
research units (UID/IC/00051/2013, UID/BIM/04501/2013, 
PEst-C/QUI/UI0062/2013) and by project DOCnet (NORTE- 
01- 0145-FEDER-000003), supported by Norte Portugal 
Regional Operational Programme (NORTE 2020), under the 
PORTUGAL 2020 Partnership Agreement, through the European 
Regional Development Fund (ERDF). Rui Vitorino and Fábio 
Trindade are supported by individual fellowship grants 
(IF/00286/2015 and SFRH/BD/111633/2015, respectively).

References

 1. Cabras T, Iavarone F, Manconi B, Olianas 
A, Sanna MT, Castagnola M, Messana I 
(2014) Top-down analytical platforms for the 
characterization of the human salivary pro-
teome. Bioanalysis 6:563–581. https://doi.
org/10.4155/bio.13.349

 2. Amado F, Lobo MJC, Domingues P, Duarte 
JA, Vitorino R (2010) Salivary peptidomics. 
Expert Rev Proteomics 7:709–721. https://
doi.org/10.1586/epr.10.48

 3. Thomadaki K, Helmerhorst EJ, Tian N, Sun X, 
Siqueira WL, Walt DR, Oppenheim FG (2011) 
Whole-saliva proteolysis and its impact on sali-
vary diagnostics. J Dent Res 90:1325–1330

 4. Vitorino R, Barros A, Caseiro A, Domingues P, 
Duarte J, Amado F (2009) Towards defining 

the whole salivary peptidome. Proteomics Clin 
Appl 3:528–540. https://doi.org/10.1002/
prca.200800183

 5. Lucchi G, Chambon C, Truntzer C, Pecqueur 
D, Ducoroy P, Schwartz C, Nicklaus S, 
Morzel M (2009) Mass-spectrometry based 
 characterisation of infant whole saliva  peptidome. 
Int J Pept Res Ther 15:177–185. https://doi.
org/10.1007/s10989-009-9167-2

 6. Sun X, Salih E, Oppenheim FG, Helmerhorst 
EJ (2009) Activity-based mass spectrometric 
characterization of proteases and inhibitors in 
human saliva. Proteomics Clin Appl 3:810–820. 
https://doi.org/10.1002/prca.200800242

 7. Wiśniewski JR, Zougman A, Nagaraj N, 
Mann M (2009) Universal sample preparation 

EndoProteoFASP to Unveil Peptidome-Protease Profiles

http://pfam.xfam.org
http://pfam.xfam.org
https://doi.org/10.4155/bio.13.349
https://doi.org/10.4155/bio.13.349
https://doi.org/10.1586/epr.10.48
https://doi.org/10.1586/epr.10.48
https://doi.org/10.1002/prca.200800183
https://doi.org/10.1002/prca.200800183
https://doi.org/10.1007/s10989-009-9167-2
https://doi.org/10.1007/s10989-009-9167-2
https://doi.org/10.1002/prca.200800242


310

method for proteome analysis. Nat Methods 
6:359–362

 8. Manza LL, Stamer SL, Ham A-JL, Codreanu 
SG, Liebler DC (2005) Sample preparation 
and digestion for proteomic analyses using spin 
filters. Proteomics 5:1742–1745. https://doi.
org/10.1002/pmic.200401063

 9. Trindade F, Amado F, Gomes PS, Vitorino R 
(2015) endoProteoFASP: a novel FASP approach 
to profile salivary peptidome and disclose sali-
vary proteases. Talanta 132:486–493. https://
doi.org/10.1016/j.talanta.2014.09.026

 10. Trindade F, Amado F, Oliveira-Silva RP, 
Daniel-da-Silva AL, Ferreira R, Klein J, Faria- 
Almeida R, Gomes PS, Vitorino R (2015) 
Toward the definition of a peptidome signa-
ture and protease profile in chronic periodonti-
tis. Proteomics Clin Appl 9:917–927. https://
doi.org/10.1002/prca.201400191

 11. Klein J, Eales J, Zürbig P, Vlahou A, Mischak 
H, Stevens R (2013) Proteasix: a tool for 
automated and large-scale prediction of pro-
teases involved in naturally occurring pep-
tide  generation. Proteomics 13:1077–1082. 
https://doi.org/10.1002/pmic.201200493

 12. Arguello Casteleiro M, Klein J, Stevens R (2016) 
The proteasix ontology. J Biomed Semantics 7:1–7. 
https://doi.org/10.1186/s13326-016-0078-9

 13. Hölttä M, Zetterberg H, Mirgorodskaya E, 
Mattsson N, Blennow K, Gobom J (2012) 

Peptidome analysis of cerebrospinal fluid by 
LC-MALDI MS. PLoS One 7:e42555. https://
doi.org/10.1371/journal.pone.0042555

 14. Bery A, Leung F, Smith CR, Diamandis 
EP, Kulasingam V (2014) Deciphering 
the ovarian cancer ascites fluid peptidome. 
Clin Proteomics 11:1–9. https://doi.
org/10.1186/1559-0275-11-13

 15. Cova M, Oliveira-Silva R, Ferreira JA, Ferreira 
R, Amado F, Daniel-da-Silva AL, Vitorino 
R (2015) Glycoprotein enrichment method 
using a selective magnetic nano-probe plat-
form (mnp) functionalized with lectins BT - 
clinical proteomics: methods and protocols. 
In: Vlahou A, Makridakis M (eds) . Springer, 
New York, pp 83–100

 16. Finn RD, Coggill P, Eberhardt RY, Eddy SR, 
Mistry J, Mitchell AL, Potter SC, Punta M, 
Qureshi M, Sangrador-Vegas A, Salazar GA, 
Tate J, Bateman A (2016) The Pfam protein 
families database: towards a more sustainable 
future. Nucleic Acids Res 44:D279–D285. 
https://doi.org/10.1093/nar/gkv1344

 17. Finn RD, Mistry J, Schuster-Böckler B, 
Griffiths-Jones S, Hollich V, Lassmann T, 
Moxon S, Marshall M, Khanna A, Durbin 
R, Eddy SR, Sonnhammer ELL, Bateman A 
(2006) Pfam: clans, web tools and services. 
Nucleic Acids Res 34:D247–D251. https://
doi.org/10.1093/nar/gkj149

Fábio Trindade et al.

https://doi.org/10.1002/pmic.200401063
https://doi.org/10.1002/pmic.200401063
https://doi.org/10.1016/j.talanta.2014.09.026
https://doi.org/10.1016/j.talanta.2014.09.026
https://doi.org/10.1002/prca.201400191
https://doi.org/10.1002/prca.201400191
https://doi.org/10.1002/pmic.201200493
https://doi.org/10.1186/s13326-016-0078-9
https://doi.org/10.1371/journal.pone.0042555
https://doi.org/10.1371/journal.pone.0042555
https://doi.org/10.1186/1559-0275-11-13
https://doi.org/10.1186/1559-0275-11-13
https://doi.org/10.1093/nar/gkv1344
https://doi.org/10.1093/nar/gkj149
https://doi.org/10.1093/nar/gkj149


311

Michael Schrader and Lloyd Fricker (eds.), Peptidomics: Methods and Strategies, Methods in Molecular Biology, vol. 1719,
https://doi.org/10.1007/978-1-4939-7537-2_20, © Springer Science+Business Media, LLC 2018

Chapter 20
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on Nano- HPLC Coupled to Fourier Transform Ion Cyclotron 
Resonance Mass Spectrometry
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Abstract

Urine is a sample of choice for noninvasive biomarkers search because it is easily available in large amounts 
and its molecular composition provides information on processes in the organism. The high potential of 
urine peptidomics has been demonstrated for clinical purpose. Several mass spectrometry based approaches 
have been successfully applied for urine peptidome analysis and potential  biomarkers search. Summarizing 
literature data and our own experience we developed a protocol for  comprehensive urine peptidome analy-
sis. The technology includes several stages and consists of urine sample  preparation by size exclusion chro-
matography and identification of featured peptides by nano-HPLC coupled to Fourier transform ion 
cyclotron resonance mass spectrometry,  semiquantitative and  statistical data analysis.

Key words Urine peptidome, Size exclusion chromatography, FTICR MS, LC-MS/MS

1 Introduction

The main task for peptidomics is characterization of native  peptides 
in a biological sample [1, 2]. Many peptides have  specific functions 
as hormones, neurotransmitters, cytokines, or growth factors [3]. 
Some peptides being the products of  enzymatic degradation pro-
teins in the body often serve as  indicators of normal or pathological 
processes that can be used for the  detection of new markers of early 
stages of the disease or  mediators of pathological processes. 
Peptidomics uses the full arsenal of proteomic methods and 
approaches to address  methodological challenges and in fact is part 
of modern  proteomics. Similar to top-down proteomics, no trypsin 
or other proteases are applied for peptidomic studies to conserve 
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the endogenous information on the peptides from a  biological 
 sample, including posttranslational modifications (PTMs) and pro-
teolytic products revealing the natural proteases  participating in 
the proteolytic processes [4]. Endogenous peptides may vary sig-
nificantly in size (from 2 to 100 amino acids) and  properties and 
complementary methodologies of preparation/separation, MS 
analysis and data processing are recommended to analyze the entire 
range of peptides [5, 6]. Each step is equally  important and can 
have a different  implementation based on capabilities, tasks, vol-
ume, and  characteristics of the biomaterial.

Analysis of endogenous peptides in body fluids is  successfully 
used for biomarker discovery [7–11]. Proteomic/peptidomics 
 biomarker discovery relies on the identification of features (proteins 
and peptides) that are significantly differentially  distributed in a spe-
cific “disease” group compared to a matched “control” group, and 
are therefore characteristic of a pathological condition. Urine is a 
desirable material for  diseases study and diagnostics. The high 
potential of a urine peptidomic approach was demonstrated by 
 several research groups who suggested potential biomarkers for 
diagnosis and prognosis [12–14]. Several methodological platforms 
were created for urine peptidome analysis. I.A. Buhimschi and 
 coauthors  developed an approach for high throughput raw urine 
 peptidome analysis based on surface-enhanced laser desorption/
ionization mass spectrometry (SELDI-MS) with H4 and H50 
arrays without any prior urine treatment. Tandem mass  spectrometry 
 followed by de novo sequencing of potential biomarker peptides 
has been reported [12]. D.M. Carty and  coauthors  performed SEC 
extraction and urine peptidome analysis by capillary electrophoresis 
online coupled to  micro-time-of-flight mass spectrometry (CE-
MS) and support vector machine-based software with further 
LC-MS/MS  identification of featured peptides. Later, the same 
authors  demonstrated prevalence of LC-MS/MS compared to 
CE-MS for maximum  coverage of peptides in urine [15].

Here, we describe the methodology which includes the most 
promising features from previous studies and provides the optimal 
urine peptidome coverage with reasonable analytical efforts and 
robustness. The protocol includes several stages and consists of 
urine sampling, sample preparation, SEC  extraction and nano- 
HPLC coupled to Fourier transform ion cyclotron resonance mass 
spectrometry (FTMS), identification of  peptides, semiquantitative 
and statistical analysis.

2 Materials

Urine sampling is based on a standard protocol for proteomic 
analysis established by Human kidney and Urine Proteomics 
Project (HKUPP http://www.hkupp.org/) and European 

2.1 Urine Collection
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Kidney and Urine Proteomics (EuroKUP http://www.
eurokup.org/):

 1. The second morning urine (midstream) is collected (see Note 1).
 2. The sample is centrifuged for 10 min at 2000 × g, 4 °C (see 

Note 2) within 20 min of collection.
 3. The supernatant is stored at −80 °C until the analysis.

 1. Polypropylene tubes of different volume (see Note 3).
 2. Concentrator spin columns with molecular weight cutoff of 

10 kDa, which can accommodate 4 mL sample volume.
 3. Sample solution: 4 M urea, 20 mM NH4OH, 0.2% SDS, 

 deionized water (dH2O) (see Notes 4 and 5).
 4. Size-exclusion columns (we use Sephadex (G-25), see Note 6).
 5. Equilibration solution: 0.01% NH4OH, dH2O.
 6. The bicinchoninic acid assay (BCA assay).
 7. Lyophilizer/freeze dryer (we use Alpha 2-4 LSC, Martin 

Christ).

 1. Nano-HPLC system (we use Agilent 1100).
 2. Self-packed reversed-phase C18 nano-column (o.d. 360 μm, 

i.d. 75 μm, tip diameter 15 μm, length 12 cm, we use PicoTip 
emitters, packed with Reprosil-Pur Basic C18, 3 μm, 100 Å 
pores, see Note 7).

 3. Solution A: 0.1% formic acid in water v/v.
 4. Solution B: 0.1% formic acid in acetonitrile v/v.
 5. 2 mL glass autosampler vial with fused 350 μL insert.
 6. Mass spectrometry software (we use Xcalibur™ software, 

Thermo Fisher Scientific Inc., USA).
 7. Mass spectrometer equipped with adapter for nanospray (we 

use 7-Tesla LTQ-FT Ultra mass spectrometer and Ion Max ion 
source with self-made adapter).

 1. Up to date version of UniProtKB database.
 2. Quantification software package for proteomics data (we use 

MaxQuant, Max Planck Institute of Biochemistry, Comp-
utational Systems Biochemistry, Germany, version 1.5.3.30).

 3. Software package for shotgun proteomics data analysis (we use 
Perseus software, Max Planck Institute of Biochemistry, 
Computational Systems Biochemistry, Germany, version 1.5.3.2).

 4. Software for univariate and further statistical analyses (we use 
ropls package [16]).

2.2 Sample 
Preparation

2.3 Liquid 
Chromatography/Mass 
Spectrometry

2.4 Data Processing

Methodology for Urine Peptidome Analysis
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3 Methods

 1. Mix 1.5 mL of urine and 1.5 mL of sample solution (see Note 8).
 2. Rinse the spin concentrator columns with 4 mL of water and cen-

trifuge at 4000 × g for 5 min. Discard the water (see Note 9).
 3. Put 3 mL of mixture on the concentrator columns. Centrifuge 

at 4000 × g for 20 min (see Note 10). Collect the filtrate that 
has passed through the filter.

 4. Equilibrate size exclusion columns with 25 mL (at least) of 
Equilibration solution (see Note 11).

 5. Load 2.5 mL of filtrate onto the column. Let the solution soak in.
 6. Replace waste tank with 2 mL tubes per each column. Elute 

with 2 mL of Equilibration solution.
 7. Seal open tubes with parafilm, freeze for 2 h at a temperature 

of −20 °C, and make holes in the film with a clean needle.
 8. Lyophilize.
 9. Dissolve in 100 μL of water.
 10. Quality of sample preparation is controlled by estimation of 

peptides concentration in 10–20 μL of sample from step 9 
using BCA assay (see Note 12).

 1. Dilute 10–20 μL sample from step 9 of Subheading 3.1 with 
solution A to a final concentration of 1 μg/μL according to 
concentration assessment obtained on step 10 of Subheading 
3.1 (see Note 12).

 2. Place the sample volume (10–20 μL), sufficient for a minimum 
of three replicate injections, in a glass autosampler vial, close 
cap tightly and label the vial (see Note 13).

 3. Place vial in a cooled (4 °C) autosampler rack (see Note 14).
 4. Place vial with water-acetonitrile mixture (50/50, v/v) as a 

blank sample (see Note 15).
 5. Chromatographic conditions for a nano-HPLC:
 (a) 75 min analysis time at flow rate of 0.3 μL/min.
 (b)  0–15 min: 3% solution B, 97% solution A (loading of the 

sample on the column).
 (c) 15–45 min: linear gradient 3–50% of solution B.
 (d) 45–50 min: linear gradient 50–90% of solution B.
 (e) 50–60 min: 90% of solution B.
 (f) 60–65 min: linear gradient 90–3% of solution B.
 (g) 65–75 min: reequilibration of the column in 3% solution B.

3.1 Extraction 
of Peptides 
by Ultrafiltration 
and Purification 
by Size-Exclusion 
Chromatography

3.2 Liquid 
Chromatography/Mass 
Spectrometry
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 6. MS/MS analysis is performed in data-dependent mode with 
the following parameters:

 (a)  The precursor ion MS spectra (m/z 300–1600) are acquired 
in the ICR trap with resolution of R = 50,000 at m/z 400.

 (b)  Five most intense ions are isolated and fragmented in the 
LTQ, dynamic exclusion is used with 30 s exclusion duration.

Data analysis is performed by MaxQuant (see Note 16) using the 
following parameters:

 1. Identification parameters are
 (a) Unspecific degradation or no-enzyme options.
 (b) Mass accuracy for the precursor ion is 5 ppm.
 (c) Mass accuracy for MS/MS fragments is 0.50 Da.
 (d)  Possible variable modifications are oxidation of  methionine, 

lysine, and proline residues (see Note 17).
 2. Peptides with minimum of five amino acids are considered.
 3. Cutoff value for false discovery rates of 0.01 (1% FDR).
 4. At least two peptide identifications per protein.
 5. At least one peptide must be unique for the protein group.
 6. Second peptides and dependent peptides options are turned on.
 7. Label free quantitation is turned on (default parameters give a 

good starting result—see Note 18).
 8. Match between the runs (see Note 19).
 9. MS/MS is required for LFQ comparison.

 1. In case of pairwise analysis for few peptides, statistical data 
 analysis must be performed using Mann-Whitney test with 
Bonferroni correction [17, 18].

 2. In case of pairwise comparison of several hundred peptides, 
 linear correlations between dependent variables and predictor 
variables must be calculated using partial/orthogonal partial 
least squares discriminant analysis (PLS-DA/OPLS-DA) 
 methods (see Note 20) by the ropls package in R [16].

 3. Statistical differences between more than two groups must be 
searched using the Kruskal–Wallis test [19]. Significantly dif-
ferent peptides (p-value <0.05) can be used for the Gene 
Ontology (GO) term enrichment (see Note 21).

4 Notes

 1. Pregnant women are treated with a catheter. The catheter gives 
pure samples of urine. Standard collected urine can be investi-
gated by this protocol as well.

3.3 Data Processing

3.3.1 Peptides 
Identification. 
Semiquantitative 
Label-Free Analysis

3.3.2 Statistical Data 
Analysis

Methodology for Urine Peptidome Analysis
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 2. This stage is commonly used to get rid of cellular fragments 
and big particles which can occur because of inflammation 
associated with pathological condition.

 3. Use 5 mL tubes to mix urine with sample buffer and 2 mL 
tubes for final peptide elution. Make sure that total volume of 
your tubes is a little bit bigger than 2 mL (like those from 
Eppendorf).

 4. Do not add SDS before urea is completely dissolved. Shake the 
solution to accelerate the process. After adding SDS beware of 
bubbling.

 5. The solution must be freshly prepared every time because it 
develops a significant concentration of reactive cyanate ions on 
standing.

 6. One can fill columns with Sephadex G-25 Medium (particle 
size 85–260 μm) or use commercial prefilled column. We pur-
chase PD-10 Desalting Columns from GE Healthcare.

 7. Commercially available C18 nano-columns can be used.
 8. You should not shake up the mixture because the SDS will 

form bubbles. Pipette it gently and leave while rinsing the con-
centrator columns.

 9. This stage is recommended by Sartorius to remove traces of 
glycerine and sodium azide.

 10. It may require more time for some samples. Centrifuge until 
you get at least 2.5 mL of filtrate.

 11. This stage takes about 10 min, so you can start equilibration 
before the centrifugation is completed.

 12. Assessment of peptides’ concentration by BCA gives approx-
imate value because there are а lot of short fragments (for 
example, poly-proline chains) undetectable by standard 
assays.

 13. Final sample volume in a vial must be 1–2 μL per injection 
plus an extra 10–15 μL to prevent air injection into the LC 
system. Each sample should undergo at least 3–4 LC MS/MS 
runs to obtain best results, especially if label free quantitation 
analysis is to be carried out.

 14. If a thermostatic rack is unavailable, samples should be loaded 
to the autosampler queue in small groups, so that no sample 
is required to stay at room temperature for more than 24 h. 
Long periods at room temperature may lead to sample 
degradation.

 15. Blank injection of a water-acetonitrile mixture (50/50, v/v) 
must be run between samples to eliminate sample carry over.

 16. MaxQuant is a freely available software program that is used in 
the first step of the data processing. It allows a lot of active data 

Alexey S. Kononikhin et al.
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analysis, but requires high capacity data storage and consumes 
much computer time and power. The output is a txt-file which 
can be easily uploaded to any program and used for consecu-
tive bioinformatic analysis. Estimate computer space: 1 GB of 
LC data will be converted into 10 GB of intermediate files and 
a 1 MB txt-file of results. If one is finished with data analysis 
and does not plan on rerunning it, delete everything except 
the txt-folder.

 17. An important factor in peptide identification is to specify 
 variable PTMs. The number of PTMs is considerably higher 
for endogenous peptides than for tryptic peptides of urine 
 proteins. PEAKS de novo sequencing method (Bioinformatics 
Solutions, Waterloo, Canada) can be used in order to identify 
all possible modifications.

 18. Be very careful organizing your data as fractions, groups, and 
experiments, since MaxQuant will match all fractions irrespec-
tive of which experiment they come from, but only with the 
same or adjacent fraction numbers.

 19. MaxQuant can transfer peptide identifications from an LC-MS 
run in which the peptide has been identified by MS/MS to 
another LC-MS run, where either no MS/MS spectrum has 
been acquired for that MS peptide feature or the peptide could 
not be identified.

 20. PLS is a supervised method. It finds the linear correlations 
between dependent variables and predictor variables.

 21. Gene Ontology (GO) term enrichment can be done by Perseus 
program which performs bioinformatic analyses of the output 
of MaxQuant, and thus completes the  proteomics analysis 
pipeline.
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Chapter 21

Identification of Components in Frog Skin Secretions 
with Therapeutic Potential as Antidiabetic Agents

J. Michael Conlon, R. Charlotte Moffett, Jérôme Leprince, and Peter R. Flatt

Abstract

Several peptides that were first identified on the basis of their antimicrobial or immunomodulatory properties 
have subsequently shown potential for development into agents for the treatment of patients with Type 2 
 diabetes. A strategy is presented for the isolation and characterization of such peptides in  norepinephrine- stimulated 
skin secretions from a range of frog species. The methodology involves fractionation of the secretions by 
reversed-phase HPLC, identification of fractions containing components that stimulate the rate of release of 
insulin from BRIN-BD11 clonal β-cells without simultaneously stimulating the release of lactate  dehydrogenase, 
identification of active peptides in the mass range 1–6 kDa by MALDI-TOF mass spectrometry,  purification of 
the peptides to near homogeneity by further HPLC, and structural characterization by automated Edman 
degradation. The effect of synthetic replicates of the active peptides on glucose homeostasis in vivo may be 
evaluated in mice fed a high fat diet to produce obesity, glucose intolerance, and insulin resistance.

Key words Frog skin secretions, Antidiabetic peptide, BRIN-BD11 cells, Insulin, Incretin

1 Introduction

The dramatic increase in the global incidence of Type 2 diabetes 
 mellitus has necessitated a search for new types of therapeutic agent. 
Several peptide-based drugs that mimic the enteroinsular axis by 
 stimulating the release of insulin (known as incretins) have already 
been adopted in clinical practice [1]. A number of frog skin peptides 
that were first identified on the basis of their antimicrobial and/or 
immunomodulatory activities have subsequently been shown to 
 possess the ability to release insulin from BRIN-BD11 cells at  
low concentrations that are not cytotoxic to the cells. The 
 glucose-responsive BRIN-BD11 clonal β-cell line, established after 
electrofusion of rat insulinonoma-derived RINm5F cells with New 
England Deaconess Hospital rat pancreatic islet β-cells [2], is a 
 well-established and  convenient model to study insulin release in 
response to a range of nutrients, neurotransmitters, and pharmaco-
logical agents [3].  Insulin-releasing peptides have been identified in 
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skin secretions from frogs belonging to the families Alytidae, 
Dicroglossidae, Leptodactylidae, Hylidae, Pipidae, and Ranidae 
(reviewed in Ref. 4). Such peptides represent lead compounds for 
development of drugs for the treatment of patients with Type 2 dia-
betes mellitus.

While several frog skin incretin peptides are cytotoxic both to 
prokaryotic and to eukaryotic cells, generally at concentrations 
 appreciably higher than those producing a significant effect on  insulin 
release, others such as tigerinin-1R from Hoplobatrachus rugulosus 
[5] and frenatin-2D from Discoglossus sardus [6] are nontoxic at con-
centrations up to 500 μM. There is no single mechanism mediating 
the insulin-releasing action of the frog skin peptides but patch-clamp 
studies have shown that the analog [Arg4]tigerinin- 1R blocks KATP 
channels in BRIN-BD11 cells and the resulting depolarization indi-
rectly increases the activity of the L-type Ca channels leading to 
increase Ca2+ influx and consequent increase in the rate of insulin 
secretion [7]. Major obstacles to the use of frog skin peptides as 
 useful antidiabetic drugs are their toxicities and their short half-lives 
in the circulation. However, analogs of naturally occurring frog skin 
peptides have been designed that show reduced cytotoxic  activity 
against mammalian cells while maintaining the ability to stimulate 
insulin release both in vitro [8] and in vivo [9]. Similarly, long-acting 
analogs of incretin peptides have been designed that incorporate 
D-amino acids to increase stability to peptidases and contain a fatty 
acid moiety that facilitates binding to albumin [10].

This article presents a general strategy for the identification and 
characterization of peptides in frog skin secretions with therapeutic 
potential as antidiabetic agents. Secretions are stimulated either by 
intradermal injection of norepinephrine or, in the case of sub-adult or 
very small frogs, by immersion of the animal in a solution of norepi-
nephrine. After partial purification on Sep-Pak C-18 cartridges, the 
secretions are fractionated by reversed-phase HPLC on a preparative 
or semi-preparative column. Fractions are incubated with BRIN-BD11 
cells and effects on insulin release are measured by radioimmunoassay 
or ELISA and cytotoxicity by measurement of the rate of release of 
lactate dehydrogenase. Bioactive peptides in the molecular mass range 
1–6 kDa are identified by MALDI-TOF mass spectrometry and these 
components are purified to near homogeneity (>98% purity) by 
 further reversed- phase HPLC using columns containing a range of 
 different packing materials. The primary structures of the purified 
peptides are determined by automated Edman degradation.

Once peptides with insulin-releasing activity in vitro have 
been identified and characterized, the potential as antidiabetic 
agents of synthetic replicates may be evaluated using animal mod-
els of Type 2 diabetes. Mice fed a high fat diet to produce obesity, 
insulin resistance, and impaired glucose tolerance represent an 
appropriate model [11]. The effects of frog skin peptides on 
 glucose homeostasis have been recently described for acute [12] 
and long-term studies [13–16].

J. Michael Conlon et al.
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2 Materials

The reagents and equipment required for stimulation of skin 
secretions from the frog and partial purification of peptides in the 
secretions using Sep-Pak C-18 cartridges have been described in 
previous chapters in this series [17, 18].

 1. Acetonitrile: (gradient grade for HPLC). This reagent is toxic 
and should preferably be used in a fume hood.

 2. Ultrapure water: (18.2 MΏ-cm at 25 °C).
 3. Trifluoroacetic acid: (redistilled suitable for protein sequencing). 

This reagent is extremely corrosive and hand and eye protection 
should be worn and solutions must be prepared in a fume hood.

 4. An HPLC system capable of generating a binary gradient 
using pumps operating in the flow rate range 0.1–10 mL/
min, a Rheodyne 7125 injection system equipped with a 2 mL 
loop, a detector capable of simultaneously monitoring at two 
wavelengths (typically 214 and 280 nm) (see Note 1).

 5. Vydac (2.2-cm × 25-cm) 218TP1022 C-18 preparative 
reversed-phase HPLC column (Grace) (see Notes 2 and 3).

 6. Helium cylinder for degassing of solvents (see Note 4).
 7. Gastight 2.5 mL injection syringe.
 8. 15-mm × 100-mm polypropylene tubes (see Note 5).
 9. 1.5 mL clear polypropylene microfuge tubes.
 10. Fraction collector with capacity to accommodate 15-mm × 

100-mm tubes.
 11. Speed-Vac vacuum centrifuge concentrator.

 1. Incubator maintained at 37 °C in an atmosphere of 5% CO2-air.
 2. Hemocytometer.
 3. Inverted microscope.
 4. Sterile 150 cm2 vented tissue culture flasks (Corning).
 5. Cell line: BRIN-BD11 rat clonal β-cells are supplied by the 

European Collection of Authenticated Cell Cultures (ECACC). 
The cells have been mycoplasma eradicated at ECACC and the 
stocks available for supply have undergone a further ten passages 
without detection of mycoplasma (see Note 6).

 6. Media for cell culture: prepare all solutions in ultrapure water 
(18.2 MΏ-cm at 25 °C) under aseptic conditions.

RPMI-1640 (Gibco) supplemented with 10% (v/v) fetal 
calf serum (Gibco, mycoplasma screened, virus screened), 
11.1 mM glucose, and 5000 IU/L penicillin-streptomycin 
(see Note 7). Media is stored at 4 °C until use.

2.1 Preparative HPLC

2.2 Cell Culture

Frog Skin Antidiabetic Peptides
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Hanks Buffered Saline Solution (HBSS) without  indicator. 
Add 50 mL of concentrated (×10) HBSS to 450 mL auto-
claved ultrapure water. Label with date of preparation and 
store at room temperature.

 7. Reagents for insulin-release assay: prepare 100 mL Krebs 
Ringer bicarbonate buffer (KRBB) with the following compo-
sition: 115 mM NaCl, 4.7 mM KCl, 1.28 mM CaCl2, 1.2 mM 
KH2PO4, 1.2 mM MgSO4, 24 mM NaHCO3 and supplement 
with 20 mM HEPES, 5.6 mM glucose and 0.1% (w/v) bovine 
serum albumin. Adjust the pH to 7.4 with 1 M NaOH and 
store 10 mL aliquots at −20 °C until use (see Note 8).

 8. Trypsin: add 50 mL of concentrated (×10) trypsin-EDTA 
solution to 500 mL HBSS. Aliquot mixture into 20 mL sterile 
polypropylene tubes and store at −20 °C until use.

 9. Trypan blue solution (0.4% w/v).
 10. 24-well sterile polystyrene tissue culture plates.
 11. Sterile pipette tips (200 μL and 1 mL).
 12. 50 mL sterile polypropylene tubes.
 13. 11-mm × 64-mm LP3 tubes for radioimmunoassay or ELISA.
 14. Reagents for cytotoxicity assay: Cytotox 96 nonradioactive 

cytotoxicity assay kit (Promega).

 1. A matrix-assisted laser desorption/ionization-time-of-flight mass 
spectrometer with reflector capability providing high- resolution 
mass spectra and the highest mass accuracy (see Note 9).

 2. Sample diluent: 50% (v/v) acetonitrile-water containing 0.1% 
(v/v) trifluoroacetic acid.

 3. MALDI matrix: α-cyano-4-hydroxycinnamic acid (α-CHCA) 
recrystallized and cation-depleted.

 4. Peptide calibration samples. Mixture 1: [des-Arg1]bradykinin 
([M + H]+ = 904.468) 2.3 μg, angiotensin-I ([M + H]+ = 
1296.685) 4.2 μg, [Glu1]fibrinopeptide B ([M + H]+ = 
1570.6775) 1 μg, neurotensin ([M + H]+ = 1672.917) 0.2 μg. 
Mixture 2: angiotensin-I ([M + H]+ = 1296.685) 6.5 μg, 
ACTH(1–17) ([M + H]+ = 2093.087) 10.5 μg, ACTH(18–39) 
([M + H]+ = 2465.199) 9.3 μg, ACTH(7–38) ([M + H]+ = 3657.929) 
27.5 μg, bovine insulin ([M + H]+ = 5730.609 and [M + 2H]2+ = 
2865.808) 50.2 μg. These calibration mixtures are supplied in 
lyophilized form by Applera.

 5. RBS35 detergent for cleaning sample plate.
 6. Ultrasonic bath.
 7. Laboratory oven.

2.3 MALDI-ToF Mass 
Spectrometry

J. Michael Conlon et al.
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3 Methods

 1. Prepare solvent A by adding 1.2 mL of trifluoroacetic acid to 
1000 mL ultrapure water and solvent B by adding 1.0 mL of 
trifluoroacetic acid to 700 mL acetonitrile +300 mL ultrapure 
water (see Note 10).

 2. Degas solvent A and solvent B with helium for 1 min. This 
time should not be exceeded.

 3. Column preparation. Before injecting the sample, it is necessary 
to “condition” whatever column is to be used in order to 
improve resolution by following these steps: irrigate the col-
umn at a flow rate of 6 mL/min with solvent B for 10 min; 
decrease the concentration of solvent B to 0% over 10 min 
using a linear gradient; increase the concentration of solvent B 
to 100% over 10 min; decrease the concentration of solvent B 
to 0% over 10 min; equilibrate the column with HPLC solvent 
A for 20 min.

 4. Centrifuge the sample for 5 min at 13,000 × g in a 1.5 mL 
polypropylene microfuge tube to ensure clarity of solution  
(see Note 11).

 5. Program the HPLC system to perform chromatography under 
the following conditions using linear gradients for elution: (a) 
increase concentration of solvent B from 0% to 30% over 
10 min; (b) increase concentration of solvent B from 30% to 
90% over 60 min; (c) increase concentration of solvent B from 
90% to 100% over 1 min and hold at 100% until UV-absorbance 
returns to baseline value (see Note 12).

 6. Inject the sample onto the column. Up to 1.5 mL may be 
injected into a 2 mL loop.

 7. Increase the concentration of solvent B according to the 
 elution program listed in Subheading 3.1, step 5. Collect frac-
tions (1 min) into (15 mm × 100 mm) polypropylene tubes 
using a fraction collector (see Note 13).

 8. Take aliquots (50–200 μL depending on the size of the UV- 
absorbing peak) of each fraction for determination of insulin- 
releasing activity and dry under reduced pressure in 1.5 mL 
microfuge tubes using a Speed-Vac concentrator.

Carry out all procedures under aseptic conditions preferably in a 
laminar flow cabinet. Prior to experimentation, the cells are grown 
to confluence in cell culture medium (Subheading 2.2, item 6) in 
a 150 cm2 tissue culture flask.

 1. Remove media from the tissue culture flask.
 2. Wash cells with 10 mL HBSS and remove supernatant.

3.1 HPLC 
Fractionation

3.2 BRIN-BD11 Cell 
Culture

Frog Skin Antidiabetic Peptides
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 3. Add 3 mL of trypsin-EDTA solution (Subheading 2.2, item 8), 
swirl over cells and remove supernatant.

 4. Wait until cells have detached.
 5. Add 8 mL media, rock the tissue culture flask, and examine 

under an inverted microscope (20× magnification) to ensure a 
population of single cells.

 6. Resuspend cells by aspirating into a 1 mL pipette tip.
 7. Place cell suspension in a 50 mL polypropylene tube and cen-

trifuge (900 rpm, 5 min).
 8. Decant supernatant and add 10 mL media to a 50 mL poly-

propylene tube and resuspend cells.
 9. Transfer 100 μL cell suspension to a 1.5 mL microfuge tube 

for determination of cell concentration.
 10. Add 100 μL 0.4% trypan blue solution.
 11. Mix thoroughly by aspirating into the pipette tip.
 12. Apply cell suspension to both ends of the counting chamber of 

the hemocytometer.
 13. Count the number of unstained cells in four large squares 

(each contains 16 small squares). Only preparations with cell 
viability >98% are used.

 14. Using sterile cut pipette tips, add calculated volume of cell 
suspension to each well of a 24-well tissue culture plate. 
For overnight attachment, 2 × 105 cells/well should be 
used. If cells are to remain in wells for a longer period, it is 
advisable to reduce the numbers added to each well to 
allow for further growth.

 15. Add 1 mL media per well.
 16. Leave the plate in an incubator overnight and perform acute 

test the following morning.

 1. Reconstitute HPLC fractions (Subheading 3.1, step 7) by 
adding 60 μL 0.12% trifluoroacetic acid-water, vortex for 30 s, 
and allow to stand 30 min. Add 1 mL supplemented KRBB 
buffer (Subheading 2.2, item 7) containing 5.6 mM glucose.

 2. Prepare 1 mL pipette tips by cutting off a small portion of 
the end of the tips.

 3. Warm all solutions to 37 °C in a water bath.
 4. Pour off media from the plate gently and blot any drops of 

fluid on the plate gently with a tissue.
 5. Tip plate slightly by setting it on top of its lid.
 6. Add 1 mL HBSS buffer gently to each well at an angle using 

a cut pipette tip applying at the same point in each well.

3.3 Insulin-Release 
Assay

J. Michael Conlon et al.
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 7. Pour off the excess HBSS buffer and blot gently with a tissue.
 8. Repeat washing procedure three times and return to 

 incubator for 40 min after final wash with cells in contact 
with 1 mL HBSS.

 9. Pour off HBSS buffer and blot gently.
 10. Start clock.
 11. At time 0 s, add 1 mL of reconstituted HPLC fraction #1 

(Subheading 3.3, step 1) to well #1.
 12. At time 10 s, add 1 mL of HPLC fraction #2 to well #2.
 13. Repeat at 10 s intervals until all fractions are added to all wells, 

changing tips for each test solution.
 14. Replace the 24-well plate in the incubator.
 15. After 20 min, remove 975 μL from well #1 and transfer to a 

numbered LP3 tube.
 16. Repeat at 10 s intervals until all test samples are transferred.
 17. Immediately after removing samples from wells centrifuge 

(900 rpm for 5 min, at 4 °C).
 18. Transfer 900 μL of the supernatant into a LP3 tube carefully 

avoiding removal of cellular debris.
 19. Store all samples at −20 °C until time of analysis by radioim-

munoassay or ELISA (see Note 14).

Cytotoxicity is assessed by determining the ability of the frog skin 
peptides to compromise the integrity of the plasma membrane of 
BRIN-BD11 cells leading to an increase in the rate of release of the 
cytosolic enzyme lactate dehydrogenase (LDH).

 1. Seed 2 × 105 BRIN-BD11 cells into 24 well plates and allow to 
attach during overnight culture at 37 °C (Subheading 3.2).

 2. Remove cell supernatants and replace by 1 mL supplemented KRBB 
buffer (Subheading 2.2, item 7) containing 1.1 mM glucose.

 3. Preincubate monolayers of cells for 40 min at 37 °C.
 4. Remove cell supernatants.
 5. Incubate cells with reconstituted HPLC fractions (Subheading 

3.3, step 1) for 20 min at 37 °C using supplemented KRBB 
buffer containing 5.6 mM glucose.

 6. Remove 975 μL of the cell supernatant to numbered LP3 
tubes.

 7. Measure LDH concentrations in the cell supernatants using a 
CytoTox96 nonradioactive cytotoxicity assay kit  following  
the manufacturer’s recommended protocol. Full details of the 
experimental procedure are available online at www.promega.
com/tbs.

3.4 Cytotoxicity 
Assay

Frog Skin Antidiabetic Peptides
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 1. Dissolve α-cyano-4-hydroxycinnamic acid in sample diluent to 
give a final concentration of 10 mg/mL.

 2. Vortex solution for 15 s at low speed and place in an ultrasonic 
bath for 1 min.

 3. Centrifuge solution (5000 × g for 1 min) to remove any 
 undissolved matrix and allow the supernatant to stand for 
10 min (see Note 15).

 1. Reconstitute each dried HPLC fraction in 10 μL of sample 
diluent.

 2. Vortex samples for 15 s at low speed and centrifuge (5000 × g 
for 1 min).

 3. Reconstitute the peptide calibration mixtures in 100 μL of  sample 
diluent (see Note 16). Working solutions are  prepared by dilu-
tion of 1 μL of the stock solution in 24 μL of matrix solution.

 4. Preparation of the sample plate: scrub the sample plate clean 
with RBS35 detergent and rinse extensively with (a) ethanol, 
(b) 50% (v/v) ethanol–water, and (c) ultrapure water. Dry the 
plate in a laboratory oven at 80 °C for 15 min and allow to 
return to room temperature.

 5. Load 1 μL of each reconstituted HPLC fraction onto the  sample 
plate in a defined position changing tips for each sample.

 6. Load 1 μL of matrix solution onto each sample drop and mix 
by aspiration into the pipette tip (see Note 17).

 7. Allow the analyte/matrix mixture to dry in air at room 
temperature.

 8. Load the sample plate into the mass spectrometer.

 1. Obtain a preliminary spectrum for each sample using the 
 following parameters: linear mode (see Note 18), positive 
polarity (detection of [M + H]+ ions), wide mass range 
 (0.5–15 kDa), and default instrument settings (accelerating 
voltage 20,000 V; grid 95%; guide wire 0.05%; delay time 
450 ns; 500 shots/spectrum) (see Note 9).

 2. Adjust the laser intensity manually to improve signal-to-noise 
ratio (approximately 50:1). If the laser intensity is too high, the 
signal may be saturated.

 3. Obtain a second spectrum of each sample using the  following 
parameters: reflector mode (see Note 18), positive  polarity, nar-
rower mass range (0.5–6 kDa), and default instrument settings 
(accelerating voltage 20,000 V; grid 76%; guide wire 0.002%; 
delay time 255 ns; 500 shots/spectrum). The laser intensity is 
again adjusted manually to improve  signal-to-noise ratio.

 4. The sample plate is ejected from the instrument.

3.5 MALDI Matrix 
Solution

3.6 Analyte 
and Peptide 
Calibration Mixtures

3.7 Mass Range 
Determination
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The first round of spectral acquisitions has allowed determination 
of the mass range of the constituents in each fraction and the best 
mode of analysis for each sample.

 1. Select a peptide calibration mixture appropriate to the mass 
range of each sample.

 2. Apply 0.5–1 μL of working solution of the appropriate  peptide 
calibration mixture to the sample plate as close as  possible to 
the sample.

 3. Allow the mixture to dry in air at room temperature.
 4. Load the sample plate into the instrument.
 5. In general, peptides from amphibian skin secretions do not 

exceed 6 kDa (50 amino acid residues) and are readily detect-
able in reflector mode and positive polarity. Consequently, two 
methods of spectrum acquisition  covering two mass ranges are 
used. The first method covers the mass range from 0.5 to 
2.5 kDa and employs peptide calibration mixture 1. The default 
instrument settings are as follows: accelerating voltage 20,000 V; 
grid 76%; guide wire 0.002%; delay time 100 ns; 500 shots/
spectrum. The second method covers the mass range from 0.5 
to 6 kDa and uses peptide calibration mixture 2. The default 
 instrument settings are as follows: accelerating voltage 20,000 V; 
grid 76%; guide wire 0.002%; delay time 150 ns; 500 shots/
spectrum.

 6. Select the calibration peptide spot assigned to the first sample.
 7. Analyze this spot using a default calibration and the  appropriate 

method. Adjust the laser intensity manually to improve signal-
to-noise ratio (approximately 50:1). Optimize  resolution by 
setting the grid and guide wire voltages and delay time. 
Acceptable resolution is determined by the mass range. In the 
range 0.5–2.5 kDa, 6000 or greater is acceptable; for the 
range 0.5–6 kDa, at least 7000 is required.

 8. Save the best spectrum and adjust the values of the observed 
masses of the peptides to correspond to the reference masses. 
Calibration standards appropriate to the mass of the frog skin 
 peptide that will be analyzed are selected. The calibrated spec-
trum of the standard peptide mixture is  generated using the 
 software provided by the manufacturer of the instrument and 
saved.

 9. Select the sample spot adjacent to the calibration peptide spot.
 10. Analyze using the calibrated spectrum of the standard  peptide 

mixture as external calibration file. Adjust the laser intensity 
and instrument settings to obtain a  spectrum with acceptable 
signal-to-noise ratio and  resolution. The  spectrum provides 

3.8 Accurate Mass 
Determination
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an accurate mass of each peptide  component with a precision 
of 0.002% according to the specifications of the instrument.

 11. Repeat the procedure for each sample/peptide calibration 
mixture pair (see Note 19).

In the example shown in Fig. 1, norepinephrine-stimulated 
skin secretions obtained from the bullfrog Lithobates catesbeianus, 
after partial purification on Sep-Pak cartridges, were chromato-
graphed on a (2.2-cm × 25-cm) Vydac 218TP510 preparative C18 
column. Aliquots of the major peaks in the chromatogram were 
subjected to analysis for insulin-releasing activity (Subheading 3.3) 
and cytotoxic activity (Subheading 3.4). Under the conditions of 
assay, the peaks designated 1–6 were shown to stimulate the release 
of insulin from BRIN-BD11 cells but only the aliquot from peak 6 
stimulated the release of lactate dehydrogenase. The monoisotopic 
masses of the peptides present in peaks 1–6 (Fig. 1), determined  
by MALDI-ToF mass spectrometry, are shown in Table 1. 
Determination of their amino acid sequences by automated Edman 
degradation demonstrated that the peptides belonged to the 
brevinin-1, palustrin-2, ranatuerin-1, ranatuerin-2, and temporin 
families previously identified on the basis of their antimicrobial 
activity.

Fig. 1 Elution profile (UV detection) on a preparative C18 RP-HPLC column of skin secretions from Lithobates 
catesbeianus after partial purification on Sep-Pak C-18 cartridges. Under the conditions of assay, the peaks 
designated 1–6 contained peptides that stimulated the rate of release of insulin from BRIN-BD11 clonal 
β-cells. Only the peptide present in peak 6 stimulated the rate of release of lactate dehydrogenase. The dashed 
line shows the concentration of acetonitrile in the eluting solvent. The primary structures, molecular masses 
and activities of the peptides are shown in Table 1
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4 Notes

 1. Although most HPLC systems incorporate an on-screen 
computer recording system, simultaneous monitoring with a 
dual pen flatbed chart recorder is useful especially when there 
is a significantly delay in the response of the  absorbance detec-
tor and the appearance of the peak on the computer screen.

 2. High quality preparative reversed-phase HPLC columns 
 suitable for peptide purification are also manufactured by 
Agilent, Phenomenex, Supelco, and Waters.

 3. When skin secretions are collected from very small or sub- adult 
frogs, the sample may contain only low amounts of peptide 
material. In this case, chromatography should be carried out 
on a Vydac (1.0-cm × 25-cm) 218TP510  semi-preparative 
C-18 reversed-phase column (Grace)  operated at a flow rate of 
2 mL/min.

 4. Degassing of solvents may be achieved although less efficiently 
by using an ultrasonic bath but degassing by reducing the 
pressure is not recommended as it may lead to relative loss of 
volatile components.

 5. Polypropylene tubes should be used throughout, not glass  
or polystyrene, in order to minimize irreversible binding of 
 peptides to the tubes.

 6. While studies with the BRIN-BD11 cell line are described here, 
there are several other readily available  rodent-derived (HIT-
T15, INS-1, MIN6, RINm5F) and  human-derived (1.1B4, 
EndoC-βH1) insulin secreting cell lines that can be used [19].

 7. The penicillin-streptomycin solution is aliquoted into sterile 
5 mL vials and stored at −20 °C until use. With continued 
use, RPMI-1640 media will turn from an orange color to a 
pink color. Media should be discarded if it has become too 
pink/red.

 8. For 100 mL of KRBB media, the following amounts (mg) are 
used: NaCl 672.1, KCl 35.04, CaCl2·6H2O 28.04, KH2PO4 
16.33, MgSO4·7H2O 29.58, NaHCO3 210.0.

 9. The procedure described refers to the use of a Voyager 
 DE- PRO mass spectrometer equipped with delayed extrac-
tion reflector (Applied Biosystems) but is readily adaptable 
to other instruments.

 10. A slightly greater concentration of trifluoroacetic acid in 
HPLC solvent A than in solvent B produces a flat baseline 
under HPLC gradient elution conditions.

 11. Filtering the sample is not recommended unless absolutely 
necessary as it can lead to appreciable loss of peptide by 
 irreversible binding to the filter material.
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 12. On completion of the chromatography, wash the column with 
acetonitrile (100 mL) and store in this solvent.

 13. Fractions may be stored in stoppered tubes at −20°C for up to 
several months. However, peptides containing methionine 
and tryptophan residues may oxidize on prolonged storage, 
even at low temperature.

 14. In the authors’ laboratory, insulin radioimmunoassay is 
 performed according to the procedure described in Ref. 20 
using an antiserum raised in-house. However, a radioimmu-
noassay kit for measurement of rat insulin concentrations is 
supplied by Merck-Millipore (RI-13K). Alternatively, rat 
insulin may be determined by ELISA using kits supplied by 
Thermo Fisher Scientific (ERINS), Abnova (KA3811), and 
Alpco (80-INSRT-E01).

 15. Τhe matrix solution is stored at 4°C and may be used for 
up to 1 week.

 16. The peptide calibration mixtures are stored in single use 
 aliquots (1 μL) at −20 °C.

 17. It is important not to touch the surface of the plate with the 
pipette tip to avoid uneven crystallization.

 18. The linear mode of operation is the most sensitive due to 
shorter flight path whereas reflector mode provides higher 
resolution and greater mass accuracy due to longer flight path 
and focusing action at the detector.

 19. Peptide purity is assessed by a symmetrical peak shape  measured 
at two wavelengths (214 and 280 nm) and by mass spectrom-
etry. When mass spectrometry reveals that the  fraction contains 
multiple components, peptides may be separated by further 
chromatography on a (1.0-cm × 25-cm)  semi- preparative 
butylsilylsilica (C-4) column and a  (1.0- cm × 25-cm) semi-
preparative phenyldimethylsilyl  silica column. The use of these 
columns and the general strategy for purification of peptides to 
near homogeneity by reversed- phase HPLC are discussed in 
detail in Refs. 17, 21, and. At this stage of the purification pro-
cedure, peak  collection by hand is preferable to use of a fraction 
collector and generally results in peptide fractions that are suf-
ficiently pure for amino acid sequence analysis.

5 Conclusions

At the present time (October 2016), 6640 species of frogs have 
been described [22] but only a small proportion of them have been 
 investigated for the presence of bioactive peptides in their secre-
tions. The focus of this article has been the identification of pep-
tides with insulin-releasing activity with a view to their development 
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into agents for the treatment of patients with Type 2 diabetes. 
However, by employing different appropriate bioassays, the gen-
eral strategy described may be applied to identification of frog skin 
peptides with antibacterial, antifungal, and antiviral activity for 
treatment of  infections produced by multidrug-resistant microor-
ganisms [4, 23] as well as immunomodulatory peptides with com-
plex effect on the production of anti-inflammatory and 
pro-inflammatory cytokines for treatment of patients with sepsis 
and with a possible role in  anticancer therapy [24]. More 
 speculatively, frog skin secretions contain peptides with potential as 
agents to promote wound healing [25], peptides with spermicidal 
activities for development into  contraceptives [26], and opioid 
peptides for development into  analgesics [27].
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Chapter 22

High-Accuracy Mass Spectrometry Based Screening 
Method for the Discovery of Cysteine Containing Peptides 
in Animal Venoms and Toxins

Luuk N. van Oosten, Martijn W.H. Pinkse, Mervin Pieterse, 
Pierre Escoubas, and Peter D.E.M. Verhaert

Abstract

Venom and toxin samples derived from animal origins are a rich source of bioactive peptides. A high 
 proportion of bioactive peptides that have been identified in venom contain one or more disulfide bridges, 
which are thought to stabilize tertiary structure, and therefore influence the peptides’ specificity and  activity. 
In this chapter, we describe a label-free mass spectrometry-based screening workflow specifically to detect 
peptides that contain inter- and intramolecular disulfide bonds, followed by elucidation of their primary 
structure. This method is based on the determination of the normalized isotope shift (NIS) and the 
 normalized mass defect (NMD) of peptides, two parameters which are heavily influenced by the  presence of 
sulfur in a peptide, where cysteines are the main contributing residues. Using ant defensive secretions as an 
example, we describe the initial fractionation of the venom on strong cation exchange  followed by nanoflow 
HPLC and mass spectrometry. High resolution zoom scan spectra of high-abundance peptides are acquired, 
allowing an accurate determination of both monoisotopic and average mass, which are essential for 
 calculation of NMD and NIS. Candidate peptides exhibiting relative low NMD and high NIS values are 
selected for targeted de novo sequencing. By fine-tuning the collision energy for optimal fragmentation of 
each selected precursor ions, the full sequence of several novel inter- and intramolecular disulfide bond 
containing ant defensive peptides can be established.

Key words Mass defect, Isotope shift, Orbitrap, Cysteine, Disulfide bridge, Venom, Toxin, Peptide, 
De novo sequencing

1 Introduction

Venomous and toxic animal peptides are a great source of 
 biologically active peptides. So far, over 6000 proteins and  peptides 
from animal toxin origin have been deposited in the ToxProt 
 database (a subset of UniProt) [1]. As such, this  database already 
represents a wealthy source of biomolecules with  potentially 
 interesting biological activities. The pharmacological action of 
most of the peptides in ToxProt appears directed toward ion 
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 channels, G-protein coupled receptors, and membrane transporter 
proteins, which are all well-known drug targets [2]. Therefore, this 
specific group of peptides is a favorite study object with respect to 
their potential as drug leads [3–5]. In the ToxProt database the 
venoms of insects—and in particular peptides from the 
Hymenoptera class (wasps, bees, bumblebees, and ants), represent 
a rich and diverse resource with relatively few hymenopteran  species 
studied so far (reviewed in Ref. 6).

The identification of individual bioactive peptide toxins from 
complex animal secretions is a laborious and time-consuming 
task, which typically requires extensive purification steps. 
Moreover, de novo sequencing of unidentified “natural” or 
“endogenous”  (non- tryptic) peptides is further complicated by 
the high number and  variety of posttranslational modifications 
(PTMs) present on them [7]. One of the most frequently occur-
ring PTM is the disulfide bond formed by the condensation of 
two cysteine residues. It is known that thus formed cystines are 
involved in peptide secondary and tertiary structure formation 
(folding) and stabilization [8]. Therefore, peptides containing 
disulfide bridges are assumed to  possess  pharmacologically inter-
esting bioactivity.

Our earlier review of ToxProt’s compositional analysis [9] 
illustrated the high prevalence of cysteines (6.91% of all residues, 
approximately 6000 entries) compared to the complete UniProt 
database (1.37% of all residues, approximately 550,000 entries, 
Release 2015_1; the percentage of cysteine residues is unchanged 
in Release 2017_1).

In this chapter, we describe a technique that uses the presence 
of cysteine residues in peptides as a selection criterion for further 
de novo sequencing efforts. The basic principle and proof of con-
cept of the method were previously published, using defensive skin 
 secretory peptides of different amphibian species as a model [9]. 
The method makes use of the relatively large negative mass defect 
(difference between  isotopic and nominal mass) and the positive 
isotopic shift (difference between average and monoisotopic mass) 
of the element sulfur (for a comprehensive review see Ref. 10). This 
allows for discrimination of sulfur containing (primarily cysteines) 
and sulfur lacking peptides. Normalization of these two mass- 
related shifts, which are calculated from high resolution mass spec-
tra, results in two values which represent nonadditive and 
independent peptide characteristics [11]. Plotting the so-called 
normalized nominal mass defect (NMD) and normalized isotopic 
shift (NIS) against the mass of a peptide yields 3D mass maps in 
which cysteine residue containing peptides tend to cluster together 
due to their relatively low NMD, and increasing NIS compared to 
non-sulfur containing peptides [11]. Whereas this approach was 
originally shown to work for sets of known Cys encompassing pep-
tides by Artemenko and coworkers [11], we demonstrated that the 
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high mass accuracy of the typical orbitrap analyzer allows for 3D 
mass mapping of high resolution Fourier transform MS data 
recorded from convoluted mixtures of uncharacterized peptide 
amalgams [9]. As such 3D mass maps elegantly assist in the detec-
tion of cysteine- and cystine-containing peptides out of complex 
peptide mixtures.

Prior to sequence analysis of peptides, disulfide bonds may be 
reduced to improve the quality of MS2 spectra [12]. We previously 
discussed some shortcomings of other available methods [9] which 
rely on derivatization of free –SH groups on Cys residues with 
isotopic tags prior to differential analysis [13–17]. Most of these 
methods are relatively expensive and involve multiple reaction 
steps, and hence require relatively large amounts of pure starting 
material. Even with these premises fulfilled, these methods do not 
allow for easy detection (and subsequent elucidation) of hetero- 
and homo-multimeric  peptides. The present method does not suf-
fer from these drawbacks.

The comparative analysis of the mass shift of peptides before 
and after sample reduction, followed by alkylation, represents an 
easy way to establish the number of disulfide bridges in unlabeled 
samples. Drawbacks of this approach are the requirement of two 
separate high resolution mass analyses and the difficulty to identify 
dimeric peptides in complex mixtures. The method described in 
this chapter is label-free, allowing the detection of peptides from 
complex samples in their unreduced form, hence maintaining any 
secondary structure information.

2 Materials

All reagents were analytical grade solutions prepared using HPLC 
grade water (resistivity >18 MΩ·cm at 25 °C). Solutions required 
for SCX-HPLC and LC-MS were filtered and degassed prior to use.

 1. Adult specimens of two ant species (Odontomachus hastatus and 
Ectatomma tuberculatum), collected in the wild (French Guyana) 
and stored at −20 °C prior to venom gland dissection.

 2. Scalpel for careful tissue dissection.
 3. Acetonitrile (10% solution) for subsequent peptide extraction.
 4. Vacuum concentrator (such as a SpeedVac™) for sample vol-

ume reduction and lyophilization.

 1. Approximately 1 mg of crude venom.
 2. Strong cation exchange (SCX) HPLC column (we use 

200 mm × 2.1 mm, 5 μm particles, pore size 300 Å; polysul-
foethyl A™, PolyLC Inc., Columbia, MD, USA).

2.1 Animals 
and Venom Sampling

2.2 SCX-HPLC 
Fractionation
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 3. HPLC system with UV detection (we use Waters 2695 separations 
module equipped with a Waters 996 photodiode array).

 4. Fraction collector (we use Bio-Rad 2110, Hercules, CA, USA) 
online coupled to HPLC.

 5. Elution gradients: 25% acetonitrile in 10 mM ammonium 
 formate, pH 3.0 (solvent ASCX) and 25% acetonitrile in 500 mM 
ammonium formate, pH 6.8 (solvent BSCX).

 1. Freshly prepared solution of 100 mM Tris (2-carboxyethyl) 
phosphine (TCEP).

 2. Semi-preparative HPLC system with cooled autosampler (we 
use Agilent 1200 module).

 3. 0.6% acetic acid as solvent ALC-MS and 80% acetonitrile in 0.6% 
acetic acid as solvent BLC-MS.

 4. Reversed-phase trap column (we use 20 mm × 100 μm C4 
 column, 5 μm particles).

 5. Reversed-phase analytical column (we use 140 mm L × 75 μm 
C4 column, 5 μm particles).

 6. Primary high resolution MS system (we use LTQ Orbitrap 
Velos™, ThermoFisher Scientific, Bremen, Germany).

 7. Additional high quality tandem MS system (we use quadru-
pole Orbitrap hybrid instrument, Q Exactive Plus; 
ThermoFisher Scientific, Bremen, Germany), for fragmenta-
tion and analyses of multiple charge states of peptide ions.

 1. ReAdW software (version 2.0, available at http://sourceforge.
net/projects/sashimi/files/) to convert Thermo *.raw files to 
*.mzXML files with (see Note 1).

 2. MATLAB and Bioinformatics Toolbox (release 2014a, The 
MathWorks, Inc.) to determine monoisotopic mass, NIS and 
NMD.

 3. MS deconvolution software (we use Thermo Xtract).

3 Methods/Analytical Protocols

 1. Dissect the ant defensive glands. The number required depends 
on the size of the gland and the sensitivity of the mass 
 spectrometer. Previously, we were able to identify peptides 
from pools of 134 individual glands of O. hastatus, and from 
18 glands of E. tuberculatum.

 2. After careful dissection of the ant defensive glands, the isolated 
tissues are pooled in 10% acetonitrile in water.

 3. Particles and insoluble materials are removed by centrifugation 
at 12,000 × g. Pellets are discarded.

2.3 LC-MS 
and LC-MS/MS

2.4 Data Analysis

3.1 Peptide Samples
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 4. Supernatants are lyophilized and stored at −20 °C until further 
use. Both pooled samples yield approximately 50 mg of dried 
venom. As only 1 mg is required for SCX fractionation, this is 
ample material.

 5. Prior to SCX-HPLC, approximately 1 mg of each respective 
venom sample is dissolved in 60 μL solvent ASCX and trans-
ferred to an HPLC autosampler vial.

 1. The SCX column is equilibrated with solvent ASCX.
 2. For fractionation of the E. tuberculatum venom, a linear gradi-

ent from 25% to 90% solvent BSCX is applied in 43 min (see 
Note 2). Flow rate is set at 0.4 mL/min. Eluting peptides are 
 monitored at 280 nm.

 3. To separate the O. hastatus sample, a linear gradient from 0% 
to 50% solvent BSCX is applied in 40 min, followed by a 15 min 
linear gradient to 100% solvent BSCX (see Note 2). The flow 
rate is equally fixed at 0.4 mL/min, and eluting peptides are 
 monitored at 280 nm.

 4. Fractions of 0.4 mL (1 fraction/min) are collected and stored 
in the freezer (−20 °C) until further analysis.

 1. Fractions are split in two parts (50 μL each), one of which is 
reduced with freshly prepared TCEP to a final concentration of 
20 mM. Reduction is allowed to take place for at least 20 min.

 2. Samples (50 μL) are transferred to HPLC vials and placed in 
the cooled autosampler of the semi-preparative HPLC system.

 3. The HPLC-MS system is set up in a vented column configura-
tion, where the switch valve directs the flow after the trap column 
either to the waste (trapping) or to the analytical column (elut-
ing). Details of the vented column setup are listed in Note 3.

 4. The effluent of the analytical column is directly electrosprayed 
into the primary high resolution MS system using a gold 
coated spray needle. The capillary ionization voltage is main-
tained at 2 kV, resulting in a more or less stable electrospray 
with only slight variations between systems and eluents (see 
Note 3).

 5. Of each sample, 10 μL are injected onto the trap column for 
10 min. This is done to ensure removal of salts from the sample 
after the SCX-HPLC.

 6. Peptides are eluted employing a linear gradient from 0% to 
100% solvent BLC-MS in 60 to 120 min, depending on sample 
complexity (flow rate 150–200 nL/min). A graphical overview 
of steps 6–8 is given in Note 3.

 7. Full Fourier Transform MS scan range is set to 400–1500 m/z 
in profile mode.

3.2 SCX-HPLC 
Fractionation

3.3 LC-(High 
Resolution) MS
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 8. The eluting peptide ions with highest intensity are selected for 
four microscans (see Note 4). This type of scan is also referred 
to as selected ion monitoring (SIM) or zoom scan. The auto-
matic gain control target value is set to 105, maximum injec-
tion time is fixed to 500 ms and resolution is set to 30,000 at 
m/z 400. Isolation width is set to −1.25 to +2.25 Da with 
respect to the ion precursor m/z (see Note 5).

 9. Fragmentation spectra are acquired at a resolution of 30,000 
at m/z 400, starting with a fixed first mass at m/z 100. The 
isolation window is set to 2.5 m/z, selection signal threshold is 
set to 105, automatic gain control target value is 5 × 105, and 
 maximum injection time is set to 200 ms. Fragmentation is 
performed at 24, 28 and 32 CE (see Note 5).

 1. The *.raw file of each LC-MS run is converted to an *.mzXML 
file using the ReAdw software.

 2. Data are imported into MATLAB. From each zoom scan the 
monoisotopic, average, and nominal masses are determined. 
Details about the processing of the mass spectra can be found 
in the supplementary information of our previous publication 
[9]. A brief description is given in Note 6.

 3. Employing Eqs. 1 and 3 in MATLAB, the nominal mass, 
 normalized isotope shift and the normalized mass defect are 
calculated respectively [11].

 Nominal mass round monoisotopic mass= ´( )0 9995.  (1)

 

NIS average mass monoisotopic mass 
monoisotopic ma

= ´ -( )1000 /
sss( )  (2)

 

NMD monoisotopic mass nominal mass
monoisotopic mas

= ´ -( )1000 /
ss( )  (3)

 4. The NMD (x-axis), NIS (y-axis) and overall mass (z-axis) of 
each peptide are plotted to yield a 3D map of the respective 
LC-MS run. As an example the 3D mass map of the complete 
O. hastatus is depicted in Fig. 1.

 5. Peptides with a relatively low NMD (<0.55) and relative high 
NIS (>0.65) are prioritized for further analysis, as they are sus-
pected to contain (multiple) cysteine residues. The corre-
sponding higher-energy collisional dissociation (HCD) 
fragmentation spectra are investigated for fine-tuning the col-
lision energy in subsequent de novo sequencing experiments.

 6. Comparative analysis of data from unreduced and reduced 
venom fractions is indicative of the number of disulfide bridges 
and secondary structure of some peptides. An  example is given 
in Fig. 2.

3.4 Data Analysis
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Fig. 1 (a) Three-dimensional mass map of O. hastatus venom. As static representation of a 3D plot can be 
difficult to interpret, see (b) 2D representation (side view) of NMD versus NIS. In (b), two distinct  clusters can 
be seen; one top left (encircled red), probably containing disulfide bond containing peptides. The other cluster 
(encircled blue) containing peptides without disulfide bonds. Comparison of samples before and after reduc-
tion indicated that from the cysteine rich cluster (red) 32 out of 34 most abundant peptides contain a disulfide 
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 1. SCX fractions containing peptides selected for de novo 
sequencing are reduced with TCEP, as described in 
Subheading 3.3.

 2. Collision energy (CE) is fine-tuned for each eluting ion  species 
(Fig. 3) on the additional high quality tandem MS system, 
yielding complementary fragmentation spectra (see Figs. 4 
and 5). It is recommended to tune CE until the intensity of 
parent ion 10–30% relative abundance. As another example we 
provide in Fig. 6 fragmentation  spectra of a 2 kDa peptide 
from O. hastatus. This peptide was suspected to contain a 
disulfide bridge based on its location in the 3D mass map, as 
depicted in Fig. 1.

4 Notes

 1. Do not use a version of the ReAdW software later than 2.0, as 
the resulting *.mzXML files are incompatible with MATLAB 
software. There are no complications expected with using a 
version of MATLAB higher than 2014a.

 2. For each sample, the SCX gradient parameters should be 
tuned. Essential in SCX-HPLC is that the majority of peptides 
in the venom get separated from each other in order to obtain 
relatively pure fractions. Keep in mind that prior to the actual 
MS measurement, another (online) LC step will be incorporated, 

3.5 LC-MS2 Analysis
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Fig. 3 Elution of all charge states of peptide with mass monoisotopic mass 3768.975 Da. Fragmentation 
energies were fine-tuned for each charge state (5+ to 8+ ion, indicated in green). Several targeted MS runs 
were performed in which fragmentation energies were varied by 2 CE, until optimal CE was reached
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which will further assist in separating the peptides. Set up the 
vented column configuration as described in Fig. 7. This con-
figuration is similar to Di Palma and  coworkers [18]. The elec-
trospray voltage might differ for other instrumentation.

 3. The experimental LC-MS workflow to obtain data of monoiso-
topic mass, NMD and NIS can be roughly divided in three 
parts. Figure 8 gives a graphical representation of this 
 data- dependent workflow.

 4. With a maximum injection time at 0.5 s per microscan, the 
collection of 4 microscans (excluding dead time) takes 
around 2 s, which increases the duty cycle. In cases where 
the peptide already completely eluted during the zoom scan 
events, subsequent acquisition of fragmentation spectra can 
fail. In some instances it happens that during the time of 
microscans and subsequent fragmentation spectrum acquisi-
tion, another peptide elutes. This peptide will not be picked 
up by the mass spectrometer. In those cases adjusting the 
LC gradient will be required to improve capturing the miss-
ing peptides during another LC-MS run.

 5. Depending on the size of the observed peptides, the isolation 
width might need adjustment. For peptides below 10 kDa, we 
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recommend this isolation window. For larger peptides with 
low charges (<4+), it might occur that the full isotopic pattern 
of the peptide does not fall within this isolation width, due to 
the fact that the base peak (which is the reference for selection 
by the instrument) is not one of the first 2–3 peaks in the 
 spectrum. The type and adjustments of parameters might dif-
fer for other MS instruments.

 6. Zoom scan spectra were extracted from their *.mzXML files 
after import into MATLAB’s workspace. Noise was removed 
from the spectrum by applying a simple threshold filter which 
removes all peaks with a relative intensity below 3%. From the 
mass difference between two highest peaks in each zoom spec-
trum the charge and monoisotopic mass were determined. 
From the full isotopic pattern of the peptides the average mass 
was calculated.
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Chapter 23

Analysis of the Snake Venom Peptidome

Solange M.T. Serrano, André Zelanis, Eduardo S. Kitano, 
and Alexandre K. Tashima

Abstract

Snake venom peptidomes are known to be a large source of molecules with different pharmacological 
properties. The complexity and variability of snake venoms, the presence of proteinases, and the lack of 
complete species-specific genome sequences make snake venom peptidome profiling a challenging task 
that requires especial technical strategies for sample processing and mass spectrometric analysis. Here we 
describe a method for assessing the content of snake venom peptides and highlight the importance of 
sampling procedures, as they substantially influence the peptidomic complexity of snake venoms.

Key words Snake venom, Peptidome, Solid-phase extraction, Proteinase inhibition, Mass 
spectrometry

1 Introduction

Venomous snakes of the families Elapidae, Viperidae, and 
Atractaspididae, and some species of the Colubridae family,  produce 
toxins (venom) that is used for immobilizing or killing prey and in 
defense against predators. Snake venom is produced in  specialized 
secretory glands as an aqueous solution consisting of a high amount 
of proteins and peptides (up to 90% of dry weight) along with 
 inorganic compounds (metal ions and inorganic anions) and organic 
components (citrate, carbohydrates, nucleosides,  biogenic amines, 
amino acids, and lipids). Venom peptidomes are rich sources for drug 
discovery. Most biologically active peptides found in viperid snake 
venoms are derived from a precursor protein composed of seven 
 bradykinin potentiating peptides (BPP) aligned in tandem after a 
hydrophobic signal peptide sequence followed by a poly-His-poly-Gly 
sequence (pHpG) and a C-type natriuretic peptide [1]. BPPs are 
inhibitors of the angiotensin-converting enzyme and are involved in 
the cardiovascular effects displayed by snake venoms [2]. Natriuretic 
peptides are involved in the venom-induced hypotension that 
 contributes to rapid loss of  consciousness in envenomed animals [3]. 
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pHpG peptides were shown to inhibit the proteolytic activity of 
venom metalloproteinases [4]. Moreover, between the BPP sequences, 
this precursor protein also contains tripeptides with pyroglutamic acid 
at the N-terminus (pEKW; pEQW), which prevent the degradation of 
venom components by metalloproteinases within the gland.

Although there are few studies on the characterization of snake 
venom peptidomes, it is recognized that viperid venom peptidomes 
are complex [5–8] and ontogenetic and sex-based variation was 
demonstrated for the Bothrops jararaca venom peptidome [9–11]. 
Usually the analyses of snake venom proteomes and peptidomes are 
carried out using pooled samples from many specimens to overcome 
the individual variability that has been documented at both the 
 protein and peptide levels. Moreover, fresh venom samples are 
 frequently lyophilized to preserve the structural integrity of pro-
teins. However, it has been shown that the lyophilization and 
 resolubilization processes may impact the proteomes and pepti-
domes of snake venoms [6]. The conditions of venom extraction 
and sample processing for mass spectrometric analysis directly influ-
ence the levels of proteins, peptides, and citrate, as well as the pH of 
venom solutions. All of these factors can potentially impact the 
venom peptidome complexity due to the activity of venom protein-
ases upon venom components. The use of complementary method-
ologies of sample decomplexation, mass spectrometry, and data 
analysis, including de novo sequencing, can improve the results.

We established an analytical workflow to explore snake venom pep-
tidomes (Fig. 1) that has successfully been used to investigate Bothrops 
species. This can be adapted to analyze other snake venoms. The gen-
eral procedure described in this chapter for Bothrops snake  venoms can 
be optimized for other species, depending on the amount of available 
venom peptide fraction and on the sensitivity, resolution, and mass 
accuracy of the mass spectrometer employed for the analysis.

Fig. 1 Schematic overview of the workflow applied to analyze the peptidome of the 
venom from Bothrops species

Solange M.T. Serrano et al.
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2 Materials

All solutions must be freshly made. Use ultrapure water 
 (resistivity of 18 MΩ∙cm at 25 °C) and analytical grade reagents. 
Prepare and store all reagents at room temperature unless 
 indicated otherwise. Fresh venom should be used whenever 
possible (see Note 1).

 1. 100–200 mL glass beaker immersed in ice bath (see Note 2).
 2. Solution of 100 mM ethylenediaminetetracetic acid (EDTA) 

in ultrapure water, to inhibit metalloproteases.
 3. Solution of 40 mM phenylmethanesulfonyl fluoride (PMSF) in 

isopropanol to inhibit serine proteases (see Note 3). Protect 
PMSF solution from light using amber flasks or wrap the 
 solution container with aluminum foil.

 1. SPE C18 cartridges (we use Sep-Pak C18 Plus from Waters, 
Milford, MA, USA).

 2. Solution A: 0.1% (v/v) of trifluoroacetic acid (TFA).
 3. Solution B: 0.1% TFA in water/acetonitrile (ACN) (70/30; v/v).

 1. nanoLC chromatographer (we use nanoAcquity UPLC, 
Waters, Milford, MA) and ESI-Q-TOF mass spectrometer (we 
use Ultima API, Waters, Milford, MA).

 2. 180 μm × 20 mm C18 trap column (we use nanoAcquity C18 
trap column, Waters, Milford, MA).

 3. 75 μm × 100 mm C18 analytical column (we use nanoAcquity 
C18 column, Waters, Milford, MA).

 4. Prepare phase A1 with 0.1% formic acid in ultrapure water 
(v/v).

 5. Prepare phase B1 with 0.1% formic acid in ACN (v/v).

 1. HPLC chromatographer (we use 10 AVp, Shimadzu, Kyoto, 
Japan).

 2. 10 × 250 mm C18 column (we use Discovery 5 μm particle 
size; Supelco, Bellefonte, PA).

 3. Prepare phase A2 with 0.05% TFA in ultrapure water (v/v).
 4. Prepare phase B2 with 0.05% TFA in ACN (v/v).

 1. ESI-Q-TOF mass spectrometer (we use Ultima API, Waters, 
Milford, MA).

 2. Prepare phase water/ACN/formic acid (~49.8/49.7/0.5, 
v/v/v).

2.1 Venom Collection

2.2 Solid-Phase 
Extraction (SPE) 
of Peptides

2.3 Liquid 
Chromatography–
Tandem Mass 
Spectrometry  
(LC-MS/MS)

2.4 RP-HPLC 
Fractionation

2.5 ESI-Q-TOF 
Analysis of the Peptide 
Fractions

Snake Venom Peptidomics
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 1. MALDI-Q-TOF-MS/MS spectrometer (we use MALDI-Q-
TOF Premier, Waters, Milford, MA).

 2. Prepare saturated α-cyano-4-hydroxycinnamic acid solution 
(we use from Sigma, St. Louis, MO) in 0.1% TFA/ACN 
(70/30, v/v).

 1. MassLynx 4.1 (Waters, Milford, MA, USA).
 2. ProteinLynx (Waters).
 3. Uniprot database (www.uniprot.org).
 4. NCBI database (www.ncbi.nlm.nih.gov/protein).
 5. MASCOT Server (Matrix Science, London, UK) or compara-

ble database search engine (PEAKS Studio, X! Tandem, etc.).

3 Methods

Carry out all procedures at room temperature unless otherwise 
specified.

 1. Prepare a 28 μL protease-inhibitor mix solution by adding 
14 μL of the 100 mM EDTA and 14 μL of 40 mM PMSF 
stock solutions into a sterile microfuge tube (see Note 4). 
Carefully pipette 250 μL of the venom solution into the 
microfuge tube containing the protease-inhibitor mix solu-
tion. This will ensure that, after dilution, the final EDTA and 
PMSF concentrations are 5 mM and 2 mM, respectively.

 2. Centrifuge the venom solution at 1700 × g, 4 °C, for 30 min, 
to remove any debris such as scales and mucus. Carefully 
pipette the clear supernatant after centrifugation and measure 
the protein concentration using a standard assay such as the 
Bradford method or comparable procedure. If not proceeding 
immediately with the next step, lyophilize and store venom 
aliquots at −20 °C until use (see Note 1).

 1. Pipette the volume of fresh venom that contains 25 mg of pro-
tein (usually ~250 μL for Bothrops species), or weigh 25 mg of 
lyophilized venom, and acidify with 1 mL of Solution A to 
bring the pH to 2.0–3.0. Use C-18 cartridges for performing 
the SPE. For this purpose, perform the conditioning step 
according to manufacturer’s instructions.

 2. Load the acidified venom solution onto the conditioned SPE 
cartridge and wash the SPE cartridge with 2 mL of Solution 
A. For the elution of the peptide fraction, wash the SPE 
 cartridge by adding 2 mL of Solution B (see Note 5).

 3. Dry the samples using a vacuum centrifuge (ideally, under low 
temperature, e.g., 4 °C) and store the dried venom eluate at 
−20 °C until use.

2.6 MALDI-Q-TOF 
Analysis of the Peptide 
Fractions

2.7 Data Analysis

3.1 Venom Collection 
and Processing

3.2 Peptide Fraction 
Enrichment

Solange M.T. Serrano et al.
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 1. Dissolve the dried venom elute in 500 μL of solution A1.
 2. Inject 5–10 μL of the peptide solution onto the reversed-phase 

C18 trap column and wash at 8 μL/min for 5 min (see Note 6).
 3. After washing the trap column, connect the output of this col-

umn to flow into the main C18 column used for peptide 
separation.

 4. Elute the peptide mixture from the C18 column into the 
ESI- MS using a linear gradient of 0–30% of solution B1 in 
45 min, 30–80% in 10 min, and 80% B1 for 5 min at 300–
600 nL/min.

 5. Acquire MS spectra in the positive mode with capillary volt-
ages of 3.5 kV and from m/z of 250–2000 for 1 s.

 6. Select the three most intense precursor ion signals with charge 
states between +2 and +5 for collision-induced dissociation 
(CID) fragmentation and acquire each MS/MS for 2.5 s from 
m/z 50–2000. Vary collision energies from 15 to 56 eV, 
 according to m/z values and ion charges (see Note 7).

 7. Apply a dynamic peak exclusion of 45 s (see Note 8).

 1. Convert the .raw MS data files to pkl or mgf format using for 
example the latest version of ProteinLynx.

 2. Compile a Fasta database file with sequences of taxonomy 
Serpentes of Uniprot or of NCBI databases (see Note 9).

 3. Perform database searches in the latest version of MASCOT 
Server with precursor and fragment tolerance masses of 0.3 Da 
(see Note 10), no enzyme specificity and pyroglutamic acid 
from N-terminal Gln or Glu as variable modifications.

 4. Consider only peptide identifications with p < 0.05.

Because the above analysis usually provides only partial  identification 
of the snake venom peptidome, it is useful to perform additional 
fractionation and analysis of the samples at higher concentrations 
to acquire high quality spectra. The more concentrated peptide 
fractions can be directly infused to ESI-MS/MS or spotted to a 
plate and analyzed by MALDI-MS/MS. These additional steps are 
described in this and the next several sections.

 1. Load 200 μL of the resuspended venom solution (from step 1 
of Subheading 3.3) into a 10 × 250 mm reversed-phase C18 
column (5 μm particle size) using the binary pump HPLC 
system.

 2. Elute the peptides using a gradient of 5% of solution B2 in 
10 min, 5–40% in 35 min, 40–80% in 5 min, and 80% for 
10 min at 1.5 mL/min.

3.3 LC-MS/MS 
Analysis

3.4 Database Search

3.5 RP-HPLC 
Fractionation

Snake Venom Peptidomics
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 3. Detect the peptides by UV absorbance at 215 nm and collect 
the fractions presenting high absorbance (see Note 11).

 4. Dry the collected fractions in a vacuum centrifuge.

 1. Dissolve the dried RP-HPLC fractions in 20 μL of water/
ACN/formic acid (~49.8/49.7/0.5, v/v/v).

 2. Directly infuse the peptide solution with a syringe pump at 
500 nL/min into the Q-TOF mass spectrometer coupled to a 
nano-ESI ionization source operated in positive mode (see Note 7).

 3. Using MassLynx 4.1, acquire MS spectra in the m/z range of 
300–2000 for 1 min and observe multiply charged features 
(usually +2 to +4) for MS/MS analysis.

 4. Select precursor ions under a 1 m/z window and manually 
adjust collision energies from 15 to 55 eV for CID fragmenta-
tion (see Note 12). Acquire MS/MS spectra in the m/z range 
of 50–2000.

 1. Spot 1.5 μL of each RP-HPLC fraction (see Note 13) onto a 
MALDI sample plate, dry, mix with 1.5 μL of a saturated 
α-cyano-4-hydroxycinnamic acid solution in 0.1% TFA/ACN 
(70/30), and dry at room temperature.

 2. Insert the MALDI sample plate in the MALDI-MS/MS spec-
trometer, wait until vacuum reaches proper level, and acquire MS 
spectra in the m/z range of 800–4000, accumulating 15 laser 
shots.

 3. Automatically select the ten most intense ions for MS/MS 
analysis and acquire spectra accumulating 30 laser shots.

 1. From an MS spectrum of interest, calculate the peptide charge 
from the isotopic pattern and the monoisotopic mass from the 
precursor ion’s first isotope.

 2. Using MassLynx 4.1 and the MaxEnt 3 module to smooth and 
deisotope the MS/MS spectra acquired by ESI and MALDI 
(see Note 14).

 3. Starting with the ESI-MS/MS spectrum, look for complemen-
tary bi and yn−i or yi and bn−i ion pairs, where n is the peptide 
total number of amino acids and i is the number of amino acids 
in the ion fragment. Check if the sum of the pair masses results 
in the precursor mass.

 4. Once a bi or yi is found, search for adjacent ions that fit amino 
acid residue differences. Record the amino acids and repeat the 
procedure until the b1 or y1 is found.

 5. Do the same procedure with the correspondent yn−i or the bn−i, 
until the complete peptide sequence is obtained (Fig. 2) (see 
Note 15).

3.6 ESI-Q-TOF 
Analysis of the Peptide 
Fractions

3.7 MALDI-Q-TOF 
Analysis of the Peptide 
Fractions

3.8 De Novo Peptide 
Sequencing

Solange M.T. Serrano et al.
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 6. In case of missing fragments look for fragment ions in the 
MALDI-Q-TOF spectra.

 7. As a way of statistically validating the newly obtained de novo 
sequences, compile a Fasta database file with the peptides and 
perform an automated database search to check the peptide 
ion score and fragment assignments (see Notes 16 and 17).

4 Notes

 1. The lyophilization and resolubilization processes may lead to 
degradation of venom proteins and generate distinct outcomes 
in the peptidome profile [6]. When long-term storage is 
needed, venoms can be lyophilized and stored at −20 °C; how-
ever, upon resolubilization, venoms should be left the mini-
mum possible time in solution to avoid proteolysis. For the 
best evaluation of the venom peptidome, immediately add pro-
tease inhibitors to the collected venom and fractionate the 
peptides, as described in Subheadings 3.1 and 3.2.

 2. Although the volume of venom extracted from a single adult 
B. jararaca specimen rarely exceeds 1 mL, and can vary 
depending on age and sex, a 100–200 mL beaker is preferred 
for the milking procedure as it better accommodates the snake’s 
mouth. Since snake venoms are rich sources of biologically active 

Fig. 2 ESI-MS/MS spectrum of the peptide IVGGMDKLPTSM from an l-amino acid oxidase of Bothrops cotiara 
venom. Sequence obtained by manual de novo analysis of the precursor ion at m/z 624.80 ([M + 2H]+2). 
Fragment ion series and internal fragments labeled in Biolynx module of MassLynx 4.1. Amino acids with identi-
cal masses (Ile/Leu) or very similar masses (Gln/Lys) were assigned according to BLAST homology search

Snake Venom Peptidomics
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hydrolases, keeping the venom solution cold (e.g., in ice bath) 
is of paramount importance.

 3. PMSF is soluble in anhydrous isopropanol at 35 mg/mL with 
heating, resulting in a clear to very slightly hazy, colorless to 
faint yellow solution. A 200 mM solution in dry solvent is sta-
ble for at least 9 months at 2–8 °C. However, its half-life 
changes dramatically in aqueous solutions: from 110 min to 
35 min, at pH 7.0 and 8.0, respectively. Any leftover of the 
40 mM stock solution should be discarded.

 4. When studying the degradome of substrates of a given prote-
ase, its inhibitor should be avoided in the inhibitor mix solu-
tion. Additionally, avoid any protease inhibitor when analyzing 
the degradation profile of venom hydrolases (irrespective of 
the protease class).

 5. Even though the washing volumes may vary according to 
 different SPE cartridges, in most cases, using a lower organic 
solvent concentration (e.g., 30% of acetonitrile) ensures that 
the peptide fraction is promptly eluted. However, one must 
keep in mind that hydrophilic peptides may elute within the 
loading sample step (i.e., the flow through fraction). Therefore, 
this fraction may also be kept for further LC-MS/MS analysis.

 6. It is recommended to perform analytical runs using a small 
sample volume to check the ideal peptide concentration to 
avoid either low or high intensity signals, which eventually lead 
to low ion fragmentation or detector saturation.

 7. Other mass spectrometers, such as modern Q-TOF, or 
Orbitrap (Thermo Scientific, Bremen, GA) may be used for 
acquisition of MS and MS/MS spectra of the peptides. If pos-
sible, avoid acquiring MS/MS spectra using ion-trap mass ana-
lyzers due to their low mass cutoff, known as the “one third 
rule.” The missing low mass fragments substantially limits de 
novo analysis of unknown sequences.

 8. When dynamic peak exclusion time is enabled, the instrument will 
not repeat MS/MS scans of the same precursor ion already selected 
for fragmentation within the specified time. Also, the data-depen-
dent acquisition mode favors the identification of co-eluting pep-
tides by allowing the fragmentation of the low-abundant ones.

 9. Other options may be evaluated in the compilation of sequence 
databases, such as the restriction to a genus group. After de 
novo analysis, the new sequences obtained may be included in 
the final, customized database.

 10. The mass tolerances may need experimental adjustment accord-
ing to the mass accuracy of the instrument used for MS analysis.

 11. An analytical run with a small sample volume of 25–50 μL may 
be performed as a retention time guide of the peptide fractions 
to be collected in the definitive RP-HPLC run.

Solange M.T. Serrano et al.
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 12. In general, 2–4 min is sufficient to acquire good spectra for de 
novo analysis.

 13. The remaining volume prepared according to Subheading 3.6 
can be recovered for MALDI-based analysis.

 14. Snake venoms contain several proline-rich peptides, and these 
proline-containing fragments produce intense peaks in the 
ESI-MS/MS spectra, which, in some cases, suppress other 
neighboring fragments and prevent complete de novo analysis. 
Fragments from singly charged MALDI ions are richer in y-, 
b-, a-ions and internal fragments, and acquiring additional 
MS/MS spectra with MALDI ionization helps de novo 
sequencing, as the spectra from both ionization modes  provide 
complementary information [12]. Both the MALDI and 
ESI-MS/MS analysis described in this chapter use CID to 
fragment the peptides; if available, a mass spectrometer with 
other fragmentation  methods (such as electron-transfer 
 dissociation or electron-capture  dissociation) can provide addi-
tional complementary fragmentation information.

 15. An Excel worksheet or a simple script as denovo.pl [6] to com-
pute all amino acid differences on a computer screen may assist 
in manual de novo analysis.

 16. Any proteomic database search engine (MASCOT Server, 
PEAKS Studio, X! Tandem, etc.) with the “no enzyme” speci-
ficity option can be used for this validation.

 17. Automated de novo search tools may also be used to support 
and to accelerate de novo analysis; however, in this case, we 
recommend a manual validation step of the sequences obtained 
with peaks observed in the original spectra.
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Chapter 24

Identification of Peptides in Spider Venom Using Mass 
Spectrometry

Rafael L. Lomazi, Erika S. Nishiduka, Pedro I. Silva Jr, 
and Alexandre K. Tashima

Abstract

Spider venoms are composed of hundreds of proteins and peptides. Several of these venom toxins are 
 cysteine-rich peptides in the mass range of 3–9 kDa. Small peptides (<3 kDa) can be fully characterized by 
mass spectrometry analysis, while proteins are generally identified by the bottom-up approach in which 
proteins are first digested with trypsin to generate shorter peptides for MS/MS characterization. In  general, 
it is sufficient for protein identification to sequence two or more peptides, but for venom  peptidomics it is 
desirable to completely elucidate peptide sequences and the number of disulfide bonds in the molecules. In 
this chapter we describe a methodology to completely sequence and determine the  number of disulfide 
bonds of spider venom peptides in the mass range of 3–9 kDa by multiple enzyme digestion, mass 
 spectrometry of native and digested peptides, de novo analysis, and sequence overlap alignment.

Key words Spider venom, Peptidomics, Mass spectrometry, De novo analysis

1 Introduction

Peptides in the mass range of 3–9 kDa compose a large part of 
spider venom toxins [1–3]. In general, these toxins are cysteine-
rich peptides containing the inhibitor cysteine knot [4], the 
disulfide- directed β-hairpin [5], or the Kunitz-type inhibitor 
domains [6]. It has been shown that these peptides are blockers 
of ion channels [7], inhibitors of proteases [8], antimicrobial 
agents [3, 9], and, in some cases, present very specific paralytic 
activities against insects [10, 11].

Heavy peptides are not efficiently fragmented by collision-
induced dissociation with inert gases [3, 12, 13], giving limited 
information of primary structures. However, even without 
complete fragmentation, MS analysis of native and reduced 
peptides often gives important information about disulfide 
bond connections. Moreover, complementary MS/MS data of 
digested peptides help elucidate the amino acid sequence. In 



360

this chapter, we describe a methodology combining mass 
 spectrometry of native venom peptides, digestion of reduced 
and alkylated peptides with multiple enzymes for MS/MS 
 analysis, de novo sequencing, database search, and assembling 
of the mature peptides based on overlapping of toxin fragments 
and on information from RNA-seq (Fig. 1). We show that with 
this methodology it is possible to obtain full sequences of 
venom toxins, determine the number of disulfide bonds, and 
identify potential structural isomers among venom toxins.

2 Materials

 1. Bradford reagent.
 2. 96-well polystyrene plate.
 3. Microplate reader with 595 nm filter (we use Synergy HT, 

Biotek Instruments, Winooski, VT, USA).

 1. C18 reversed-phase cartridges (we use Sep-pak Light, Waters, 
MA, USA).

 2. Ultrapure water (resistivity at 25 °C: 18.2 MΩ∙cm).
 3. Methanol: HPLC or superior grade.
 4. Acetonitrile (ACN) of HPLC or superior grade.
 5. Trifluoroacetic acid (TFA) solutions: 0.1% TFA in water, and 

0.1% TFA in 30% ACN (see Note 1).
 6. Plastic syringes.

2.1 Quantification

2.2 Solid Phase 
Extraction

Spider
venom

Peptide SPE 
fractionation

LC-MS/MS

Multiple
enzyme
digestion

Bioinformatics of
native peptides

Bioinformatics of
digested peptides

Sequence overlapping and
assembling of mature peptides

Fig. 1 Scheme of the spider venom peptidomic strategy combining native and 
digested peptide analysis
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 1. Enzymes: trypsin, Glu-C, chymotrypsin, and thermolysin (see 
Note 2).

 2. Dithiothreitol (DTT) solution, 100 mM.
 3. Iodoacetamide (IAA) solution, 300 mM.
 4. Ammonium bicarbonate solution (see Note 3), 50 mM.
 5. Tris–HCl buffer, 100 mM, with 10 mM CaCl2. Adjust pH to 

7.4–8.0 with 1 M HCl.
 6. Sodium phosphate buffer, 50 mM. Dissolve 60.0 mg of sodium 

phosphate monobasic (NaH2PO4) in 10 mL of water. Dissolve 
71.0 mg of sodium phosphate dibasic (Na2HPO4) in 10 mL of 
water. Mix 2.26 mL of the NaH2PO4 solution with 7.74 mL of 
the Na2HPO4 solution to produce a 50 mM sodium phosphate 
buffer of pH 7.4.

 7. Cleavable surfactant (we use Rapigest, Waters, MA, USA).

 1. ACN for LC-MS.
 2. Formic acid (FA): add 100 μL FA to 100 mL of water (phase 

A, 0.1% FA) or to 100 mL of ACN (phase B, 0.1% FA in ACN).
 3. Reversed-phase trap column (see Note 4): we use nanoAC-

QUITY UPLC Symmetry C18 Trap Column, 5 μm, 
180 μm × 20 mm (Waters, MA, USA).

 4. Analytical reversed-phase capillary column (see Note 5): 
we use nanoACQUITY CSH130 C18 1.7 μm, 
75 μm × 200 mm.

 5. Glu-fibrinopeptide B (GFP-B) ≥90% (sequence 
EGVNDNEEGFFSAR).

 6. Picotip and Tapertip (New Objective) emitters.
 7. Instrumentation for LC-MS experiments: we use a nanoAc-

quity UPLC system (Waters, MA, USA) coupled to a 
Q-TOF Synapt G2 HDMS (Waters, MA, USA) or an LTQ-
Orbitrap Velos (Thermo Scientific, Bremen, GA, USA).

 1. Software for retention time alignment, peak picking, and 
deisotoping peptide ions: we use Progenesis QI for Proteomics 
(Nonlinear Dynamics, Newcastle, UK).

 2. Software for MS data interpretation, database, post- translational 
modification (PTM), and homology searches: we use PEAKS 
Studio 7.5 (Bioinformatics Solution Inc., Waterloo, Canada).

3 Methods

 1. Keep the spider in a small vented plastic box.
 2. Place the box in a container filled with carbon dioxide for 

2–10 min to anesthetize the animal (see Notes 6 and 7).

2.3 Digestion

2.4 Mass 
Spectrometry

2.5 Bioinformatics

3.1 Venom Milking
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 3. After anesthetizing, hold the spider and apply mild electric 
 stimulation with wet electrodes in each venom gland (10–25 V, 
10 Hz) [14]. The extraction procedure depends on the 
 chelicera position. Orthognath spiders (e.g., Mygalomorphae) 
bite with cheliceras in frontal movements while labdognath spi-
ders (e.g., Araneomorphae) attack in lateral movements 
(Fig. 2). Cheliceras of orthognath spiders can be positioned in 
microtubes. Venoms of labdognath spiders have to be collected 
directly with pipettes (see Note 8).

 4. Centrifuge venoms at 14,000 × g and 4 °C for 5 min, collect 
the supernatant, and store at −80 °C until use.

 1. Pipette 5 μL of venom sample in duplicate or triplicate and add 
250 μL of the Bradford reagent in each well (see Note 9).

 2. Prepare the standard curve with a pure protein as a reference 
(see Note 10).

 3. Incubate plate (30 min, 37 °C) before reading.
 4. Read absorbance at 595 nm.

 1. Condition the C18 reversed-phase SPE cartridge with 3 mL of 
methanol.

 2. Wash the cartridge with 3 mL of 0.1% TFA (see Note 11).
 3. Dilute a volume containing ~100–1000 μg of venom protein 

in 500 μL of 0.1% TFA (see Note 12).
 4. Load the venom solution in the SPE cartridge. Discard the 

excess volume.
 5. Wash the cartridge with 3 mL of 0.1% TFA (see Note 13).
 6. Elute the venom peptides with 3 mL of 30% ACN (see Note 

14). Split the venom peptide eluate in five fractions, one for 
native peptide analysis and the others for digestions. Dry the 
peptide fractions in a vacuum concentrator (see Note 15).

3.2 Quantification

3.3 Solid Phase 
Extraction (SPE)

Fig. 2 Cheliceras of orthognath and labdognath spiders. Arrows show movement directions. (a) Acanthoscurria 
juruenicola, an orthognath spider. (b) Nephilingis cruentata, a labdognath spider

Rafael L. Lomazi et al.
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 1. Dissolve four of the venom peptide fractions in 50 μL of digestion 
solutions: 50 mM NH4HCO3 for trypsin; 100 mM Tris- HCl, 
10 mM CaCl2 for chymotrypsin; 50 mM sodium phosphate 
buffer, 0.5 mM CaCl2 for Glu-C and thermolysin.

 2. Add 25 μL of 0.2% Rapigest or equivalent mass spectrometry 
compatible cleavable surfactant (see Note 16) to each tube and 
incubate the peptide solutions at 80 °C for 15 min.

 3. Add 2.5 μL of DTT solution and incubate the peptide solu-
tions at 60 °C for 30 min to reduce disulfide bonds.

 4. Add 2.5 μL of IAA solution and incubate at room temperature 
in the dark for 30 min to alkylate cysteines.

 5. Add each enzyme (separately) in the respective tube at 
enzyme:peptide ratios of 1:100, except for thermolysin, whose 
ratio is 1:250. Incubate the thermolysin tube at 75 °C and all 
other tubes at 37 °C for 15 min (see Note 17).

 1. Calibrate the mass spectrometer with the GFP-B solution 
(100–500 fmol/μL) infused in the lockspray nano-source at 
300–500 nL/min and 3.5 kV.

 2. Dissolve the remaining dried venom peptide fraction from SPE 
in 25 μL of 0.1% FA and pipette in total recovery glass vials. 
For the digested peptides, filter solutions with 0.2 μm syringe 
filters before LC-MS/MS analysis to avoid clogging.

 3. Load 5 μL of the peptide sample in the trap column using an 
autosampler (we use nanoAcquity UPLC) and wash with phase 
A at 8 μL/min for 5 min.

 4. After loading and washing the peptide mixture in the trap col-
umn, switch the flow to the analytical capillary column in order 
to elute the peptides with a gradient of 7–35% of phase B in 
90 min at 275 nL/min (see Note 18).

 5. If a Q-TOF instrument equipped with ion mobility separation 
(IMS) is used for LC-MS/MS analysis, acquire data using the 
data-independent acquisition mode and IMS in the m/z range of 
50–2000 for precursors and fragments, with scan times of 1.25 s 
and in the resolution mode (resolution of ~20,000 at m/z 
785.8). Use collision energy of 4 eV for the precursor ions and a 
ramp of 17–60 eV for the fragment ions (see Note 19). For other 
instruments, acquire data in the data-dependent acquisition 
mode, scanning precursor ions in the m/z range of 400–2000, 
followed by CID of the 3–10 most intense ions at the highest 
possible resolution. Use a dynamic exclusion time of 90 s (see 
Note 20).

 1. Load the MS raw data of native peptides in an appropriate 
 proteomics software (we use Progenesis QI for Proteomics, 
Nonlinear Dynamics, Newcastle, UK).

3.4 Peptide 
Digestion

3.5 Mass 
Spectrometry

3.6 Bioinformatics 
of Native Peptides

Identification of Peptides in Spider Venom Using Mass Spectrometry
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 2. Perform automatic peak picking and retention time 
alignment.

 3. After analysis, manually check the isotopic peak and charge 
assignments of the peptide ions (see Note 21).

 4. Export the final peptide ion worksheet with information of 
m/z, mass, retention time, and intensities to produce mass 
maps and compare native peptide masses with the overlapping 
sequences from digested peptide identifications.

 5. Check retention times of the peptide ions. Multiple chromato-
graphic peaks for the same ion may indicate the existence of 
conformational isomers.

 1. Convert the MS raw data to the .mzML, .pkl, or .mgf 
formats.

 2. Load the converted files to an MS data interpretation software 
(such as PEAKS Studio 7.5 or equivalent program), separating 
the datasets by type of enzyme.

 3. Run automated de novo analysis using tolerances of 10 ppm 
and 0.025 Da to precursor and fragment mass, respectively.

 4. Run database search of all files simultaneously (see Note 22) 
using the same mass tolerances of de novo analysis and set Cys 
carbamidomethylation as fixed modification and Met oxida-
tion, protein N-terminal acetylation and deamidation of Asn/
Gln as variable modifications. Set the enzymes as “specified for 
each sample,” allow nonspecific cleavages at one end of the 
peptide and up to three missed cleavages (see Note 23).

 5. From the overlapping alignments, calculate the masses of the 
continuous sequences and compare with the native peptide 
masses to match possible mature peptides (see Note 24).

 6. After database search, run PTM and homology searches using 
PEAKS Studio 7.5 or equivalent software to find more PTM 
and possible sequence mutations.

4 Notes

 1. Be careful when pipetting TFA, which is a volatile and  corrosive 
acid. Prepare the TFA solutions in an exhaust hood.

 2. Use mass spectrometry or proteomics grade enzymes. In 
 addition to the enzymes described in the above protocol, other 
enzymes may also be used for digestions. The aim is to obtain 
peptides cleaved at different amino acids to assemble overlap-
ping sequences.

 3. Always prepare fresh solutions for digestions. This is valid for 
all digestions, but especially important for those using volatile 
salts such as ammonium bicarbonate.

3.7 Bioinformatics 
of Digested Peptides

Rafael L. Lomazi et al.
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 4. The trap column is used to quickly load the peptides in the 
chromatographic system and also to desalt the peptide mixture 
online.

 5. Other columns may be used for chromatographic separation. If 
your system can withstand high pressures associated with col-
umns with smaller internal diameters, the smaller diameter col-
umns generally allow lower flow rates and higher sensitivities.

 6. To improve extraction yield, it is recommended to keep the 
spider in captivity without feeding for 5–7 days before venom 
extraction. Spiders can stay long periods without food.

 7. The container with carbon dioxide to anesthetize the spider 
can be prepared with a beaker of water and dry ice in a deep 
box. The time to anesthetize the spider may be adjusted and 
depend on the animal size.

 8. It is important to observe that the venom is not being 
 contaminated with other fluids that may be expelled during the 
venom extraction process. For orthognaths, cheliceras can be 
positioned in the tubes; however, it is not possible for labdog-
naths due to their positions. In this case, it is convenient dur-
ing extraction to observe the venom drops with a 
 stereomicroscope to ensure correct collection.

 9. Spider venom protein concentrations may vary from about 
10–30 μg/μL. Dilutions of 10–40-fold may be necessary to 
attain the linear range of most colorimetric methods. Other 
reagents for protein quantification as the bicinchoninic acid 
can also be used.

 10. Several proteins can be used as standards in this step for 
 quantification, as crude venoms contain peptides and proteins. 
It is for an estimate of venom amounts to be used as starting 
material for peptide fractionation.

 11. It is important to remove the organic solvent from the SPE 
cartridges; otherwise the venom peptides will not adsorb to 
the C18 chains.

 12. The volume to obtain 100 μg of venom proteins may be as low 
as 3 μL. The dilution is a way to have sufficient solution  volume 
to load the protein/peptide mixture in the SPE cartridges. 
Higher amounts of venom may be used depending on the 
LC-MS setup and on the sensitivity of the mass spectrometer 
used for characterization.

 13. At this point, salts and small polar molecules can be separated 
from the venom peptides.

 14. The 30% ACN solution is usually sufficient to elute peptides in 
the mass range of 3–9 kDa.

 15. The remaining proteins from the SPE cartridge can be eluted 
with 80% ACN solution. The protein and peptide fractions 
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may be dried and stored for several months at −80 °C for 
 further analysis.

 16. This step is optional, but a surfactant may be useful to 
 denaturate peptides and expose disulfide bond sites. Some 
peptides are protease inhibitors and denaturation may be nec-
essary to assist enzymatic cleavage.

 17. These short time digestions result in several fragments with 
missed cleavages and they are useful for the final purpose of 
sequence overlapping.

 18. Switch of column flows after loading peptides in the trap col-
umn is usually performed automatically by the  chromatographic 
system through divert valves and are setup in the chromatog-
raphy method. The gradient time and flow rate may be changed 
depending on the capillary column internal diameter and on 
the sample complexity.

 19. In our experience, the mass spectrometer Synapt G2 (Waters) 
presents better acquisition performance for spider venom pep-
tidomics when working in the data-independent acquisition 
mode and with IMS.

 20. Other mass spectrometers and acquisition modes may be used 
for these spider venom peptidomics experiments. However, it is 
important to use high resolution (>10,000) to analyze the native 
peptide samples and to resolve the isotopic patterns of the highly 
charged peptides, frequently in the range of +4 to +8.

 21. Progenesis QI for Proteomics matches appropriately the charges 
and monoisotopic peaks of tryptic peptides. However, some 
heavy and highly charged nontryptic peptides may need manual 
inspection and validation due to the increasing difficulty in 
resolving their isotopic patterns and charge assignments.

 22. With simultaneous database searches, peptides generated from 
different enzymes are identified in the same run and can be over-
lapped to examine sequence coverage. This is a key step of the 
method. When several peptide-spectrum matches from different 
enzymes cover a restricted and continuous region of the protein 
sequence, it indicates a possible mature peptide full coverage.

 23. We recommend the preparation of a venom gland  transcriptomic 
database to support peptide-spectrum matches. If a transcrip-
tome is not available for the species of spider being studied, 
compile a database with sequences from species of the closest 
genus. In case a high sequence coverage is not attained, man-
ual overlap of the de novo fragments may be tried, considering 
the native masses as guides to mature  peptide sequences.

 24. To perform the calculations, simulate Cys-Cys bonds for each 
pair of Cys identified to compare with the native peptide 
masses. Commonly, three to five disulfide bonds are found in 
these spider venom peptides.

Rafael L. Lomazi et al.
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Chapter 25

Single Cell Peptidomics: Approach for Peptide 
Identification by N-Terminal Peptide Derivatization

Susanne Neupert

Abstract

In recent years, single cell microanalysis techniques have moved into the center stage to study fundamental 
intracellular interactions and cell–cell communication events, and have led to a better understanding of 
physiological processes and behavioral patterns. The availability of more sensitive, robust, and precise mass 
spectrometers improved the detection and characterization of putative neuroactive substances from 
 individual cells. For sequence characterization, particularly when working with samples as small as a single 
cell, the most crucial step to obtain usable data is sample preparation. For some studies, genetic or  molecular 
data are not available to confirm an amino acid sequence of a putative neuropeptide, and it is necessary to 
sequence the peptide from the mass spectrometry analysis alone (i.e., de novo sequencing). In this chapter, 
a protocol is described for de novo sequencing of neuropeptides from individual single cells by N-terminal 
derivatization using 4-sulfophenyl isothiocyanate and subsequent mass spectrometric analysis.

Key words Single cell peptidomics, N-Terminal derivatization for de novo sequencing, 4-Sulfophenyl 
isothiocyanate (SPITC), Neuropeptides, MALDI-TOF/TOF

1 Introduction

Complex structures such as tissues and organs are made of 
 sometimes a few hundred up to millions or billions of cells, 
 depending on the organism and tissue. Different cell types are 
involved in a variety of processes, including development, 
 embryogenesis, regeneration, and the organization of neuronal 
networks. To communicate and interact with each other, many 
cells synthesize, store, and secrete biomolecules. Microchemical 
analysis of these compounds from individual cells is becoming 
increasingly important to achieve a detailed understanding of cell 
function in biomedical, pharmacological, and  neurophysiological 
research [1, 2]. A successful performance of biomolecule 
 characterization at the single- cell level depends on many different 
conditions: (1) a clear cell identification among thousands to 
 millions of similar cells; (2) contamination-free cell isolation; (3) 
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an optimized sample  preparation protocol for subsequent bio-
chemical analysis; and (4) the availability of  technologies that are 
capable of analyzing micrometer- sized structures and compounds 
at the attomole level. Commercially available instruments for bio-
molecule characterization are very sensitive and have high through-
put, reproducibility and mass accuracy. While the currently available 
equipment is capable of single- cell sequence determinations, more 
sensitive and precise next generation sequencing technologies are 
being developed and will likely become indispensable for single-
cell analyses.

This chapter describes an optimized sample preparation, which 
is the key issue for producing high quality and unambiguous data. 
Our method of choice to study the peptidergic content of neurons 
is matrix-assisted laser desorption/ionization tandem time of flight 
mass spectrometry (MALDI-TOF/TOF MS) [2, 3]. However, for 
de novo sequencing of putative neuropeptides, direct single cell 
analysis does not always provide sufficient information for 
 determination of the complete amino acid sequence. Furthermore, 
the identification of the complete primary sequence of a peptide is 
often prejudiced by differences in fragmentation efficiencies and by 
the amino acid sequence of a peptide. In 2003, an effective 
N-terminal derivatization method using 4-sulfophenyl 
 isothiocyanate (SPITC) was published which enhances peptide 
sequencing by post-source decay MALDI-TOF mass spectrometry 
[4]. Only N-terminally unblocked peptides react with SPITC and 
are detected in MS mode with an increase of 215 Da due to the 
SPITC group. Furthermore, the resulting peptides carry a fixed 
negative charge at the N-terminal end and the resulting MS2 
 spectrum is dominated by C-terminal y-type ions. For many pep-
tides, this allows the complete sequence to be determined either 
manually or with simple software tools such as MASCOT [4]. In 
this chapter, the N-terminal derivatization method using SPITC is 
described along with an approach to optimize de novo sequencing 
of neuropeptides from single cell preparation. Such approach was 
successfully used for neuropeptide sequence characterization from 
single capa neurons of the cockroach Periplaneta americana [5].

2 Materials

Use highly purified water for all solutions. We use a water  purification 
system from TKA CANDOR Bioscience GmbH (Wangen, 
Germany) with a polisher module (0.059 μS/cm),  continuous 
UV-disinfection (254 nm), and an inline sterile  filtration unit 
(0.2 μm) at 24.5 °C. Use high purity organic  solvents for HPLC 
(≥99.9% purity) with analytical grade reagents. Prepare and store all 
reagents at room temperature unless indicated  otherwise. Follow 
appropriate safety instructions when using chemicals.

Susanne Neupert
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 1. Dissecting saline: (in mM) NaCl 126, KCl 5.4, NaH2PO4 0.17 
and KH2PO4 0.22, with pH adjusted to 7.4 [6] using 0.1 M 
HCl.

 2. Fine forceps (e.g., sharpened Dumont No. 5, Fine Science 
Tools GmbH, Heidelberg, Germany).

 3. Ultrafine spring or clipper scissors (such as from Fine Science 
Tools GmbH, Heidelberg, Germany).

 4. Tungsten micro needles (such as from Fine Science Tools 
GmbH, Heidelberg, Germany).

 5. Uncoated glass capillaries (e.g., Hilgenberg GmbH) fitted to a 
tube with mouthpiece (e.g., a sterile pipette tip) for cell dissec-
tion and cell extraction.

 6. Sylgard-coated black glass preparation dish.
 7. Fluorescence dye for cell labeling: 10% dextran, tetramethylrho-

damine, 3000 MW, anionic, lysine fixable (we use Molecular 
Probes, Leiden; Netherlands) in saline, storing and using at 4 °C.

 8. Home-made two chamber device for backfilling.
 9. Petroleum jelly (commonly referred to by the brand name 

Vaseline, and which can be purchased from a grocery store or 
pharmacy). Use petroleum jelly without addition of colorant, 
preservative, fragrance, aromas, or any other additives.

 10. Stereo fluorescence dissecting microscope with high magnification 
(e.g., SteREO Lumar.V12, Carl Zeiss AG, Goettingen, Germany) 
equipped with an Ex 550/25 filter or similar filter set for dextran-
tetramethylrhodamine (Excitation: 555 nm; Emission: 580 nm) 
detection and a AxioCam MrC camera set or similar equipment.

 1. 4-Sulfophenyl isothiocyanate (SPITC) solution, 1.5 mg/mL.
 2. Acetic acid (AA), 10% and 0.5% in purified water, respectively.
 3. Sodium bicarbonate (NaHCO3) solution in purified water, 

20 mM, with a pH of 9.0.
 4. Thermomixer compact (we use Eppendorf, Wesseling- 

Berzdorf, Germany).
 5. Mini Centrifuge (we use Tomy PMC-060 Capsulefuge).
 6. Microfuge tubes (we use 0.5 μL Eppendorf tubes, Wesseling- 

Berzdorf, Germany.

 1. Reversed-phase C18-StageTips (we use Empore 3 M, IVA 
Analysetechnik e.K., Meerbusch, Germany).

 2. 1–10 μL gel-loader tips (we use Eppendorf, Wesseling- 
Berzdorf, Germany).

 3. 100% methanol (MeOH).
 4. Solution A: 0.5% AA.

2.1 Preparation

2.2 Peptide 
Derivatization Using 
4-Sulfophenyl 
Isothiocyanate (SPITC)

2.3 StageTip

Single Cell Peptidomics
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 5. Solution B: 80% acetonitrile (ACN) with 0.5% AA.
 6. 10%, 20%, 30%, 40%, and 50% solutions of ACN in water with 

0.5% AA.
 7. 80% ACN 20% isopropanol.
 8. 1.25 mL syringe (we use Eppendorf, Wesseling-Berzdorf, 

Germany).

 1. Re-crystallized α-cyano-4-hydroxycinnamic acid (CHCA).
 2. 2,5-Dihydroxybenzoic acid (DHB).
 3. 20% ACN with 1% formic acid (FA).
 4. 50% methanol (MeOH) in water.
 5. 60% ethanol (EtOH), 36% ACN, 4% water.

 1. MALDI target plate, we use MTP 384 ground steel BC fitted 
in a MTP target frame III or home-made stainless steel 100 
spot MALDI target fitted in a MTP Adapter (BRUKER 
Daltonics, Bremen, Germany).

 2. MALDI-TOF/TOF mass spectrometer (ultrafleXtrem, Bruker 
Daltonics, Bremen, Germany).

 1. MS software (we use flexAnalysis 3.4, Bruker Daltonics, 
Bremen, Germany).

 2. Microscopic software package (we use AxioVision Rel. 4.8, 
Carl Zeiss AG, Goettingen, Germany).

 3. Regular pocket calculator.

 1. Proteomics tools for mining sequence databases in conjunc-
tion with mass spectrometry experiments (we use 
ProteinProspector, http://prospector.ucsf.edu).

 2. Tool for searching and comparing primary biological sequence 
information, such as amino acid sequences (we use NCBI/
BLAST, http://blast.ncbi.nlm.nih.gov/Blast.cgi).

3 Methods

Dissect insect ganglion containing cells of interest in insect saline. 
Remove the connective tissue (muscles or fat body) carefully with-
out damaging the ganglion. If retrograde labeling has to be 
 performed for cell identification, attached nerves should be 
unscathed and severed as distal as possible (see Note 1).

Depending on the cell type, there are several approaches for cell 
identification including cell size and localization, active and passive 
dye injection, Tyndall effect, and UAS-GAL4-system.

2.4 MALDI-TOF 
Matrix Application

2.5 MALDI-TOF Mass 
Spectrometry

2.6 Software

2.7 Internet Sources

3.1 Tissue 
Dissection

3.2 Cell 
Identification

Susanne Neupert
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For larger cells (between 40 and 500 μm) which are characterized 
by an unambiguously tractable localization in a ganglion or tissue 
sample, these parameters alone are often sufficient for identification 
and additional tracing, biochemical, or genetic methods are not 
necessary.

Cells can be labeled by retrograde labeling, intracellular dye appli-
cation, whole cell patch clamp, or perforated patch clamp.

Place the ganglion into a chamber filled with insect saline (4 °C) 
and transfer the attached nerve that contains the axon of cells of 
interest in a second nearby chamber filled with 10% dextran- 
tetramethylrhodamine using a needle fixed in a needle holder. 
Cover the nerve between the two chambers with petroleum jelly 
(see Note 2). Staining of cell bodies via passive diffusion into the 
ganglion requires 5–48 h (Fig. 1a; see Note 3).

3.2.1 Cell Size 
and Localization

3.2.2 Dye Injection

Retrograde Labeling 
of Neurons by External 
Nerves

Fig. 1 Cell dissection for SPITC derivatization and subsequent MALDI-TOF MS analysis. (a) Retrograde filling of 
neurons via external nerve, which contain the respective neurites. Tissue with cell bodies of interest are placed in 
chamber filled with saline. An external nerve is placed in a separate chamber containing fluorescence dye. The 
part of the external nerve between the chambers is covered with petroleum jelly (i.e., Vaseline). Labeled cells are 
detectable in the ganglion using a Stereo-Lumar V12 fluorescence microscope. (b) Overview of stained capa 
somata in the abdominal ganglion of the cockroach Periplaneta americana. (c) Dissect a labeled cell using an 
uncoated glass capillary. (d) After removing of saline labeled cell is attached on the inner side of the glass capil-
lary. (e) Schematic drawing of removing saline and adding purified water for peptide extraction. Water should 
cover the cell completely (dashed line). AG, abdominal ganglion; aPSO, abdominal perisympathetic organs

Single Cell Peptidomics
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Use a glass capillary connected to a tube and a mouth piece. Fill the 
sharp tip with a florescence dye and inject the dye into the  projection 
area of the cell of interest by treating the area with the sharp tip 
several times under continuous dye application (see [7], Note 4).

Insert a microelectrode filled with a dye into an individual cell body to 
measure electrical activity while injecting the dye into  usually a neuron.

Place a patch clamp electrode which is filled with a fluorescence dye on 
the membrane of the cell of interest and load the dye by application of 
a hyperpolarizing current. Injection time and current settings are 
depending on the cell type as well as the dye (see [8]).

Fill the neuron juxtasomal with a dye by giving electroporating 
stimuli via the patch pipette (see for more details [9]).

For insects, such as Drosophila melanogaster or Tribolium  castaneum, 
different GAL-4 driver lines are available to identify specific cells by 
expression of fluorescent marker proteins such as green fluores-
cence protein (GFP) under upstream activating sequence (UAS) 
control [10, 11].

Use this phenomenon to identify neurosecretory cells in the 
 nervous tissue based on their slightly bluish color. In transmitted 
light the neurons appear blue because of the light scattering due to 
peptide vesicles that they contain. The intensity of the color 
depends on the concentration of these dense core vesicles. Examples 
of neurons with distinct Tyndall effect are PBAN-expressing 
 neurons in the subesophageal ganglion of moths [12] and neurons 
of the pars intercerebralis in many fly species.

 1. Fix the ganglia with microneedles, search for the labeled neu-
rons under a stereo fluorescence microscope (cell identification 
methods see Subheadings 3.2.1, 3.2.2, and 3.2.3; Fig. 1b) or a 
stereo microscope without fluorescence option (cell identifica-
tion method see Subheading 3.2.4) and remove the ganglionic 
sheath close to the labeled cells using a fine scissor or ultrafine 
forceps.

 2. Without prior enzyme treatment, remove a labeled cell 
 manually using an uncoated glass capillary fitted to a tube with 
a  mouthpiece. Let the cell settle and allows it to attach to the 
inner side of the glass capillary (Fig. 1c, d, see Note 5). Remove 
the saline complete under constantly visual control (see Note 6). 
Extract the cell by adding purified water into the glass capillary 
(Fig. 1e). Incubate the sample on ice for 15–30 min in a humid 
chamber (see Note 7).

Retrograde Labeling 
of Neurons by Dye 
Injection into Axonal 
Projection Areas

Intracellular Dye 
Application

Whole Cell Patch 
Clamp

Perforated Patch Clamp

3.2.3 UAS-GAL4-System

3.2.4 Tyndall Effect

3.3 Cell Dissection 
and Peptide Extraction
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 3. For documentation, take photographs of the ganglia before 
and after cell dissection using the stereo microscope equipped 
with appropriate camera set each time a single cell is removed 
for reconstruction of the cell localization.

 1. Transfer the single cell extract in 40 μL SPITC solution dis-
solved in 20 mM NaHCO3 (pH 9.0) at a concentration of 
1.5 mg/mL. The sulfonation reaction should be carried out in 
a 0.5 mL microfuge tube for 1 h at 55 °C in the Thermomixer 
at 300 rpm.

 2. Add 2.5 μL 10% AA followed by 50 μL 0.5% AA to acidify [4, 13]).
 3. Activate and equilibrate a home-made StageTip Empore 3 M C18 

column (see [14], Note 8). Rinse the column with 50 μL 0.5% AA 
without drying the C18 material. Load sample solution on the 
column by using a mini centrifuge. Elute peptides from the col-
umn by adding 1.5 μL 10/20/30/40/50/80% ACN 0.5% AA 
sequentially using a 1.25 mL syringe which is fitting on the 
StageTip.

 4. Drop approximately 1.4 μL of each elute onto a MALDI tar-
get. For a better separation distribute each of the 1.4 μL sam-
ple solutions on three spots (approximately 0.4 μL per spot). 
Apply 0.3 μL matrix solution to each sample spot before dry-
ing using a 0.1–10 μL nanopipette.

 1. Prepare a stock solution of 10 mg/mL CHCA dissolved in 
60% EtOH, 36% ACN, 4% purified water. For MALDI-TOF 
MS analysis, dilute one part of the CHCA stock solution with 
three parts 50% methanol/water.

 2. Alternatively, use 10 mg/mL DHB dissolved in 20% ACN and 
1% FA (see Note 9 and Fig. 2).

 3. To remove free matrix crystals, rinse the dried spot with puri-
fied water or 0.1% TFA and remove it after a few seconds by 
cellulose paper (see Note 10).

 4. Place an appropriate peptide standard close to the sample spots 
on the sample plate (see Note 11).

 1. Load the sample plate into a MALDI-TOF mass spectrometer 
and use the synthetic peptide standard for calibration and 
 optimization of the settings of the mass spectrometer.

 2. Analyze the sample in the reflector positive mode as 
 recommended for peptide samples. Acquire mass fingerprint 
spectra with a sufficient signal-to-noise ratio by using an 
 appropriate laser power and a minimum of laser shots for each 
spectrum. Remember that you will use the same sample spot 
for subsequent fragmentation experiments (see Note 12).

3.4 Peptide 
Derivatization Using 
4-Sulfophenyl 
Isothiocyanate (SPITC)

3.5 Matrix 
Composition 
and Application

3.6 MALDI-TOF 
Analysis
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 3. For fragmentation, change the settings on the mass 
 spectrometer as recommended for peptide fragmentation, 
select a derivatized peptide ion signal of interest (see Note 13) 
and start fragment analysis (see Note 14).

Fig. 2 Direct single cell MALDI-TOF MS and peptide characterization from derivatized and non-derivatized putative 
neuropeptides. (a) Mass spectrum obtained by direct profiling of a single capa cell in a mass range of 900–3500 Da. 
Marked ion signals represent product from two capa cDNA transcripts (see also [5]). (b) Mass spectrum of the ion 
signal at m/z 1113.6. Resulting b and y fragments are labeled which contain enough information for sequence con-
firmation but not for de novo sequencing. (c) 0.3 μL of 40% ACN 0.5% AA eluate of a single cell extraction treated by 
SPITC. The non-derivatized ion at m/z 1113.6 and the associated derivatized ion at m/z 1328.6 are detectable. (d) 
Fragmentation mass spectrum of the ion m/z 1328.6. Derivatization induces neutral losses of the modifying group 
(−173 Da, −215 Da) and almost exclusive formation of y-series fragment ions for de novo sequencing

Susanne Neupert
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4 Notes

 1. Be careful not to damage the nerve attached to the ganglion, 
otherwise backfilling will not work effectively.

 2. Most of the fluorescence dyes used for retrograde labeling do 
not suppress ion signals during MALDI-TOF MS analysis. Do 
not use Lucifer Yellow which can interfere with MALDI-TOF.

 3. The amount of time for filling a cell body with a dye depends 
on the distance between dye application in the axon and the 
location of the corresponding cell body of interest within the 
tissue.

 4. If cell bodies become damaged during the dissection procedure, 
the fluorescence signal of the labeled cells disappears and the sub-
sequent mass spectra usually have lower signal intensities even if 
the cell is properly placed on the inner side of the glass capillary.

 5. To avoid contamination, use a new glass capillary for each cell 
preparation even if a cell does not attach in the capillary or an 
already dried cell could not be visualized before water applica-
tion for peptide extraction.

 6. The fluorescence marker should be visible. If not, do not use 
the sample for subsequent analysis.

 7. Use double faced adhesive tape to fix the glass capillary pre-
cisely in a Petri dish. Be careful not to damage the tip of the 
capillary. Place into the Petri dish moist cellulose or tissue 
paper; not wet. Put a lid on the Petri dish and incubate the 
samples in a refrigerator at 8 °C.

 8. Fill 0.4–0.5 mg StageTip Empore 3 M C18 material in a 20 μL 
Gel-loader Tip using an appropriate small metal stick. Cut off 
the tip in an appropriate distance to the C18 material. To hold 
the home-made C18 column during centrifugation steps use a 
closed 2 mL microfuge tube with a hole in the lid.

 9. For an even distribution of DHB matrix crystals, dry samples 
using a regular hot air hairdryer.

 10. Include rinsing step after matrix application only if using 
CHCA as matrix. Water can be removed after rinsing by cel-
lulose paper. Do not rinse DHB samples. DHB is recrystallized 
using water or 0.1% TFA and will be removed from the spot by 
cellulose paper.

 11. Analyze synthetic peptides using the same settings as expected for 
the cell samples (use very low peptide concentrations). The single 
cell preparations do not contain enough material for testing and 
selecting the optimal conditions. A standard peptide mixture is 
important not only for an optimal calibration of the mass spec-
trometer but also for the tuning of the hardware settings. Mixtures 
are commercially available or can be individually prepared.

Single Cell Peptidomics
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 12. Start analyses with relatively low laser energy and few laser shots 
to save material for subsequent fragmentation experiments.

 13. Depending on the derivate, the parent mass of your ion of 
interest is changed. For SPITC derivatization ions are detected 
with a mass shift of +215 Da.

 14. For fragmentation experiments of derivatized ions, the laser 
power has to be reduced at 20–30% (settings adjustable in the 
software of the mass spectrometer) comparable to the laser power 
which is necessary for fragmentations of non- derivatized ions.
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Chapter 26

Peptidomic Identification of Cysteine-Rich Peptides 
from Plants

Xinya Hemu, Aida Serra, Dina A. Darwis, Tobias Cornvik, Siu Kwan Sze, 
and James P. Tam

Abstract

Plant cysteine-rich peptides (CRPs) constitute a majority of plant-derived peptides with high molecular 
diversity. This protocol describes a rapid and efficient peptidomic approach to identify a whole spectrum of 
CRPs in a plant extract and decipher their molecular diversity and bioprocessing mechanism. Cyclotides 
from C. ternatea are used as the model CRPs to demonstrate our methodology. Cyclotides exist naturally 
in both cyclic and linear forms, although the linear forms (acyclotide) are generally present at much lower 
concentrations. Both cyclotides and acyclotides require linearization of their backbone prior to  fragmentation 
and sequencing. A novel and practical three-step chemoenzymatic treatment was developed to linearize and 
distinguish both forms: (1) N-terminal acetylation that pre-labels the acyclotides; (2)  conversion of Cys into 
pseudo-Lys through aziridine-mediated S-alkylation to reduce disulfide bonds and to increase the net 
charge of peptides; and (3) opening of cyclic backbones by the novel asparaginyl  endopeptidase butelase 2 
that cleaves at the native bioprocessing site. The treated peptides are  subsequently analyzed by liquid 
 chromatography coupled to mass spectrometry using electron transfer dissociation fragmentation and 
sequences are identified by matching the MS/MS spectra directly with the  transcriptomic database.

Key words Cysteine-rich peptides, Plant peptides, Peptidomics, Molecular diversity, Butelase, 
Cyclotides

1 Introduction

The limitations to develop bioactive peptides into drugs are their 
structural and poor metabolic stability. Cysteine-rich peptides, such 
as plant defensins, heveins, and knottins, are highly  recalcitrant 
 structures stabilized by multiple intramolecular disulfide bonds to 
serve as a source of diverse, druggable compounds [1, 2]. Cyclotides 
are end-to-end macrocyclic CRPs without loose ends and  therefore 
possess additional molecular stability against exopeptidase degra-
dation [3]. Hence, they are useful leads and scaffolds for the 
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development of orally active peptidyl drugs [4]. Our recent study 
suggests that a cyclotide-producing plant could produce hundreds 
of cyclotides through hypervariable sequences, which are further 
modified by posttranslational modifications (PTMs). A novel 
mechanism of PTM is the fuzzy bioprocessing that results in both 
cyclic and linear products from the same precursor in cyclotide 
biosynthesis.

To characterize a full spectrum of CRPs and to elucidate their 
molecular diversity, we developed a rapid and accurate peptidomic 
approach and demonstrated its efficiency using cyclotides from 
Clitoria ternatea [5]. In our approach the peptides are chemically 
and enzymatically modified in three steps (Fig. 1): First, the naturally 
occurring linear cyclotides in the mixture are pre-labeled by 
N-terminal acetylation so that they can be distinguished from their 
cyclic counterparts that will be linearized in a later treatment. Second, 
the intramolecular disulfide bonds are reduced and thiols are 
S-alkylated with ethylamine. The reduction and alkylation are per-
formed with bromoethylamine (BrEA) and dithiothreitol (DTT) in a 
one-pot reaction triggered by heating and basic pH. Third, to open 
the cyclic backbones with regiospecificity, the Asx-specific endopepti-
dase butelase 2 is used to linearize cyclotides at the biosynthetic liga-
tion site. Butelase 2 is a protease that is found in the transcriptome of 
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Fig. 1 Flow chart for peptidomic analysis of plant cyclotide extract containing both cyclotides and acyclotides
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C. ternatea with sequence homology to butelase 1, a ligase that forms 
cyclic peptides. Because butelase 2 recognizes the same reactive site 
as butelase 1, the proteolytic action of butelase 2 results in hydrolysis 
and the generation of sequences homologous to those contained in 
the transcriptome. The three-step treatment allows peptide to be 
separated and fragmented by liquid-chromatography tandem mass 
spectrometry (LC-MS/MS) and side-chain modifications can be 
identified by direct transcriptomic analysis (Fig. 1).

2 Materials

 1. Fresh Clitoria ternatea plant (weight ~ 30 g).
 2. Sf9 insect cells adapted to serum-free medium (we use cells 

from Invitrogen).
 3. E. coli Mach1 Phage-Resistant Chemically Competent 

(ThermoFisher Scientific).
 4. E. coli DH10BAC (Invitrogen).

Most of the reagents needed are described in the following sec-
tions, and should use high purity HPLC-grade or better. Water 
used for procedures should be deionized.

 1. Antibiotics: ampicillin, penicillin, streptomycin, gentamycin, 
tetracyclin, kanamycin.

 2. Benzonase, purity grade II (>90%) for biotechnology.
 3. BseRI restriction enzyme.
 4. Cationic-lipid formulation for transfection of insect cells (we 

use Cellfectin® II reagent from Invitrogen).
 5. dCTP and dGTP solution.
 6. High-fidelity PCR master mix with GC buffer (we use 

Phusion®, Thermofisher).
 7. pFB-LIC-Bse vector (available from Addgene, Cambridge, 

MA, USA).
 8. Protease Inhibitor Cocktail (we use Nacalai Tesque).
 9. T4 DNA polymerase.
 10. Tobacco Etch Virus (TEV) protease.
 11. Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) 10% acrylamide gel.

 1. 1 N HCl.
 2. 1 N NaOH solution.
 3. 20% ethanol in water with 10 mM HCl, pH 2.
 4. 80% acetonitrile (ACN) in water with 0.1% trifluoroacetic acid 

(TFA).

2.1 Plant Material, 
Cell Line, 
and Microorganisms

2.2 Chemicals, 
Reagents, and Kits

2.3 Buffers 
and Solutions

2.3.1 Extraction, 
Clarification, 
and Fractionation of CRPs
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 5. 10% ACN in water with 0.1% TFA.
 6. MALDI-TOF matrix solution: α-Cyano-4-hydroxycinnamic 

acid (CHCA) saturated solution in 80% ACN with 0.1% TFA.

 1. P1, P2, P3, TE buffers for bacmid purification (Qiagen).
 2. Lysogeny broth.
 3. Insect cell culture media (we use SF900-III, Gibco).
 4. Grace’s insect medium.
 5. Fetal-bovine serum (FBS).
 6. Lysis buffer: 100 mM HEPES, 500 mM NaCl, 10 mM imid-

azole, 10% glycerol, 0.5 mM TCEP, adjust pH to 8.0 with 1 N 
NaOH, benzonase (8 μL for each 10 g cell pellet), protease 
inhibitor cocktail (50 μL in 100 mL lysis buffer).

 7. Immobilized metal ion affinity chromatography (IMAC) wash 
and elution buffers.

 8. IMAC wash 1 buffer: 20 mM HEPES, 500 mM NaCl, 10 mM 
imidazole, 10% (v/v) glycerol, 0.5 mM TCEP, adjust pH to 
7.5 with 1 N NaOH.

 9. IMAC wash 2 buffer: 20 mM HEPES, 500 mM NaCl, 25 mM 
imidazole, 10% (v/v) glycerol, 0.5 mM TCEP, adjust pH to 
7.5 with 1 N NaOH.

 10. IMAC Elution buffer: 20 mM HEPES, 500 mM NaCl, 
500 mM imidazole, 10% (v/v) glycerol, 0.5 mM TCEP, adjust 
pH to 7.5 with 1 N NaOH.

 11. Gel Filtration Buffer: 20 mM HEPES, 300 mM NaCl, 10% (v/v) 
glycerol, 0.5 mM TCEP, adjust pH to 7.5 with 1 N NaOH.

 12. Enzyme activation buffer: 20 mM citrate buffer prepared by mix-
ing citric acid and sodium citrate solution to pH 5, 1 mM DTT.

 13. Digestion buffer: 0.2 M sodium phosphate buffer prepared by 
mixing monosodium phosphate solution and disodium 
 phosphate solution to pH 6.5, 10 mM EDTA.

 14. RNA extraction solution (we use Trizol reagent, invitrogen).
 15. 10 mM Tris-Cl, adjust pH to 8.5 using 1 N HCl.
 16. SDS-PAGE running buffer: 6 g Tris-base, 28.8 g glycine, 0.1% 

w/v SDS in 1 L water, adjust pH to 8.5 with 1 N HCl.
 17. Protein sample loading buffer for SDS-PAGE (we use Laemmli 

from Bio-rad).

 1. 0.2 M Ammonium acetate buffer, adjust pH to 5.0 with glacial 
acetic acid.

 2. 1 M acetic anhydride solution in ACN.
 3. 20 mM sodium phosphate monobasic (NaH2PO4) containing 

20% (v/v) ACN, adjust pH to 2.9 with 1 N HCl.

2.3.2 Expression 
of Butelase 2 and RNA 
Extraction

2.3.3 Chemical 
and Enzymatic 
Derivatization of Cyclotides
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 4. 0.3 M DTT stock solution in water, store at −20 °C.
 5. 0.3 M 2-Bromoethylamine hydrobromide (BrEA) stock solu-

tion in water, store at −20 °C.
 6. 1 M Tris–HCl buffer (pH 8.6).

 1. Solvent for sample preparation: 3% ACN, 0.1% formic acid 
(FA) in water.

 2. Eluent A: 0.1% FA. Sonicate for 20 min using an ultrasonic 
bath.

 3. Eluent B: 0.1% FA in 90% ACN. Sonicate for 20 min using an 
ultrasonic bath.

 4. Buffer RP-A: 0.11% TFA in deionized water.
 5. Buffer RP-B: 0.1% TFA in ACN.
 6. Buffer SCX-A: 20 mM NaH2PO4 in 20% ACN, adjust pH to 

2.9 with 1 N HCl.
 7. Buffer SCX-B: 1 M KCl, 20 mM NaH2PO4, 20% ACN, adjust 

pH to 2.9 with 1 N HCl.

 1. Bioanalyzer Agilent 2100 (Agilent Technologies).
 2. Blender.
 3. Centrifuge, tabletop.
 4. Illumina HiSeq 2000 Sequencing System.
 5. Incubator.
 6. Lyophilizer.
 7. PAGE system.
 8. Shaker incubator.
 9. Ultrasonic bath.
 10. Vortex mixer.
 11. Vacuum centrifuge concentrator (such as Speedvac).
 12. Ultra-High Performance Liquid Chromatography (UHPLC) 

system such as the Dionex UltiMate 3000 from Thermo 
Scientific Inc. (Bremen, Germany), or comparable system.

 13. Mass spectrometer with electrospray ionization interface (ESI) 
such as the Michrom CaptiveSpray source and Orbitrap Elite 
Hybrid Ion Trap-Orbitrap from Thermo Scientific Inc.

 14. Mass spectrometer with Matrix Assisted Laser Desorption/
Ionization Time-of-Flight, MALDI-TOF, such as the ABI 
4800 from Applied Biosystems (Waltham, MA, USA).

 1. 24-well tissue culture plate.
 2. Flat-bottomed 96-well microtiter plate.

2.3.4 Mobile Phases 
for Sample Preparation 
and Liquid 
Chromatography

2.4 Instruments  
(See Note 1)

2.5 Other Materials
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 3. Ni-nitrilotriacetic acid (Ni-NTA) beads (Invitrogen), 1 mL 
packed in gravity column.

 4. HiLoad 16/60 Superdex 75 (or 200) prep grade column (GE 
Healthcare).

 5. 10 kDa molecular-weight cutoff ultracentrifugal filter unit.
 6. Desalting column: C-18 Sep-pack, 50 mg.
 7. Rapid-flow filter unit 0.45 μm.
 8. Oligo(dT) magnetic beads.
 9. Cation-exchange column, 200 × 4.6 mm (such as the 

PolySULFOETHYL A column from PolyLC, Columbia, 
MD, USA).

 10. C-18 Ziptip with 0.6 μL bed volume.
 11. Reversed phase column for UHPLC (such as Acclaim™ 

PepMap RSL C18, 2 μm, 100 Å, 75 μm ID × 15 cm from 
Thermo Fisher Scientific, Waltham, USA).

 1. Transcriptome analysis: Trinity Software (Trinity Software Inc., 
Arlington, USA).

 2. De novo MS/MS sequencing: PEAKS Studio version 7.5 [6] 
(Bioinformatics Solutions, Waterloo, Canada).

3 Methods

 1. Collect fresh plant tissues and gently wash it with water. Air-
dry the remaining water but prevent plant tissue from dehydra-
tion. Separate different plant organs (leaf, stem, flower, pod, 
and root) and weigh them.

 2. Optimize extraction buffer by preparing different concentra-
tions of organic solvent/water mixture and mix with small 
amount of plant tissue (about 100 mg) in a ratio of 10 mL/g. 
Different organic solvents such as ethanol, methanol, and 
ACN can be tested during optimization. Ethanol was chosen 
for C. ternatea extraction.

 3. Grind the mixture in a manual grinder to extract soluble ingre-
dient. Spin down debris, at 13,000 × g, 4 °C for 10 min, and 
take the clear supernatant.

 4. Dilute supernatant with water to 20% ethanol and acidify the 
solution to pH 2 with 1 N HCl and keep the mixture at 4 °C 
for 1 h to let proteins slowly precipitate.

 5. Filter the mixture with a 0.45 μm filter unit.
 6. Analyze MS profile by MALDI-TOF MS (see Note 2). The 

extraction buffer that provides the highest abundance of peaks 
in the range of 3000–4000 Da is chosen for the scale-up 
experiment.

2.6 Software

3.1 Extraction 
and Clarification

3.1.1 Small Scale 
Extraction Optimization
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 1. Mix plant tissues with chilled extraction buffer in the ratio of 
10 mL/g at final volume ranging from 100 mL to 1 L.

 2. Blend the mixture for 10 min at high speed and high intensity.
 3. Centrifuge blended mixture at 4000 × g for 30 min at 4 °C.
 4. Collect supernatant and dilute into 20% ethanol with distilled 

water.
 5. Acidify the mixture to pH 2 using 1 N HCl and keep the mix-

ture at 4 °C for 1 h to let proteins slowly precipitate. If the 
mixture contains chlorophyll or other pigments, use equal 
 volume of dichloromethane in the extraction.

 6. Filter the mixture with 0.45 μm filter to obtain raw extract 
(E-I).

 7. Analyze MS profile by MALDI-TOF MS (see Note 3).
 8. Load the raw extract E-I in a self-pack C-18 column (20 mL), 

wash the column with 20% ethanol (with 10 mM HCl, pH 2), 
and elute peptides with 100 mL of 80% ACN with 0.1% TFA 
in water.

 9. Freeze the reaction mixture in liquid nitrogen.
 10. Lyophilize the eluent into dry powder.
 11. Weigh the lyophilized material and redissolve in 10% ACN 

with 0.1% TFA in water to a final concentration of 3.5 mg/
mL to obtain the clarified extract (E-II).

Butelase 2 can be expressed by a baculovirus expression vector 
 system in Sf9 cells, following the protocol reported by Shrestha 
et al. [7] with minor modifications.

 1. Cloning of Butelase 2 into pFB-Lic-Bse results in the addition 
of 6xHis-TEV amino acid sequence (underlined) at the 
N- terminal of the translated protein.

Amino acid sequence:
MGHHHHHHSSGVDLGTENLYFQSMARLNPQKEWDSVIRLPTEP 
VDADTDE
VGTRWAVLVAGSNGYENYRHQADVCHAYQLLIKGGLKEENIVVF 
MYDDIA
WHELNPRPGVIINNPRGEDVYAGVPKDYTGEDVTAENLFAVILG 
DRSKVK
GGSGKVINSKPEDRIFIFYSDHGGPGVLGMPNEQILYAMDFIDV 
LKKKHA
SGGYREMVIYVEACESGSLFEGIMPKDLNVFVTTASNAQENSWG 
TYCPGT
 EPSPPPEYTTCLGDLYSVAWMEDSESHNLRRETVNQQYRSVKER 
TSNFKD
YAMGSHVMQYGDTNITAEKLYLFQGFDPATVNLPPHNGRIEAKM 
EVVHQR

3.1.2 Scale-Up 
Extraction

3.2 Recombinant 
Expression of Butelase 2

3.2.1 Cloning 
and Transformation
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DAELLFMWQMYQRSNHLLGKKTHILKQIAETVKHRNHLDGSVEL 
IGVLLY
GPGKGSPVLQSVRDPGLPLVDNWACLKSMVRVFESHCGSLTQYG 
MKHMRA
FANICNSGVSESSMEEACMVACGGHDAGHLHPSKRGYIA

DNA sequence:
ATGGGCCACCATCATCATCATCATTCTTCTGGTGTAGATCTGGG 
TACCGA
GAACCTGTACTTCCAATCCATGGCAAGGCTGAACCCACAGAAGG 
AGTGGG
ATTCGGTTATTCGCTTACCAACTGAACCGGTAGACGCTGACACG 
GATGAA
GTGGGAACACGATGGGCCGTTCTCGTCGCTGGTTCAAACGGCTA 
TGAAAA
TTATAGGCATCAAGCCGATGTATGCCATGCATACCAGTTGTTGA 
TAAAAG
GTGGATTAAAAGAAGAGAATATTGTGGTGTTTATGTACGATGAC 
ATAGCA
TGGCACGAGTTGAATCCCAGGCCTGGAGTCATCATCAACAATCC 
TCGGGG
GGAAGATGTGTATGCGGGTGTCCCTAAAGATTACACTGGTGAGG 
ACGTGA
CAGCGGAGAACCTATTTGCAGTCATTCTTGGGGACAGGAGTAAA 
GTGAAG
GGAGGAAGTGGCAAAGTGATCAACAGTAAACCTGAGGACAGGAT 
ATTTAT
TTTTTACTCTGATCATGGAGGTCCCGGAGTTCTTGGGATGCCGA 
ACGAGC
AAATCCTTTACGCCATGGATTTTATTGATGTTTTGAAGAAGAAA 
CATGCT
TCAGGAGGGTACAGGGAAATGGTTATATACGTGGAAGCTTGTGA 
AAGTGG
GAGCCTCTTTGAGGGTATCATGCCCAAGGATCTGAATGTTTTTG 
TCACAA
CTGCATCAAACGCACAAGAGAATAGCTGGGGAACTTATTGTCCT 
GGGACG
GAGCCTTCTCCACCACCAGAGTACACCACTTGCTTGGGTGATTT 
GTACAG
CGTTGCTTGGATGGAAGACAGTGAGAGTCACAATTTGAGAAGGG 
AAACGG
TGAACCAACAATACCGCTCGGTAAAGGAACGGACTTCAAATTTT 
AAAGAC
TATGCAATGGGATCTCATGTGATGCAATACGGTGACACTAACAT 
CACAGC
TGAAAAGCTTTACTTATTCCAAGGTTTTGATCCCGCCACAGTGA 
ATTTAC
CTCCACACAACGGCAGGATAGAAGCTAAAATGGAAGTTGTTCAC 
CAGAGA

Xinya Hemu et al.
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GATGCAGAACTTCTCTTCATGTGGCAAATGTATCAGAGATCAAA 
CCATCT
ACTAGGAAAGAAGACACACATCCTTAAGCAAATTGCAGAGACAG 
TGAAGC
ATAGGAATCACTTAGATGGTAGCGTGGAACTGATTGGAGTTTTA 
CTGTAT
GGACCAGGGAAAGGTTCTCCAGTTCTACAATCCGTGAGGGATCC 
TGGTCT
GCCCCTTGTTGACAACTGGGCATGTTTAAAATCAATGGTTCGGG 
TATTCG
AGTCTCACTGTGGGTCACTGACTCAGTATGGTATGAAACACATG 
CGAGCA
TTCGCCAACATATGCAACAGTGGTGTTTCCGAGTCCTCAATGGA 
AGAGGC
TTGTATGGTAGCATGTGGTGGCCATGATGCTGGACATCTACATC 
CATCCA
AGAGAGGCTATATTGCTTGA

 2. The DNA sequence encoding butelase 2 was amplified by 
 forward and reverse primers that also contain sequences for 
ligation independent cloning (LIC) (underlined).

Forward primer:  
TACTTCCAATCCATGGCAAGGCTGAACCCACAGA

Reverse primer:  
TATCCACCTTTACTGTCAAGCAATATAGCCTCTCTTGGA

Perform PCR according to the manufacturer’s instructions 
using Phusion high fidelity polymerase.

 3. Digest pFB-LIC-Bse vector with BseRI restriction enzyme 
according to the manufacturer’s instructions. Treat PCR 
 product and the pFB-LIC-Bse vector with T4 DNA poly-
merase in the presence of dCTP and dGTP, respectively. Mix 
PCR product and vector and incubate at room temperature for 
30 min, then inactivate at 70 °C for 2 min. Proceed to  transform 
competent Mach 1 cells with mix through heat shock [8]. 
Plate the transformation mix and screen for colonies carrying 
 correctly subcloned vectors with insert either through colony 
PCR or Sanger sequencing.

 4. Inoculate 1 mL lysogeny broth (containing 50 μg/mL 
 ampicillin) with a single colony and incubate at 37 °C overnight 
with agitation. Isolate the plasmids and transform chemically 
competent DH10Bac cells to produce the recombinant baculo-
virus genome (bacmid) according to Shrestha et al. [7]. Briefly, 
transformation to freshly prepared DH10Bac competent cells is 
performed using heat shock approach. The transformed cells 
are incubated at 37 degree, 700 rpm for 5 h to allow transposi-
tion to take place. After shaking incubation, transfer cell culture 
to the blue/white selection plate containing Bluo-gal (100 ug/

Cysteine-Rich Peptides from Plants
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mL), IPTG (40 ug/mL), gentamycin (70 ug/mL), tetracyclin 
(100 ug/mL), and kanamycin (50 ug/mL), incubate at 37 
degree. After 48 h, pick white colonies for bacmid production.

 1. Plate 1 mL of 2 × 105 mid-log phase Sf9 cells per mL of 
SFM900 III medium supplemented with 2% FBS in a 24-well 
tissue culture plate. Incubate at 27 °C for 1 h.

 2. In a separate flat-bottomed 96-well microtiter plate, mix 50 μL 
Grace’s insect medium and 10 μL bacmid DNA. Please refer to 
Shrestha et al. [7] for the bacmid preparation. Add a mixture 
of 50 μL Grace’s insect medium and 3 μL Cellfectin® into the 
bacmid mixture and incubate for 45 min at room temperature 
inside a biosafety cabinet.

 3. Wash the Sf9 cells with 1 mL of Grace’s insect medium. Dilute 
the bacmid Cellfectin® mixture with 100 μL Grace’s insect 
medium and add into the Sf9 cells. Add additional 0.2 mL 
Grace’s insect medium into the cells and incubate for 5 h at 
27 °C.

 4. Remove the transfection mixture, and add 0.7 mL SF900 III 
medium containing 2% FBS and antibiotics (50 U penicillin 
and 50 μg streptomycin per mL medium). Collect the virus 
when there is sign of infection (around 96 h post transfection 
or more). Store this P0 virus at 4 °C and away from light. Add 
500 μL of P0 virus to 35 mL SF9 cells (2 × 106 cells/mL) and 
incubate in a 27 °C shaker incubator, 120 rpm for 3 days to 
make P1 virus.

 5. Add 10 mL of P1 virus to 90 mL SF9 cells (2 × 106 cells/mL) 
and incubate for 3 days in 27 °C shaker incubator to make P2 
virus.

 6. Add 25 mL of P2 virus to infect 1 L cells (2 × 106 cells/mL of 
SF900 III supplemented with 1% FBS) and grow for 48–56 h 
for protein production. Harvest the cells by centrifugation at 
3000 × g for 10 min.

 1. Lyse 10 g of cell pellet using 50 mL lysis buffer with sonica-
tion. Clarify the cell lysate by centrifugation (4500 × g, 4 °C, 
30 min).

 2. Mix clarified extract with 1 mL Ni-NTA beads for 45 min at 
4 °C and then load into column. Collect the flow through and 
load it into the second Ni-NTA column. Wash each column 
with 50 column volumes (CV) of wash 1 buffer and 50 CV of 
wash 2 buffer. Elute the protein from the column (2 CV for 
each elution until all the protein is eluted). Protein needs to be 
desalted before the next step.

 3. Add Tobacco Etch Virus (TEV) protease (1:40 ratio w/w) to 
the desalted protein solution and incubate at 4 °C overnight to 

3.2.2 Transfection 
and Infection

3.2.3 Protein Lysis 
and Purification
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remove the His6-TEV tag. Reload the solution into column 
packed with 1 mL Ni-NTA beads and wash with IMAC 2 wash 
buffer. Collect the flow through and wash solutions. Analyze 
the fractions by SDS-PAGE.

 4. Take a small aliquot from each fractions containing butelase 2 
precursor (54 kDa) to test activity. Auto-activate butelase 2 by 
acidifying the stock solution to pH 5 using 100 mM sodium 
acetate buffer and incubate at 37 °C for 2 h. Mix 0.1 μM enzyme 
with 50 μM Z-AAN-AMC in sodium phosphate buffer (pH 6.0) 
and incubate at 37 °C for 30 min. Measure relative fluorescence 
intensity at 460 nm. The increase of intensity by about tenfolds 
indicates the recombinant butelase 2 is functionally active.

 5. Concentrate butelase 2 precursors by Amicon ultracentrifugal 
unit with a 10 kDa molecular-weight cutoff. Calculate the 
zymogen concentration by 205 nm absorbance (Conc/1 mg/
mL = A205/31). Store solution at −20 °C.

Full transcriptome data of common plants can be obtained on 
NCBI SRA database or OneKP plant database. If the information 
is not available online, RNA can be extracted from fresh plant 
using Trizol reagent and send to a sequencing company for tran-
scriptome analysis. Here we describe briefly the general procedure 
of extraction, sequencing, and assembly.

 1. Extract RNA from fresh plant tissue using Trizol reagent.
 2. Quality check for the RNA extracts using Agilent 2100 

Bioanalyzer.
 3. Enrich Poly(A) RNA using oligo(dT) magnetic beads and 

fragment as template for cDNA synthesis.
 4. Purify short fragments and resolve with 10 mM Tris-Cl, pH 8.5 

for end reparation and single nucleotide A (adenine) addition.
 5. Select suitable fragments for PCR amplification.
 6. Sequence the mixture using Illumina HiSeq 2000.
 7. Analyze and assemble the RNA sequences using Trinity soft-

ware to get transcriptome data.

 1. Pre-chill E-II extract on ice and adjust pH to 3.0–3.3 using 
0.2 M ammonium acetate buffer.

 2. Add to E-II extract 1 M acetic anhydride solution and 1% ace-
tic acid in a ratio of 20:3:7 (v/v).

 3. Incubate on ice for 5–10 min.
 4. Freeze the reaction mixture in liquid nitrogen.
 5. Lyophilize the mixture to remove unreacted acetic anhydride 

obtaining freeze-dried E-III extract.

3.3 Extraction 
of RNA 
and Preparation 
of Transcriptome

3.4 Chemical 
and Enzymatic 
Derivatization 
of Cyclotides

3.4.1 N-Terminal 
Acetylation of Linear 
Peptides (See Note 4).
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 1. Redissolve the lyophilized E-III extract into the concentration 
of 3.5 mg/mL in buffer SCX-A.

 2. Determine MALDI MS profile of E-III to confirm the 
N- terminal acetylation of linear peptides (see Note 6).

 3. Fractionate E-III extract by SCX-LC with the ion exchange 
column using a gradient of 10–60% buffer SCX-B. Collect 
fractions every minute and combine them according to peak 
distribution to obtain multiple E-IV fractions.

 4. Desalt E-IV fractions using a reversed-phase C-18 cartridge. 
Elute peptides from the cartridge with 10 mL buffer RP-B.

 5. Determine MALDI MS profiles for each E-IV fraction.
 6. Freeze E-IV fractions in liquid nitrogen.
 7. Lyophilize E-IV fractions.

 1. Redissolve lyophilized E-IV fractions in water to a final 
 concentration of 3.5 mg/mL. This concentration is equivalent 
to 0.5–1.5 mM since cyclotides consist of 28–38 residues and 
their molecular mass ranges from 3 to 4 kDa. Fractions with 
low- abundant peptides can be concentrated to enhance MS 
signals.

 2. Thaw DTT stock solution and BrEA stock solution on ice.
 3. Add DTT, BrEA, and Tris–HCl buffer (pH 8.6) to a final con-

centration of 0.5 mM peptides, 30 mM DTT, 60 mM BrEA, 
and 0.2 M Tris–HCl buffer.

 4. Perform one-pot reduction and alkylation of peptides incubat-
ing the E-IV fractions at 55 °C for 60 min (see Note 7).

 5. Quench the reaction by adjusting pH to 6 using 1 N HCl.
 6. Desalt the reduced and alkylated E-IV fractions using a 

reversed- phase C-18 cartridge. Elute peptides with 1 mL buf-
fer RP-B obtaining reduced and alkylated E-V fractions.

 7. Determine MALDI MS profiles for each E-V fraction.
 8. Dry E-V fractions by SpeedVac (no heating).
 9. Redissolve E-V fractions in water to a concentration of 3.5 mg/

mL. Keep E-V fractions at −20 °C or use fresh in the next step.

 1. Thaw E-V fractions on ice, if required.
 2. Thaw butelase 2 stock solution on ice and bring to 25 °C.
 3. Activate butelase 2 at pH 5 by mixing 8 μL 0.1 μM butelase 2 with 

12 μL enzyme activation buffer and incubate at 37 °C for 2 h.
 4. Add butelase 2 and digestion buffer to each E-V fraction to a 

final concentration of 2 μM butelase 2, 0.5 mM reduced and 
alkylated peptide mixture, and 5 mM EDTA in 0.1 M sodium 
phosphate buffer (pH 6.5).

3.4.2 Fractionation 
by Strong Cation Exchange 
Liquid Chromatography 
(SCX-LC) (See Note 5)

3.4.3 Conversion of Cys 
to Pseudo-Lys

3.4.4 Linearization 
of Cyclic Backbone 
by Butelase 2
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 5. Incubate reaction mixture at 42 °C for 30 min.
 6. Quench butelase 2 reaction by adjusting pH to 4 using 1 N 

HCl obtaining digested E-VI fractions.
 7. Store E-VI fractions at −20 °C or use fresh in the next step.

 1. Redissolve E-VI fractions in 20 μL of 3% ACN, 0.1% FA in 
water.

 2. Shake E-VI fractions for 20 min at high speed using a vortex 
mixer.

 3. Sonicate E-VI fractions for 20 min in an ultrasonic bath.
 4. Centrifuge E-VI fractions at 15,000 × g at 4 °C for 20 min.
 5. Transfer supernatants into new HPLC vials (see Note 8).

Separation of CPRs is performed with a UHPLC system using a 
reversed phase column with:

Flow rate: 0.3 μL/min.
Column chamber temperature: 35 °C.
Injection volume: ~ 1 μL (corresponding to ~ 1 μg protein). 

Injection volume can be adjusted depending on peptide con-
centration and signal strength.

Gradient: 3% eluent B for 1 min, 3–35% B over 47 min, 35–50% B 
over 4 min, 50–80% B over 6 s, 80% for 78 s and then reverted 
to the initial state over 6 s and maintained isocratic for 6.5 min.

It is recommended to optimize separation of peptides accord-
ing to the peptide hydrophobicity by modifying the slope of the 
gradient when analyzing other CRP mixtures.

Analysis of CRPs is performed in an ESI mass spectrometer. Sample 
is sprayed using a nanospray ion source and peptides are analyzed 
in positive ion mode. Data acquisition is performed alternating 
between full Fourier Transform-MS (FT-MS) (350–3000 m/z, 
resolution 60.000, with 1 micro-scan per spectrum) and FT-MS/
MS (150–2000 m/z, resolution 30.000, with 2 micro-scan aver-
aged per MS/MS spectrum) using electron transfer dissociation 
(ETD) activation mode at 65, 80, and 95 ms of activation times 
with an ETD reagent automatic gain control (AGC) of 5 × 105. 
FT-MS/MS is performed for the three most intense precursors 
with charge >2+. The precursor ions are isolated using a 2 Da isola-
tion window. The automatic gain control of both full FT-MS and 
FT-MS/MS is set to 1 × 106.

Data analysis is performed by PEAKS studio software using 10 ppm 
MS and 0.05 Da MS/MS tolerances. A false discovery rate < 1% is 
recommended. Posttranslational modifications are searched using 
PEAKS PTM algorithm [9] (see Notes 9 and 10).

3.5 LC-MS/MS 
Analysis of CRP 
Mixtures

3.5.1 Sample 
Preparation for LC-MS/MS 
Analysis

3.5.2 Liquid 
Chromatography

3.5.3 Mass Spectrometry 
Analysis (See Note 1)

3.6 Data Analysis

Cysteine-Rich Peptides from Plants
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4 Notes

 1. Instruments mentioned in this protocol may be substituted by 
others with similar capabilities although conditions should be 
optimized to get similar results.

 2. MALDI-TOF MS analysis of CRPs is performed in reflectron 
acquisition mode using 1000–6000 Da mass range with a focus-
ing mass of 3000 Da. A C-18 Ziptip is used to desalt the sample 
before spotting. Each MALDI spot contains 0.5 μL of sample 
and 0.5 μL of saturated α-cyano-4-hydroxycinnamic acid 
(CHCA) MALDI matrix prepared in 75% ACN with 0.1% TFA.

 3. Fresh CRP extract provides the most abundant data. After 
prolonged storage, the signals of low-abundant noncyclic 
fragments are reduced or missing.

 4. N-terminal acetylation has to be performed on ice and  
during limited reaction time to prevent undesired side-chain 
acetylation.

 5. Fractionation of E-III extract can be performed using other 
stationary and mobile phases depending on chemical proper-
ties of the extract. Based on the transcriptome data we can 
obtain a broad image of CRP sequences. If the population is 
mainly negatively charged, anion-exchange chromatography is 
recommended.

 6. Linear peptides are generally present at low abundances, thus 
appreciation of the mass shift generated by the acetylation 
addition could be not obvious.

 7. Do not use long incubation times for the one-pot reduction 
and alkylation in order to avoid polymerization of the alkylat-
ing agent. Similarly, use mild temperature for the reaction.

 8. While transferring the supernatant, avoid touching the bot-
tom of the tube with the tip. Do not disturb the pelleted 
material that may be generated during centrifugation.

 9. CRPs extracted from fresh plant tissues and old tissues have 
different posttranslational modification profiles, indicating 
aging-related changes.

 10. Other search engines or software can be used for the same 
purpose.
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Chapter 27

Analysis of Endogenous Peptide Pools of Physcomitrella 
patens Moss

Igor Fesenko, Regina Khazigaleeva, Vadim Govorun, and Vadim Ivanov

Abstract

Here, we report our approach to peptidomic analysis of the plant object which led to structure elucidation 
of the title peptides. P. patens samples were extracted under conditions preventing proteolytic digestion by 
endogenous proteases. The extracts were fractionated on size exclusion columns and the peptide fractions 
subjected to LC-MS/MS analysis. Mass spectra datasets were analyzed for the presence of peptides derived 
from the proteins encoded by the moss genome. Experimental details are given for each step, selected 
chromatograms and mass-spectra are presented in figures.

Key words Physcomitrella patens, Peptidomics, Size exclusion chromatography, Mass spectrometry

1 Introduction

In the past decade, participation of endogenous peptides in plant 
growth and development has been demonstrated [1]. Peptides 
were shown to affect the defense reaction of plants, cell division, 
nodulation, reproduction, and other functions [2, 3]. In each case, 
the peptides were found during the search of the active signaling 
molecule triggering the given biological phenomenon. However, 
comprehensive study of the peptide fraction of plant origin 
remained beyond the scope of available analytical techniques. 
Rapid development of high resolution mass-spectrometry coupled 
with growing availability of genomic information opened new 
 perspective for systemic study of protein and peptide structures of 
plant origin.

In our laboratory, we carried out such study of the model plant 
object P. patens [4]. There are two life forms of moss—filamentous 
protonemata representing the juvenile stage and leafy  gametophores 
that represent the adult stage [5]. Also, protonema filaments are a 
source of protoplasts, which provide an ideal system for the study 
of plant development mechanisms due to its ability to form intact 
plants [6]. Both plant tissues and protoplast cells were studied in 
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the abovementioned work. Generally, peptidomic research requires 
considerable care on the stage of sample preparation. Degradation 
of the protein content by endogenous proteases might lead to 
f ormation of artifact peptides. On the other hand, peptides might 
escape detection as a result of efficient binding with endogenous 
proteins. In several cases (e.g., analysis of blood samples [7]) brief 
heating is applied to inactivate proteases and dissociate peptide–
protein complexes. In our work we suppressed proteolysis by a 
specific cocktail of inhibitors. No measures were taken to prevent 
peptide–protein association. Judging from the abundance of 
detected peptides such binding did not introduce any major dis-
tortion into the overall picture.

In this communication we provide a detailed description of the 
respective workflow which led to discovery of over 20,000 endog-
enous peptides. We consider the respective list of sequences as a 
first presentation of a plant peptidome.

2 Materials

 1. Plant material: The protonemata and gametophores of the 
moss P. patens subsp. patens Gransden 2004.

 2. Plastic dishes for the growth of protonemata and 
gametophores.

 3. Knop medium with 1.5% agar.
 4. Plant Growth Incubator (such as Sanyo MLR-352H, 

Panasonic, Osaka, Japan) with a photon flux of 61 μmol/m2•s 
during a 16-h photoperiod at 24 °C.

 5. 500 mg/L ammonium tartrate.
 6. Extraction buffer: 1 М acetic acid in 10% acetonitrile  

(see Note 1).
 7. Protease Inhibitor Cocktail (Sigma-Aldrich, USA).
 8. DMSO (see Note 2).
 9. Grinder, such as the ball mill Mikro-Dismembrator S (Sartorius, 

Goettingen, Germany) (see Note 3).
 10. Shaking flasks made of PTFE, volume approx. 25 mL.
 11. Glass beads of three sizes: d = 0.1 mm, d = 0.3 mm, and 

d = 1 mm.
 12. Size exclusion chromatography system, such as the ÄKTA 

pure 25 L (GE Healthcare Life Science).
 13. UV monitor for detection at 280 nm.
 14. Sample pump that can provide flow rates up to 50 mL/min.
 15. Fraction collector.

Igor Fesenko et al.
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 16. Size exclusion column, such as the ХК 26/40 column (GE 
Healthcare Life Science, USA), prepacked with Sephadex G25 
Superfine (see Note 4).

 17. Mobile phase: 0.1 М aqueous acetic acid.
 18. Standard protein: 3 mg/mL Aprotinin (Mr = 6500 Da)  

in 50 mM phosphate buffer, 150 mM NaCl, pH (6–8)  
(see Note 5).

 19. Freeze Dry system, such as the FreeZone 2.5 Liter 4 
(Labconco, Kansas City, USA).

 20. Reversed-phase C18 microcolumns prepared in 200 μL tips 
for an automatic pipette with two layers of Empore™ extrac-
tion disk reversed-phase C18 membrane (Supelco, Bellefonte, 
PA, USA) 1.6 mm in diameter [8].

 21. Dissolve solution: 50% acetonitrile/49.9% H2O/0.1% trifluo-
roacetic acid (TFA).

 22. Conditioning solution: Methanol.
 23. Equilibration solution: 0.1% TFA in H2O.
 24. Elution solution: 80% acetonitrile/19.9% H2O/0.1% TFA.
 25. Dilution solution: 5% acetonitrile/94.9 H2O/0.1% TFA.
 26. Vacuum concentrator, such as the Speedvac concentrator from 

Savant (Thermo Fisher scientific, Waltham, MA, USA).
 27. Matrix-assisted laser desorption/ionization time-of-flight 

mass spectrometry (MALDI-TOF-MS) such as the Ultraflex™ 
TOF/TOF (Bruker Daltonics, Bremen, Germany).

 28. Matrix solvent: 50% acetonitrile, 50% proteomics grade water, 
and 0.1% TFA.

 29. Matrix: 20 mg/mL 2,5-dihydroxybenzoic acid (DHB) in 
matrix solvent.

 30. NanoLC-MS/MS analysis system, such as the TripleTOF 
5600 + mass-spectrometer with NanoSpray III ion source 
(ABSciex, Framingham, USA) coupled with a NanoLC ultra 
2D+ nano-HPLC system (Eksigent, Dublin, CA, USA).

 31. Trap column Chrom XP C18 (3 μm, 120 Å, 350 μm × 0.5 mm; 
Eksigent).

 32. Separation column 3C18-CL-120 (3 μm, 120 Å, 75 μm × 
150 mm; Eksigent).

 33. Buffer A: 1% methanol, and 0.1% formic acid (FA) in H2O.
 34. Buffer B: 0.1% FA in acetonitrile.
 35. Data processing software: ProteinPilot software 4.5 (ABSciex, 

Framingham, USA).

Analysis of Moss Peptides
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3 Methods

The general scheme of experiment is shown in Fig. 1. To avoid 
nonspecific degradation of proteins and peptides during  extraction, 
we used an acid extraction buffer containing a mixture of plant 
protease inhibitors, and all steps were performed on ice.

Use standard proteins (e.g., Aprotinin) for evaluating the separa-
tion efficiency.

 1. Set up size exclusion chromatography system: wash the tubes 
and the injector, set the flow rate to 0.5 mL/min, and check 
the pressure.

 2. Set flow rate to 2 mL/min by Unikorn 7 software and equili-
brate size exclusion column with 2 V of elution buffer  
(see Note 6).

 3. Add 4 mL pre-cold Extraction buffer in tube 15 mL.
 4. Add 3 mg/mL Aprotinin (6.5 kDa) in Extraction buffer.
 5. Fill the syringe with standard solution prepared in step 4. 

Connect the syringe to the column “drop to drop” through 
sample inject valve.

 6. Determine the elution volume (Ve) for Aprotinin, the example 
is shown in Fig. 2a (see Note 7).

3.1 Calibration 
of Size Exclusion 
Chromatography 
Column

Fig. 1 Overview of pipeline steps

Igor Fesenko et al.
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Fig. 2 Examples of chromatographic separation. Chromatograms of standard protein Aprotinin (a) and proto-
nema sample (b)
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 1. Harvest protonemata/gametophores from the surface of the 
agar medium.

 2. Place immediately into a porcelain mortar with liquid nitrogen 
and ground to fine dust with a pestle pre-cooled to −70 °C.

 3. Place three sizes of glass beads (0.1, 0.3, and 1 mm) into shak-
ing flask and put on ice.

 4. Prepare 4 mL of extraction buffer in tube and place it on ice.
 5. Add 67 μL Protease Inhibitor Cocktail Protease Inhibitor in 

extraction buffer (see Note 9).
 6. Place frozen plant tissue, 2 g for protonemata or 0.3 g for 

gametophores, into pre-cooled shaking flask with extraction 
buffer containing proteinase inhibitors.

 7. Homogenize using a ball mill at 2600 min-1 for 2 min.
 8. Transfer the homogenate from shaking flask in centrifuge 

tube.
 9. Centrifuge at 10000 × g at 4 °C for 5 min.
 10. Transfer supernatant to a new 15 mL centrifuge tube, place on 

ice, and use for size exclusion chromatography.

 1. Set flow rate of the eluent to 2 mL/min as in step 2, 
Subheading 3.1, pressure 0.5 MPa.

 2. Equilibrate chromatographic column.
 3. UV detection should be set to 280 nm.
 4. Fill the syringe with supernatant from step 10, Subheading 

3.2. Connect the syringe to the column “drop to drop” to 
avoid introducing air into the column (see Note 10).

 5. Elute with two volumes of elution buffer.
 6. Collect the peptide containing fractions. An example of the 

chromatogram is shown in Fig. 2b (see Note 11).
 7. Transfer the collected fractions in 15 mL centrifuge tubes and 

freeze in liquid nitrogen.
 8. Freeze-dry the collected fractions.

 1. Dissolve each lyophilized fraction in Dissolve solution 
(500 μL).

 2. Centrifuge samples at 10,000 × g, at room temperature for 
5 min.

 3. Transfer each supernatant into individual centrifuge tube.
 4. Concentrate samples to 30 μL using a concentrator/SpeedVac. 

Check the progress every 1–2 min.
 5. Dilute samples to 100 μL by adding Dilution solution and mix 

thoroughly.

3.2 Sample 
Preparation (see Note 8)

3.3 Size Exclusion 
Chromatography 
of the Peptide 
Samples

3.4 Redissolving 
and Desalting Peptide 
Samples
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 6. Centrifuge at 15,000 × g for 10 min.
 7. Accurately pick out supernatants in individual centrifuge 

tubes.
 8. Wet the reversed phase C18 microcolumns by passing 30 μL 

Conditioning solution (see Note 12).
 9. Add 30 μL equilibration solution to the microcolumn and 

pass the solution through (see Note 13).
 10. Load the sample (from step 7) onto the microcolumn and 

pass through the tip.
 11. Add 30 μL Equilibration solution to the microcolumn and 

pass the liquid through the tip.
 12. Add 30 μL Elution solution and collect the eluate in new 

tube.
 13. Concentrate samples to 5 μL using a concentrator/SpeedVac. 

Check the progress every 1–2 min.
 14. Add 10 μL Dilution solution.

 1. Mix 1 μL of Matrix (20 mg/mL DHB) with 1 μL of the 
 peptide sample.

 2. Deposit 0.5 μL of the mixture on the MALDI target plate and 
air dry.

 3. Perform MALDI analysis for different fractions. Examples of 
mass spectra are shown in Fig. 3.

 1. Set up the nano-HPLC system and configure it in a trap–elute 
mode.

 2. Load 3 μL peptide sample on a trap column at 3 μL/min flow 
rate for 10 min.

 3. Elute through the separation column into the ESI-QTOF 
mass spectrometer at a flow rate of 300 nL/min using a 
linear mobile phase gradient (A/B): from 5 to 40% buffer 
B over 120 min.

 4. Collect tandem mass spectra (MS2) in an information- 
dependent acquisition mode (see Note 14).

 5. Regenerate the column and the precolumn between runs with 
95% buffer B for 7 min. Equilibrate the column with 5% buffer 
B for 25 min.

 6. Analyze tandem mass spectrometry data with the ProteinPilot 
Data processing software using the search algorithm Paragon 
and the default parameter set for protein identification  
with the following adjustments: no enzyme, uniref100_
Physco_35213 protein sequence database, no Cys alkylation, 
TripleTOF 5600 equipment, organism type not specified, 
search effort—thorough ID, detection protein threshold—
unused protein score 0.05.

3.5 MALDI-TOF Mass 
Spectrometry

3.6 LC-Coupled 
Tandem Mass 
Spectrometry 
and Data Analysis

Analysis of Moss Peptides
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4 Notes

 1. To minimize artifacts during peptide extraction, we use an acid 
extraction buffer with a mixture of plant protease inhibitors.

 2. The Protease Inhibitor Cocktail (Sigma-Aldrich, USA) inhib-
its serine-, cysteine-, and aspartic proteases, metalloproteases, 
and aminopeptidases. This mixture contains AEBSF, 
1,10-phenanthroline, Pepstatin A, Leupeptin, Bestatin, and 
E-64. AEBSF inhibits serine proteases; bestatin inhibits ami-
nopeptidases; E-64 acts against cysteine proteases; Leupeptin 
acts against both serine and cysteine proteases. Pepstatin A 
inhibits acid proteases; 10-phenanthroline acts against 
metalloproteases.

 3. There are two main strategies to disrupt cell wall in plant: (a) 
apply mechanical forces; (b) enzymatical degradation. Ball mills 
allow effective and quick mechanical homogenization of plant 
tissue, thereby minimizing plant protease action. In addition, 
using  cellulolytic enzymes may interfere with subsequent 
analysis.

 4. There are different size exclusion chromatography columns 
with different ranges of molecular mass separations. Sephadex 
G-25 is a well established gel filtration medium that allows for 
separation of peptides (from 1000 to 5000 Da) from globular 
proteins.

 5. The calibration procedure should be performed to select pep-
tide containing fractions. Aprotinin (Mr = 6500 Da) in 50 mM 
phosphate buffer can be used for this procedure.

 6. The flow rates and pressure limits depend on the column and 
specific configuration of the chromatographic system. Column 
equilibration is a time-consuming process and you can run it 
overnight at a low rate.

 7. The elution volume (Ve) is the volume of eluent collected from 
the start of loading the sample to the point of its maximal 
elution.

 8. Extraction is the crucial step of peptidomic analysis and, there-
fore, all procedures should be carried out without unnecessary 
delays, at 4 °C, to minimize protein degradation.

 9. According to the manufacturer’s instruction, 1 mL of solution 
is recommended for inhibition of protease activity in 100 mL 
of cell lysate from 30 g of plant tissue.

 10. The sample volume should not exceed 3% of the total volume.
 11. The peptide containing fractions should be collected after the 

protein peak. According to column calibration we collect eight 
fractions, about 6 mL of each, as shown in Fig. 2 of Chapter 23.

Analysis of Moss Peptides
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 12. Conditioning activates the reversed-phases to provide  consistent 
interaction between the analyte and the sorbent functional 
groups. Reversed-phase sorbent is usually  conditioned with 1 
tube volume of a water miscible solvent such as methanol or 
acetonitrile.

 13. Reversed-phase peptide separation is usually performed under 
acidic conditions. At those pH values below 3, practically all 
basic amino acid residues and the free N-termini are positively 
charged enhancing thereby retention of peptides. TFA reduces 
the pH and should be added to mobile phase at a concentra-
tion of 0.1%. This concentration produces good peak shapes 
with most reversed-phase columns.

 14. An information-dependent mass-spectrometer (MS) experi-
ment includes one survey MS1 scan followed by 50 dependent 
MS2 scans. MS1 acquisition parameters are 300–1250 m/z 
mass range for analysis and subsequent ion selection for MS2 
analysis and 250 ms signal accumulation time. Ions for MS2 
analysis are selected on the basis of intensity with a threshold 
of 400 cps and a charge state from 2 to 5. MS2 acquisition 
parameters: resolution of quadrupole set to UNIT (0.7 Da), 
measurement mass range 200–1800 m/z, optimization of ion 
beam focus to obtain maximal sensitivity, and signal accumula-
tion time of 50 ms for each parent ion. Collision activated dis-
sociation is performed with nitrogen gas with collision energy 
ramping from 25 to 55 V within the 50 ms signal accumula-
tion time. Analyzed parent ions are sent to a dynamic exclu-
sion list for 15 s to get an MS2 spectrum at the chromatographic 
peak apex (minimum peak width throughout the gradient was 
about 30 s).
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Chapter 28

The Bright Future of Peptidomics

Peter D.E.M. Verhaert

Abstract

In this final chapter I project my personal perspective on the future of peptidomics. A bird’s eye view is 
shed on the discipline and a bid is made to frame it in the broader arena of the life sciences of tomorrow. 
Inferring from its present state-of-the-art and from the general direction of some evolutionary trends 
which are to be discerned, a case is made that peptidomics enjoys full ripeness as a young branch of science 
today, from which a bright future for the discipline can be predicted.

Key words Peptidomics, Present status, Future perspectives

1 Introduction

The field of peptidomics is nearly two decades old. Appropriate 
timing and a great opportunity to write down my personal vision 
on how I imagine it may develop in the near future, extrapolating 
from its present status (such as nicely documented in Chapters 1 
and 8 of this book). At such occasion it is tempting to jot down a 
set of provocative statements which come to mind when inferring 
from the recent evolution and developments observed in the 
 peptidomics arena itself and in related disciplines.

I would like to refer the interested reader to my personal 
 historic view on the initial years of the domain [1], which was 
 published a decade ago. At that time, I also made some predictions 
into the future (see also [2]), and it is interesting to note to date 
that some of them were proven to be rather accurate. This includes 
our prophecy that with the enhanced analytical power (sensitivity 
and specificity) of mass spectrometry (MS) technology in  particular, 
many more neuropeptides were still to be discovered. Whereas in 
2005 it was stated that, with a mere 15 peptides being fully 
sequenced, the neuropeptidome of a specific species of insect was 
largely known [3], the very same research group published 5 times 
more peptides of that same species barely 5 years later [4], whereas 
as of today the number of different peptides detectable in this 
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 species exceeds 850 (S. Neupert and R. Predel, personal 
 communication). I do not find it a surprising discovery that a 
 multicellular organism as sophisticated as a cockroach makes use of 
many more than a few handful of peptides in its intercellular 
 communication. Indeed the multitude of physiological functions 
requiring fine regulation and harmonization, is very comparable to 
that of Homo sapiens, a well-studied species with many hundreds of 
endogenous peptides documented [5].

2 The 2017 Sanibel Meeting on Peptidomics and the Current State-of-the-Art 
of the Field

Whereas the present book provides an excellent cross section on 
peptidomics as a mature scientific specialty today, its publication is 
very timely. In December 2016, the 29th edition of the annual 
international Lake Louise Tandem MS Workshop [6] featured a 
 thematic session on “MSMS of Endogenous Peptides” in its main 
program, for the very first time. Shortly thereafter (January 2017), 
“Peptidomics” featured as focal theme of the 29th American 
Society for Mass Spectrometry Sanibel Conference on Mass 
Spectrometry [7]. Both meetings, but in particular the latter, nicely 
documented how blooming (and booming) the subject of 
 peptidomics currently is.

Previously peptidomics scientists were to be spotted at tech-
nology (predominantly MS) meetings to learn about the latest 
developments in methods to analyze endogenous peptides. Today 
the reverse trend is to be observed, with MS technology developers 
attending true peptidomics meetings, to learn about the wide vari-
ety of life science problems (biological as well as medical research 
questions) which peptide MS can solve. This was finely exemplified 
by the 2017 Sanibel Conference [7]. Although being a typical MS 
focused conference, rather than being organized by analytical tech-
nology driven mass spectrometrists, the 2017 organizers all shared a 
principal background in academic life sciences research: P. Andrén 
(pharmaceutical neurobiology; Uppsala University), L. Li (inverte-
brate (crustacean) physiology; University of Wisconsin), and 
J. Sweedler (comparative neurobiology, University of Illinois). It 
was remarkable to see how a meeting concentrating on biological 
issues attracted expert MS scientists from all over the globe as they 
are gradually understanding the high relevance of the topic.

Thus, the Sanibel peptidomics meeting was honored to have 
prominent names in MS(/MS) fundamentals as well as instrumen-
tation among its active participants (R.M. Caprioli, R.M.A. Heeren, 
J. Henion, D.F. Hunt, M. Vestal, to name a few). This was unques-
tionably very appropriate because tandem MS has been one of the 
elemental technologies driving the field forward, ever since its con-
ception two decades ago [8]. Illustrative of the vigor and fitness of 
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present day peptidomics was the healthy mix at the meeting of 
numerous dynamic young researchers with a great core of highly 
active peptidomics pioneers, including the Sanibel organizers, 
along with world renowned researchers in comparative biology. 
The program featured some of the early adopters of MS for the 
analysis of natural peptides (D.M. Desiderio, L.D. Fricker, 
R. Kennedy, A.T. Lebedev, S. Rubakhin, A.O. Stretton, and 
B. Ueberheide). To ensure that the complete field of peptidomics 
was well covered, it was supplemented with experts in relevant sub-
disciplines. These included endogenous peptide bioinformatics 
(N. Bandeira [5]), biochemical peptide processing (V. Hook [9]), 
and disease related posttranslational modifications such as glycans 
(R.R. Drake [10]).

The evident shift of today’s emphasis in peptidomics from funda-
mental, technological developments into more and more applications 
reflects the field’s maturity. These comprise both general biological 
and medical applications, including pharmaceutical and food science. 
It is my vision that in the years to come this trend will continue with 
an ever-increasing implementation of peptidomics approaches in the 
life sciences (medicine and health care in particular), and with a 
 consequent escalating impact on society.

3 Overlap with Other “-Omics,” and Resulting Trends

The tag line of the above discussed Sanibel Meeting was “Bridging 
the Gap between Proteomics and Metabolomics by Mass 
Spectrometry.” It is clear that peptidomics falls almost literally in 
between these disciplines. The molecular size of the analytes is 
between that of typical proteins and that of metabolites and other 
small molecules. In the past this has led to the neglecting of 
 peptides in both adjacent disciplines. Peptides were “too small” for 
(bottom-up) shotgun proteomics and “too big” for conventional 
 metabolomics. Some peptides are direct gene translation products, 
hence fulfilling the definition of a “protein,” while many others are 
products of enzymatically catalyzed metabolic reactions, and 
 therefore qualify as “metabolites” per se.

Although many of the same general techniques are employed 
in both proteomics and metabolomics, the historic limitations and 
strengths of these analytical technologies have led to diverging 
analytical workflows for both fields. These go beyond the mere 
 settings of the instrumental hardware (first and foremost mass 
spectrometers) which understandably are markedly different 
 (especially mass range) enabling proteomicists or metabolomicists to 
focus on their respective types of analytes.

Sample preparation is obviously tailored toward the  biomolecules 
that are the focus of the study. Different physicochemical extraction 
methods have been boosted for metabolites and  proteins and 
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 various bioanalytical protocols optimize the detection and 
 quantification of the analytes under investigation. In metabolomics, 
this frequently requires derivatization of the small molecule to 
 better ionizable chemical variants. In proteomics, on the other 
hand, the focus has been on generating “proteotypic” fragments 
representative of each of the proteins present in a biological sample 
mix, the so-called bottom-up approach. Indeed, the intact proteins 
themselves were often found to be too large precursor ions for effi-
cient (top-down) collision induced dissociation-based tandem MS 
fragmentation. Trypsin appeared to be the ideal sequence  specific 
protease to generate smaller size and well-ionizable  representatives 
of proteins, even in highly complex samples,  rendering them ana-
lyzable with the required mass accuracy and resolution to enable 
the identification of the original proteins present.

These divergent workflows evidently entail subsequent differ-
ent “post acquisition” data processing and interpretation 
strategies/algorithms which have further developed in two funda-
mentally different directions. In metabolomics, much analytical 
attention has gone to the extreme mass accuracy one can relatively 
easily obtain on biomolecules of the small size typical for the aver-
age metabolite. From an accurate mass of a metabolite, its elemen-
tal composition can be directly deduced, and together with an 
additional tandem MS signature, this will be sufficient to positively 
identify its chemical structure. Compiling this information in well 
annotated and as complete as possible databases (spectral libraries), 
has absorbed a lot of energy in the latest metabolomics advance-
ments (see, e.g., [11, 12]). It will be only a matter of time before 
a similar effort will be initiated to establish an endogenous peptide 
centered data repository encompassing high resolution single stage 
MS data and (partial) de novo MS/MS spectra.

The dominating bottom-up, a.k.a. shotgun, approach in pro-
teomics has not been a good thing for peptidomicists. On the con-
trary, peptidomics has really suffered from this. The favorite 
analytes of the peptidomicist (i.e., the low abundant endogenous 
peptides) are virtually rendered inaccessible by the brute force bot-
tom-up proteomics approaches, in which they get completely 
snowed under by a haystack of easily ionizable tryptic peptides. 
This is why peptidomicists warmly embrace the current flourishing 
of top-down proteomics [13]. Thanks to the development of novel 
fragmentation techniques, and their implementation in more and 
more universally available high performance MS instruments, the 
necessity to digest proteins prior to a successful analyte identifica-
tion is becoming less of an absolute requirement. This is a true 
blessing for the peptidomics scientists. I would dare to state here 
that, as invaluable as they are, bottom-up proteomics tactics are a 
thing of the past, having been mainly driven by the technological 
challenge to attempt a complete proteome characterization of a 
biological system, rather than addressing a specific biological ques-
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tion in it. As such, the focus on the biologically relevant protein 
isoforms, the so-called proteoforms, has often been lost. I would 
argue that the endogenous peptides may well be among the most 
important proteoforms in any biological system, which hence 
deserve encouraged attention in the future. Top-down proteomics 
tactics will make endogenous peptides much more readily 
accessible.

From the above it shall be clear that the future of peptidomics 
will undoubtedly benefit from developments in both metabolomics 
and proteomics. Nonetheless, I believe that more technologies/
tools should be developed that are specific for peptidomics itself.

4 Peptidomics Specific Future Trends

Top-down proteomics (thus a fortiori peptidomics) requires, 
besides a mass measurement as accurate as possible, additional 
information for analyte sequence elucidation, preferably tandem 
MS fragmentation data, which allow de novo sequencing. To 
increase the sequence coverage, the outcome of multiple MS/MS 
fragmentation strategies (CID/HCD, ECD/ETD, UVPD) may 
be combined. And ultimately all this information should be com-
piled in (tandem mass) spectral libraries, which need to be set up. 
Furthermore software will need to be developed to facilitate the 
analysis of isotopically resolved data and PTMs.

It is encouraging to see that institutes which provide public 
search engines such as the Swiss Institute of Bioinformatics 
(Geneva, Switzerland) as well as companies like BioInformatics 
Solutions (Waterloo, ON, Canada) have expressed their interest in 
a renewed analytical focus on endogenous, non-tryptic, peptides. 
Hence the development of novel bioinformatics search procedures, 
as well as of innovative de novo sequencing algorithms and work-
flows, can be expected. I imagine that these will also include nega-
tive ionization strategies, in particular for highly acidic, as well as 
other endogenous peptides which are poorly ionizable in positive 
mode. Until today these are still very much unexplored terra 
incognita.

In addition, a continual updating and an integration of the 
currently available peptidomics databases is timely. In general, the 
field will profit from an up-to-date integrated endogenous peptide 
database completed with peptide spectral libraries (incorporating 
both MS and MSn spectra from different charge states in a variety 
of modern instruments).

Over the years various peptidomics databases have been cre-
ated, including SwePep [14], NeuroPedia [5], NeuroPep [15], 
neuropeptides.nl [16], although not all have been updated fre-
quently. In analogy to UniProt as successor of SwissProt one could 
picture “UniPep” as successor of the above peptidomics databases. 
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This should ideally integrate all non-redundant information 
 collected in the separate slightly differently flavored peptide 
 collections into a fully searchable database complete with spectral 
libraries and the like, including PTMs, variants, and enzymatic pro-
cessing. In analogy to NextProt, which is focused on Homo sapiens, 
and which is still very much (bottom-up) proteomics oriented, one 
could visualize a peptidomics equivalent “NextPep,” which should 
focus on the fully processed endogenous human peptides and their 
natural posttranslationally modified variants (“peptiforms”), includ-
ing L/D conversions, truncations, disulfide bridges, and the typical 
PTMs such as phosphorylation, sulfation, acetylation, methylation, 
amidation, glycation, lipidation, as well as typical chemical modifi-
cations like oxidation and deamidation. This would also combine 
different levels of data (genomic, transcriptomic, proteomic, tis-
sue/disease specificity, etc). As such, it would be great to have a link 
with the Human Protein Atlas, which could accommodate a Human 
Endogenous Peptide Sub Atlas, which would structure all the infor-
mation on the tissue and cellular specificity of the NextPep informa-
tion, including Mass Spectrometry Histochemistry images of each 
endogenous peptide for all human reference tissues. By itself, out of 
the Homo sapiens “UniPep” lexicon, the “vocabulary” of each and 
every tissue will be instituted. It shall be clear that this is a tremen-
dous endeavor, as it is highly likely that the peptide messages sent 
out by cells will differ both in health and disease. Crosslinks with 
related databases like SATPdb (a database of structurally annotated 
therapeutic peptides [17]) are much desired.

In an ideal world, a unified peptidomics database will be a sub- 
database of a global top-down proteomics database. For this I 
strongly advocate teaming up the peptidomics and top-down pro-
teomics communities/consortia to agree on the best strategy to 
integrate their respective data. Indeed, keeping both databases 
separate on the basis of the size of the analyte as only discriminat-
ing factor between a proteoform (protein) and a peptiform (pep-
tide) would be very arbitrary and artificial with very little if any 
biological meaning or relevance whatsoever.

I am looking forward to the next generation SwePep/
NeuroPedia/NeuroPep, ideally integrated with one another and 
with increased user friendliness. In my vision this means that over 
time for each systematic taxon in the tree of life, a lexicon will be 
compiled which will culminate in a complete endogenous peptide 
dictionary per species.

5 Other Promising Evolutions and Developments

The extensive work by Andren and coworkers clearly showed that 
the analysis of endogenous (neuro)peptides, with their often very 
labile PTMs is very challenging [18]. A lot of benefit is achieved by 
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analyte stabilization strategies, including physical ones such as rapid 
freezing, or preferably, heat stabilization [19], the latter being irre-
versible, in contrast to the former. I anticipate that these as well as 
alternative stabilization tactics, including chemical ones will still be 
optimized in the future and/or find their way into the field.

Our personal successful neuropeptide imaging (Fig. 1) as well 
as tandem MS sequencing in insect neuronal tissues which were 
formalin fixed over 30 years ago [20] suggest that such chemical 
fixation may be an effective sample conservation step in (neuro)
peptidomics, at least for a subset of relatively short peptides. In 
combination with the ever-increasing performance of the modern 
mass spectrometer systems (more sensitive ion sources, linked to 
more selective analyzers and more sensitive detectors), the de facto 
“filtering” of the MS analyzable molecular species by chemical fixa-
tion, such as formaldehyde cross linking, maybe a employed as a 
very beneficial sample “enrichment” step. The combination with 
the obtained spatial information of the peptides makes this a most 
valuable addition to other analytical methods available to help and 
fish out the endogenous peptide “needles” from the “haystacks” of 
proteins which are orders of magnitude more abundant.

In this respect the recently more intensely studied extracellular 
vesicle mediated intercellular communication [21] will deserve 
more interest in the future. Undeniably this nonconventional way 
of extracellular communication is a very interesting way of cells to 
increase their peptidergic “vocabulary,” as in this way from one 
signaling cell/tissue/organ to a recepient cell/tissue/organ pep-
tides can be transferred which do not have a typical signal sequence 
and hence are not typically released through the conventional 
secretory pathway via fusion of a secretory vesicle with the plasma 
membrane of the peptide synthesizing and secreting cell.

With secretory peptides being an important, if not the most 
important, means for cells to communicate, it is clear that also 
other types of intercellular communication exist. In order to fully 
understand the biomolecular languages of the living cell, future 
integration of peptidomic signaling with classical small molecular 
neurotransmitter signaling as well as with others will be necessary. 
As such I personally envisage big promise in assimilating peptido-
mics data in other global biomolecular characterization projects 
such as MetaSpace [22].

For intracellular functions, an important area will be the study 
of a promising subset of endogenous peptides: small open reading 
frame encoded (poly)peptides, which potentially function as intra-
cellular messengers [23, 24]. These peptides require other analyti-
cal strategies to address (particularly to enable extraction from 
their intracellular compartments), and I trust that in the coming 
years these will be developed, as initiated recently [25]. In addi-
tion, non-ribosomal peptides, have remarkable pharmacological 
potential, and hence are a class of “endogenous” peptides which 
will be heavily studied in the years to come [26].
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[corazonin; m/z 1369.628]

cc

cc

ca

ca

pQTFQYSRGWTN-NH2

[Pea-pyrokinin VI; m/z 1590.773]

cc

cc

ca

ca

SESEVPGMWFGPRL-NH2

Fig. 1 Neuropeptide mass spectrometry histochemistry (MSHC) on FFPE tissue. Section through cockroach 
(Periplaneta americana) retrocerebral neurohemal organ (pituitary equivalent). (a) MSHC image of “corazonin,” 
with distribution primarily in the corpora cardiaca (cc), (b) MSHC image of “Pea pyrokinin VI,” with localization 
restricted to the corpora allata (ca) region
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Personally, I see a highly promising contribution for peptidomics 
in trying to disclose the secrets hidden in the many thousands and 
thousands of clinically stored biobanked materials. More effort 
should be devoted to the development and large scale employment of 
analytical tools to translate the wealth of clinical knowledge buried in 
medically defined biobanked material into biomolecular, especially 
peptidomic signatures/profiles. I predict that peptidomic mining of 
freshly frozen (cryosections), but unexpectedly also of formalin-fixed 
paraffin-embedded (FFPE) tissues, will become accessible for pepti-
domics analysis, including mass spectrometry imaging, i.e., mass 
spectrometry histochemistry. I am hopeful that the current situation 
in which MS imaging has drifted away from endogenous peptides, in 
favor of lipids, metabolites, and small molecules, which are more eas-
ily identified “on the fly,” is about to change.

I anticipate that such peptidomics analysis will promote the 
increasing appearance of peptides in the drug industry (diagnos-
tics, “prognostics,” therapeutics), as peptidomics data will uncover 
a lot of the biology of peptides from studying examples out of 
nature, not only on the multitude of functions of peptides, but also 
on ways of increasing their drugability [27].

Future technological developments (with ever-increasing sensitiv-
ity), will unquestionably make the peptidome analysis of biological 
samples even less invasive than it can already be today. This will remove 
some of the existing bioethical barriers for certain types of experimen-
tal peptidomics. As such, the need for the employment of model 
organisms in order to try and understand human biology/physiol-
ogy/pathology/disease etiology will further diminish. Concurrently, 
peptidomics will get a more profound embedding in the study of 
human biology, pharmacology, medicine, and health care.
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