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Abstract

Peptides occur in the whole animal kingdom, from the least evolved phyla with a very simple nervous system (coelenterates) to the highest
vertebrates and are involved in most, if not all, physiological processes in animals.

Knowing the amino acid sequence of peptide hormones or neurotransmitters is important since this allows for synthesis of large quantities
of peptides to perform further functional analysis. Immunocytochemistry, radioimmunoassays (RIA), enzyme-linked immunosorbant assays
(ELISA) and mass spectrometry can then provide information on the temporal and spatial distribution and quantification of the (neuro)peptide.
Ever since the 1970s, a wealth of peptides has been discovered and investigated and this flow seems to be far from over. This is partially due
to the use of new approaches mainly based on chromatographical purifications as well as molecular biological techniques.

Surprisingly, peptides have so far been neglected in most proteomic studies. The finalization of the genome projects has opened new
opportunities for rapid identification and functional analysis of (neuro)peptides as well. In analogy with the proteomics technology, where all
proteins expressed in a cell or tissue are analyzed, the peptidomic approach aims at the simultaneous visualization and identification of the
whole peptidome of a cell or tissue, i.e. all expressed peptides with their post-translational modifications (PTMs). This technology provides us
with a fast and efficient tool to analyze the peptides from any tissue. This paper reviews the approaches that have been used so far to achieve this.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The finalization of the different genome projects at the
end of the 20th century has entered biology into a new
era. At the moment the genome of eight metazoa has been

∗ Corresponding author.
E-mail address:geert.baggerman@bio.kuleuven.ac.be (G. Baggerman).

fully sequenced; the yeastsSaccharomyces cerevisiae[1]
andSchizosaccharomyces pombe[2], the plant,Arabidopsis
thaliana [3], three invertebrates, the nematode,Caenorhab-
ditis elegans[4], the fruit fly, Drosophila melanogaster
[5] and the malaria mosquito,Anopheles gambiae[6]. In
2001, the human genome was nearly completely sequenced
[7] and recently the genome of the mouse was completed
[8].
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Although the sequences of all the genes of these or-
ganisms are known at present, for most genes very little
is known about their function and their interaction. This
has led to the introduction of “post-genomic” techniques
such as cDNA arrays and proteomics to discover the genes
and/or proteins that are up or down regulated in certain
physiological processes.

“Proteomics” attempts to identify all the proteins, and
their post-translational modifications (PTMs), in a certain
organism or tissue. The most common approach in pro-
teomic studies is to separate and visualize all the proteins
by two-dimensional electrophoresis and to subsequently
identify the expressed proteins by mass spectrometric tech-
niques. However, there are several limitations to the use
of 2D-PAGE as a proteome visualization technique. One
of the major constraints is the limitation of the size of
proteins that can be trapped in a gel. Proteins of a molecu-
lar mass lower than 10 kDa are generally not retained and
overlooked in most of the proteomic studies. Nevertheless,
this mass region contains the very important groups of pep-
tides and neuropeptides. The latter are by far the largest
class of neuroactive messengers found in animals. They
outnumber largely the more conventional neurotransmit-
ters such as acetylcholine, amino acids and amines. Their
high diversity in structure allows a high variety of differ-
ent and specific messages that can be transmitted from
one cell to another. Neuropeptides act as neurotransmitter,
neurohormone or neuromodulator and are involved in the
regulation of most, if not all, physiological processes in
metazoa.

Despite their importance in animal physiology, only a
very small number of scientific manuscripts deal with an
integrated analysis of the peptide content of an organism,
body fluid, tissue or cell. This type of analysis was named
“peptidomics” in analogy to “proteomics”. This is clearly
demonstrated by the fact that Pubmed retrieves only 12
manuscripts when using the term peptidomic(s) as a query.
The term peptidomics, however, is fairly recent[9,10] and
several other papers deal with similar integrated peptidome
analysis.

2. Peptidomics technology

A proteomic analysis of a sample usually consists of four
steps. These are: extraction of the proteins from the sample,
their separation, detection and finally identification/analysis
of the individual, separated proteins. The separation and
quantitative detection of proteins is routinely performed by
two-dimensional gel electrophoresis (2DE) and staining of
the gel. Protein identification is performed by the mass spec-
trometric analysis of a tryptic digest of the individual pro-
teins through peptide mass fingerprinting or tandem mass
spectrometry[11].

In the past, it has been demonstrated that peptides can
be analyzed by mass spectrometry requiring very little or

no manipulations of the samples, just by placing the tissues
directly on the MALDI target plate and applying the matrix
solution [9,10,12,13]or, in the case of electrospray mass
spectrometry (ESI), by a brief extraction in the spraying
solvent[9,14]. In many cases, however, the complexity of
the peptide sample requires a separation prior to the mass
spectrometric analysis of the sample.

As in proteomics, the core technology in peptide identi-
fication is mass spectrometry. Several mass spectrometric
techniques have been recently used to detect and identify
neuropeptides from tissue extracts using a very limited
amount of starting material. Both approaches with matrix
assisted laser desorption time of flight (MALDI-TOF) and
electrospray mass spectrometry have proven to be success-
ful [9,10,15].

2.1. Mass spectrometry

As with the identification of any other molecule, know-
ing the molecular mass of a peptide is a crucial step in its
identification process[11,16–18].

The recent success of mass spectrometry is partially due
to its ability to obtain structural information from molecules,
this is in addition to the relative mass. The general idea
behind tandem mass spectrometry or MS/MS is: first select
a precursor ion with a first mass analyzer (MS 1), then,
fragment this and, finally, analyze the obtained fragments in
the second mass analyzer (MS 2).

The most common tandem mass spectrometers used in
peptide research are ESI-tandem mass spectrometers such as
triple quadrupole instruments, ion-traps or quadrupole time
of flight instruments[19,20].

In the past, discovery of novel peptides was accomplished
through preparative scale isolation of bioactive compounds,
purification and finally Edman-degradation-based sequenc-
ing [21]. The high sensitivity and the fact that peptide ions
can be selected for fragmentation from a complex mixture
(which means that it is no longer compulsory to fully purify
the peptides) has dramatically reduced the amount of mate-
rial needed to obtain the amino acid sequence from peptides
[9].

Structural information can also be obtained with
MALDI-TOF instruments equipped with an ion gate or
ion selector allowing fragmentation by post-source decay
(PSD). Although direct sequencing of peptides by PSD is
less straightforward than with ESI-tandem MS (due to the
high variety of daughter ions generated by PSD) fragmen-
tation spectra can be used for identification of the peptides
in a database. The major drawback of PSD, however, is the
time-consuming spectrum acquisition and the low resolu-
tion of the ion selectors, which can be problematic when
working with complex mixtures, such as tissue extracts. Re-
cent instrument innovations, such as MALDI-Q-TOF[22]
and MALDI-TOF-TOF [23,24] provide solutions for this
problem and will become more important tools in protein
and peptide identification. These instruments allow the se-
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lection of an ion produced from a MALDI-source and sub-
ject it to collision induced dissociation (CID), combining
the high speed and throughput of MALDI with the advan-
tages of tandem mass spectrometry[19,20]. In addition,
these techniques are sensitive at the low attomole level. This
section gives only a brief discussion on the MS technology
itself. More elaborate information can be obtained from a
number of excellent reviews on the matter[11,25].

2.2. Peptide separation

In the past, it has been demonstrated that peptides can be
analyzed by mass spectrometry requiring very little or no
manipulations of the samples, just by placing the tissues di-
rectly on the MALDI target plate and applying the matrix
solution [9,10,12,13]or, in the case of ESI, by a brief ex-
traction in the spraying solvent[9,14]. In many cases, how-
ever, different neuropeptides are present in very different
concentrations in tissues or cells. In addition, some organs
or body fluids, such as brain, cerebrospinal fluid, blood, etc.
may contain many hundreds to a thousands of different pep-
tides[26–28]. In these cases, the complexity of the peptide
sample requires a separation prior to the mass spectromet-
ric analysis of the sample. In addition, some tissues or body
fluids contain only very low concentrations of peptide hor-
mones requiring a preconcentration prior to analysis[29].

The range of proteins that can be separated on a typi-
cal 2D-gel have a molecular mass that ranges between 10
and 150–200 kDa, which makes this technique obsolete for
(neuro)peptides. Nevertheless, peptides can easily be sepa-
rated using reversed phase chromatography[30]. Since in
MALDI-TOF MS samples need to be crystallized in a ma-
trix, the chromatographic system cannot be coupled directly
to the mass spectrometer. Fractions are collected and applied
off-line to the MALDI target[27]. Fractions can be collected
directly on the MALDI target straight from the column by
collecting the drops on the target or trough electrospray de-
position. In electrospray deposition, a voltage difference is
applied between the (steel) outlet of the HPLC and the sam-
ple target. In this way, the column eluent is sprayed in a thin
layer on the target. These methods were applied success-
fully to peptidomics[27] and allow very sensitive detection
of peptides even at the level of a single neuron[13,31].

Because the electrospray process transfers ions from
solution directly into the gas phase, from the start of elec-
trospray mass spectrometry, electrospray sources have been
coupled to liquid chromatography[32]. Coupling an HPLC
directly to the electrospray allows the analysis of peptides as
they elute from the column. Following the evolution of the
electrospray source to the nanoscale level[33], nanoscale
capillary LC systems are taking full advantage of low flow
electrospray technology. As with electrospray itself, the
chromatography has gone through an evolution of down
sizing this, to gain sensitivity[29].

The need to detect lower concentrations of peptides from
complex protein mixtures with a high degree of automation

has driven the development of ultra low flow LC systems that
can be coupled directly to nanospray sources. Columns with
50–200�m internal diameter and HPLC systems with flow
splitters that can handle flow rates of a few 100 nl/min are
commercially available. Currently, chromatographical sepa-
rations are even performed at flow rates as low as 20 nl/min
using columns with internal diameters down to 15�m [34].

However, with such low flow rates, loading a sample
onto the column is time consuming. If, for instance, a 10�l
sample has to be loaded on a micro-column at a typical flow
rate of 150 nl/min, this would take almost 1.5 h. This can be
avoided by making use of column switching[29]. The pur-
pose is to segregate the loading of the sample and the actual
separation to reduce the loading time. This is obtained by
first loading the sample on a short preconcentration-column
that has a larger diameter than the capillary column (not in
line with the capillary column) at a higher flow rate. Once
the sample is loaded, the guard column is put in line with
the capillary column to run the gradient at a low flow[29]
(Fig. 1).

The advantages are clear; instead of analyzing the entire
sample at once, the peptides are now separated and elute
gradually, while each peptide is concentrated in a chromato-
graphic peak, resulting in higher sensitivity. In addition,
when coupled to a tandem mass spectrometer, such as a
Q-TOF, peptides (or other compounds) can be analyzed and
selected for fragmentation in the collision cell of the MS
instrument as they elute from the column. For this purpose
the software of most MS manufacturers has been adapted to
allow automated charged state recognition of the ions (apart
from the smallest neuropeptides (<6 AA) and depending on
their amino acid composition most peptides will have more
than one charge) and automated fragmentation.

Such a peptidomic analysis theoretically allows to iden-
tify all peptides present in a sample in a single chromato-
graphic run[26,28,35]. However, in complex mixtures of
peptides, the higher incidence of co-elution is the limiting
factor for the number of peptides that can be identified.
Since sensitivity in electrospray is concentration-dependent
rather than flow rate-dependent, the ability to vary the flow in
nanoscale liquid chromatography (nano-LC) separations is
advantageous when analyzing more complex or more diluted
mixtures of compounds. This technique, known as ‘peak
parking’ has already shown its performance in the LC-MS
analysis of enzymatic protein digests, resulting from a pro-
teomic experiment[36]. By reducing the flow rate on the fly
(during the separation) elution of peaks can be slowed down,
thereby increasing the time for analysis of the mass spectra.
This way, more peptides can be fragmented or a single low
abundant peptide can be fragmented for a longer time.

Another method to increase the resolving power of a
peptide separation is by making use of on-line coupled
two-dimensional separations. In this approach, the sec-
ond chromatography step enables full separation of all
of the effluent material from the first step using multi-
ple HPLC pumps connected through detailed valve con-
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Fig. 1. Schematic diagram of a column switching setup for sample loading on a capillary nanoliter flow HPLC. In a first step (1) the sample is injected
in the sample loop. (2) The sample is loaded on a small reversed phase cartridge at a high flow rate (typically 20�l/min) and salts are rinsed of. (3)
The cartridge is placed on-line with the capillary column and peptides are separated using a gradient with increasing hydrophobicity.

nection systems. Reverse-phase LC is often used as the
second separation for its high speed and resolving power
and its de-salting capability[37]. RPLC as the second
dimension has been combined with several other chro-
matographic techniques in the first dimension such as size
exclusion-reversed phase[29,38], reversed phase-reversed
phase chromatography[29,39] and ion exchange-reversed
phase [29,40]. These techniques are used increasingly
frequent for protein identifications in complex protein
digest samples so that time-consuming 2D-PAGE and
in-gel-digestion prior to identification are avoided[29,41].
The ion exchange-reversed phase approach seems the most

promising one. A high-throughput method for protein iden-
tification of very complex (whole tissue) mixtures was
reported in a process called MudPIT[42]. MudPIT is short
for multi-dimensional protein identification technology and
uses a biphasic column (a column containing two differ-
ent types of packing). This column uses a strong cation
raisin (SCX) and a reversed phase C18 raisin combined in
a single fused silica column. The column used in this setup
had an internal diameter of only 100�m, the flow rate was
decreased and the eluate was sprayed directly from the
column into the ESI mass spectrometer, increasing the sen-
sitivity of the analysis dramatically. Using multiple steps
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of chromatography. MudPIT allows effectively to perform
a two-dimensional separation on a single column, thereby
eliminating the use of valves and the problem of dead
volume associated with it. We predict this technology will
soon be introduced in peptide applications as well.

In protein research, the combination of capillary elec-
trophoresis (CE) with mass spectrometry is becom-
ing increasingly popular. A recent study illustrates that
CE-MS/MS can be used to analyze peptide and neurotrans-
mitter content of small brain regions[43]. It allows sepa-
ration of compounds ranging from small molecules to large
proteins in the same analysis. The advantages of CE are low
sample consumption and short analysis time. However, the
low volume required by CE means that the samples need to
be highly concentrated. This can be achieved by preconcen-
trating the sample on hydrophobic media. Tong et al.[44],
reported an LC-CE-MS/MS method to identify proteins
from a complex mixture. In this setup the protein sample,
a 75-protein complex from yeast ribosome was first di-
gested. The peptides were preconcentrated on a solid-phase
microextraction (SPE) C18 cartridge and de-salted. The
SPE served as a first semi-separation dimension using an
organic-phase stepped gradient. CE was used as the sec-
ond dimension. While this technique is not fully automated
yet, other authors have reported integrated LC-CE systems
[45–47].

2.3. Peptide quantification

The relevance of proteomics as an analytical tool lies in
the possibility to monitor changes in protein expression in
different physiological conditions. In other words being able
to determine the relative quantities of each protein in differ-
ent conditions. The same holds true when looking at peptide
profiles. When performing HPLC separations of peptides,
such as in LC-MS, the simplest way to compare the relative
abundances of peptides is through the use of a UV detector
placed between the LC system and the mass spectometer.
However, when dealing with complex samples this is not an
option since one chromatographic peak may contain several
compounds.

In general, the ion intensities of each compound observed
in a mass spectrum do not correlate to the relative amount
of these compounds. Nevertheless, for compounds with a
similar mass and with similar functional groups, the rela-
tive ion intensities may correspond to their relative contents.
‘Mass labeling’ is a common strategy to quantify peptides
by mass spectrometry. In short, a known concentration of a
‘mass labeled’ analogue of the peptide of interest is added
to the sample and serves as internal reference. The most ap-
pealing way to mass label a compound is by incorporating
stable isotopes. In this way, the two compounds are chemi-
cally identical and hence, have an equal ionization efficiency
but are of a slightly different mass.

The use of ‘mass labeling’ to obtain quantitative data has
recently been introduced in the field of proteomics, with

great success. With isotope-coded affinity tags (ICAT) the
side chains of cysteinyl residues in a reduced protein sam-
ple of one particular physiological condition are derivatised
with an isotopically light form of the ICAT reagent. The
sample derived from a second physiological state is labeled
with the isotopically heavy form of the ICAT reagent. Af-
ter enzymatic digestion, the labeled peptides from the two
combined samples are purified by affinity chromatography.
In a subsequent LC-MS/MS analysis the peptides are iden-
tified. Next, the relative abundancy of these peptides in the
two conditions can be compared by comparing their relative
signal intensities[48]. The ICAT technology can so far only
be used for cysteine containing peptides or proteins.

To circumvent this more general labeling methods (in-
stead of the amino acid specific, such as ICAT) have been
developed. Goodlett et al.[49] described a method in which
peptides are methylated using either d0 (no deuterium in
the molecule) or d3 (three deuterium atoms per molecule)
methanol. The methyl esterification converts carboxylic
acids, such as those on the side chains of aspartic and
glutamic acid and the carboxyl-terminus of the peptide. Al-
though not every peptide will be labeled using this method
(e.g. peptides with no aspartic or glutamic acid and with
a C-terminal amidation) it would be more useful in pep-
tidomics than ICAT.

A similar approach has been used to quantify peptides
in tissue extracts[50,51]. In these studies a peptide labeled
with a stable isotope was introduced. In this way, one obtains
a chemical identical analogue (with similar ionization) with
a slightly higher mass. The concentration can be calculated
by comparing the ratio of intensity of the labeled analogue
and the naturally occurring peptide.

2.4. Post-translational modifications

Post-translational modifications are covalent processing
events that change the properties of a protein, or peptide,
by cleavage or by addition of a modifying group to one or
more amino acids[52]. In general, a PTM of a protein can
modify or regulate its function, state of activity, turnover and
interactions with other proteins. In proteomics, several ap-
proaches were recently developed to study PTMs, the main
focus of which is on phosphorylation analysis[53,54].

Phosphorylation of a neuropeptide is rare. Instead, other
PTMs that serve to protect the peptide against proteolytic
degradation are very common. At their N-terminus a large
number of neuropeptides carry a pyroglutamic acid, formed
by the cyclization of an N-terminal glutamine (−17 Da)[55].
Some peptides, such as melanotropines and�-endorphins,
are acetylated at their N-terminus (+42 Da). This modifica-
tion increases their stability and modulates their activity[56].

Another important protective PTM in peptides is
C-terminal amide-formation. In about half of all known
bioactive peptides the hydroxyl group of the C-terminal
carboxyl group is replaced by an amide, resulting in a
decrease in molecular mass of the peptide by 1 Da[55].
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Other peptide modifications, such as tyrosine sulfation,
methylation or glycosilation are important for interaction
with the receptor and can therefore play a role in regulation
of the activity of the peptide[57,58].

Determining these modifications by MS can be very
challenging, especially in the case of de novo sequencing.
Modification analysis is usually done by comparison of
experimental data to a known amino acid sequence, which
means that the peptide sequence has to be determined be-
fore the PTM can be identified. If the modification is labile
(such as sulfation and glycosilation), it will be lost prior to
fragmentation of the peptide itself. In this case, the peptide
can be sequenced and identified and the mass increment be-
tween the obtained sequence and the measured parent mass
will be that of the PTM. However, in this case the exact
location of the PTM cannot be determined[59] (Fig. 2A).

In the case of a stable modification, such as acetylation,
methylation, oxidation of methionine, N-terminal amidation
or formation of a pyroglutamic acid, the fragmentation spec-
trum will be similar to that of the unmodified peptide, with
the exception of the modified amino acid, which will have
a mass increment or decrement corresponding to the PTM
(Fig. 2B). In this case, the fragmentation pattern will allow
the exact localization of the modification, although it will
make “de novo” sequencing of the peptide more challeng-
ing. A short list of the most common (neuro)peptide modi-
fications is given inTable 1.

Luckily, peptides can be identified in a database by their
fragmentation spectrum using pattern searching with algo-

Fig. 2. (A) CID spectrum ofDrosophilasulfakinin II (GGDDQFDDYGHMRFamide) b-type and y-type are indicated. The loss of 80 Da from the parent
mass is indicative for the presence of a (labile) sulphate group, originating from the tyrosine residue. (B) CID spectrum ofDrosophila sNPF-associated
peptide (Drm-sNPF 5; SDPDMLNSIVE), which has an oxidation on its methionine residue as a (stable) PTM. b-type and y-type fragment ions are
indicated. The localization of the PTM can be deduced from the fragmentation spectrum.

rithms such as Sequest and Mascot that have been adapted
to allow for the identification of modified peptides[60,61].

3. Peptidomics: data

To date, many neuropeptides have been purified from
vertebrate and invertebrate sources. To determine its se-
quence in the pre-genomic era (before the realization of the
genome projects), a peptide had to be fully purified from
tissue extracts[30]. Only then one could study the expres-
sion in time and space of a single peptide through mRNA
hybridisation, immunolocalisation or HPLC-analysis. This
was a time-consuming task since only one peptide at a
time could be studied in this way. However, many peptides
belong to the same family and are structurally related. Of-
ten, cross-immunoreactivity impedes the identification of a
single peptide within a tissue. The developments of mass
spectrometry in the last decade allow very sensitive and
unequivocal profiling of peptides within an organism, tissue
or cell.

The need for confirmation of immunocytochemical results
is clearly demonstrated in a number of manuscripts where
the neurohaemal organs of insects were analysed. Insects
have an open circulatory system and besides the corpora
cardiaca, which are the functional equivalents of the pituitary
in vertebrates, they have a number of additional neurohaemal
release sites such as the perisympatic organs distributed in
their abdomen. Based on immunocytochemical analysis it
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Table 1
List of post-translational modifications (PTMs), common in (neuro)peptides

PTM Mass difference (Da) Stability in MS/MSa Function

Acetylation +42 3 Blocked N-terminus, peptide stability, regulation of bio-activity
Amidation −1 3 Peptide stability, blocked C-terminus
Disulfide bridge −2 2 Intra and intermolecular crosslink

Glycosylation 1 Regulation of bio-activity, receptor–ligand interaction
N-linked >800
O-linked 203, >800

Methylation +14 3 ?
Oxidation +16 3 Methionine side chain
Pyroglutamic acid −17 3 Peptide stability, blocked N-terminus
Sulfation +80 1 Tyrosine side chain, receptor–ligand interaction

Source:http://www.abrf.org/index.cfm/dm.homeand Mann and Jensen[52].
a Stability: 1: labile; 2: more stable; 3: stable.

has long time been assumed that these would contain neu-
ropeptides identical to those found in the corpora cardiaca to
compensate for their poorly developed circulatory system. It
was only until sensitive mass spectrometric techniques be-
came available that these small organs could be studied in
detail. Through peptide profiling it became apparent that in
both cockroaches and locusts these organs contain a num-
ber of previously unknown neuropeptides[15,62–64]. Simi-
lar studies have shown that peptide profiles can be obtained
from a single insect organ making it possible to analyse the
peptide profile of all endocrine organs from a single insect
[9,10,35,65].

An interesting and early approach for peptide and protein
profiling in tissues was shown by Caprioli et al.[66]. They
produced MALDI ion images of tissue sections by coating
the sections on a MALDI target with a thin layer of matrix
and analysing the sections by mass spectrometry. Peptide
tissue profiling was demonstrated with the mapping of in-
sulin in an islet on a section of rat pancreas as well as with
the mapping of hormones in a small area of rat pituitary.

In terms of sensitivity MALDI-TOF mass spectrome-
try is unsurpassed. It has shown to allow analysis of the
peptide content of individual neurons[13,67] or even in-
dividual organelles, in this case secretory vesicles from a
neuron originating from a mollusc[68]. In these studies the
high sensitivity was achieved by fixing the cell or organelle
directly to the MALDI target and covering it with matrix
solution. However, single cell analysis was also achieved
making use of Micro LC-MALDI-TOF MS and post-source
decay[69]. Nowadays, laser capture microdissection (LCM)
permits to isolate individual cells or cell populations from
frozen sample tissues. Cells obtained with this technique
can be directly analysed by MALDI-MS[70].

4. Differential peptidomics: data

Over the last few decades an ever-growing number of
peptides have been isolated and characterized from different
animal species. In quite a number of cases, not much in-

formation about these peptides is available apart from their
structure and place of synthesis[71]. A number of research
groups have understood the need for differential analysis of
peptide expression in different physiological conditions to
understand their function and interaction.

One of the earlier peptidomics papers describes the dif-
ferential display of peptides induced in the haemolymph of
individual fruit flies after immune challenge[12]. The au-
thors described 24 immune induced peptides in the molecu-
lar mass range of 1.5–11 kDa, four of which were sequenced
by Edman-degradation after their purification. A similar ap-
proach was used in our group to identify peptides involved
in phase transition in locusts. Here, extracts from corpora
cardiaca and haemolymph were compared in solitary and
gregarious locusts[72]. Differential peptide display can even
be used to detect post-translational alternative splicing of
primary mRNA transcripts. In the central nervous system
of the snailLymnea, a common, multi-exon gene encodes
FMRFamide-like peptides. Alternate mRNA splicing of the
FMRFamide gene leads to the expression of two different
mRNAs. MALDI-TOF MS analysis of individual neurons
expressing the FMRFamide gene confirmed the mutually ex-
clusive expression of the peptides encoded on the two tran-
scripts in different neurons[31].

Another early paper by Jiménez et al. made use of an
internal peptide standard to quantitatively analyse the dif-
ference in peptide expression in the neurointermediate lobe
(NIL) of individual rats subjected to salt loading[73].

For a truly comparable and systematic analysis of a pep-
tidome, however, an easily interpretable visualization of all
peptides in a sample is needed. Schulz-Knappe et al. devel-
oped such a technology over the last few years. In short,
the peptidome of a sample, in this case blood ultrafiltrate
or cerebrospinal fluid is separated by reversed phase chro-
matography and all fractions are analysed by MALDI-TOF
MS. From these analyses a virtual “2D” image is created
in which one dimension represents the mass spectra and the
other dimension the HPLC fractions. Signal intensities of
the spectra are indicated by colour or intensity of the spot

http://www.abrf.org/index.cfm/dm.home
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Fig. 3. Flow scheme of the process of generating a virtual 2D plot of a peptidome. The peptide extract is separated on a HPLC (capillary or not) and
fractions are collected. Every single fraction is then analysed by MALDI-TOF MS. The separate spectra are combined to a virtual 2D-picture in which
one dimension displays the elution-time and hence, hydrophobic nature, and the other one the mass-to-charge(m/z) ratio. In this way, two samples can
be quantitatively and qualitatively compared (figure modified from Schulz-Knappe et al.[27]).

(Fig. 3). By comparing 2D plots from different physiologi-
cal conditions, this system allows an easy detection of dif-
ferences in peptide content[27,74]. Such profiling has been
applied in the analysis of peptides involved in human dis-
eases. A number of manuscripts describe the identification
of biomarkers for diagnosis or classification of cancers us-
ing differential peptidomics[75,76].

5. Peptidomics in the post-genome era

Initially, mass spectrometry was used as a technique
complementary to Edman-degradation-based sequencing of
purified peptides. It was used to confirm whether the exper-
imentally obtained peptide mass corresponds to the calcu-
lated mass derived from the amino acid sequence obtained
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Fig. 4. Flowchart of the experimental setup used in the peptidomic analysis of parts of the rat brain (28) and the fruit fly central nervous system (30). Brain
tissue was homogenized and the extract was separated on a nano-LC system coupled directly to a Q-TOF mass spectrometer. At each moment in the LC
run, the mass spectrometer software uses the MS spectrum to decide on peak selection for fragmentation. Typically, ions with 2–4 positive charges were
automatically selected for MS/MS analysis. The obtained fragmentation spectra are converted to peak lists which are then used for query of a database.

by Edman-degradation. If this was not the case, a mass dif-
ference between the theoretical and experimental mass could
indicate the presence of a post-translational modifications.
Post-translational modifications such as a C-terminal amida-
tion, a tyrosine sulfation or glycosylations are not detected
by Edman-degradation chemistry. Mass spectrometry often
provides an essential tool to identify these modifications.

Part of the recent success of mass spectrometry in peptide
and protein research is its ability to obtain, apart from the rel-
ative mass, structural information on molecules by fragmen-
tation analysis. Fragment ions can be obtained due to decay
of the ions as a result of the ionisation process, common in
MALDI (post-source decay) and in fast atom bombardment
(FAB)-MS. These techniques were used successfully for “de
novo” sequencing of purified insect peptides that were mod-
ified post-translationally or for which only minute amounts
were purified, ruling out Edman-degradation[77,78].

In tandem mass spectrometry or MS/MS, an ion is se-
lected from a complex mixture and subjected to fragmen-
tation. This has made it possible to “de novo” sequence
peptides from tissue extracts without elaborate chromato-
graphic separation[10,62,79]. However, in all these cases

problems can arise with the “de novo sequencing” of as yet
unidentified peptides present in the mixture. In the study
of Clynen et al. on brain parts of the locust[9], many ion
peaks remained unidentified, because sequence information
obtained by mass spectrometry was not complete. Fragmen-
tation spectra can be difficult to interpret or lead to only a
partial sequence tag. In addition, some amino acids have the
same (Leu/Ile) or very similar (Gln/Lys) masses making it
difficult to differenciate between them.

The finalization of the genome projects has opened new
opportunities for rapid identification and functional analysis
of (new) (neuro)peptides. This was clearly demonstrated by
two recent manuscripts using a similar approach (Fig. 4).

Skold et al. described a peptidomic approach that com-
bines nanoscale liquid chromatography on-line with Q-TOF
mass spectrometry to analyze the peptide content of different
regions of the rat brain (motor cortex, striatum and thalamus)
[28]. In this study they focused on the 300–5000 Da mass re-
gion (typical for peptides) and detected approximately 1500
peptide masses in a robust, specific and reproducible method.
Ten percent of these ions were automatically selected for
fragmentation by the mass spectrometer software during the
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60 min nano-LC run. These fragmentation spectra were an-
alyzed and peptide sequences were deduced after running
specific mass spectrometric software programs. The peptides
were identified by scanning the rat database (at the moment
the rat genome project is near its finalisation) with the pep-
tide sequence tags using the basic local alignment search tool
(BLAST). A large number of peptides could be identified,
including both known neuropeptides such as hemophorins as
well as protein fragments. However, “typical” neuropeptides
such as neurotensin, substance P, enkephalins, etc. were not
detected in these experiments.

This is in contrast to the results we recently obtained in
Drosophila. Using the same methodology (on-line nano-LC
combined with Q-TOF mass spectrometry), we analysed
the peptidome of 50 larvalDrosophila brains. During the
nano-LC run, a few 100 ions were selected for fragmen-
tation. The obtained fragmentation spectra were used as a
query to mine the fruit fly genome[5] to reveal the corre-
sponding amino acid sequence and to identify the peptide
precursor gene. Hardly any protein fragments were present
in the sample. Instead, we sequenced and identified 28 neu-
ropeptides (Table 2 ). Twenty-one of these peptides were
never purified and sequenced fromDrosophilabefore. The
majority was predicted from the genome sequence but for
some cases we found that the processing from the precur-
sor was different from what had been predicted. In addi-
tion, eight entire novel peptides (encoded by five different
genes) were identified. These peptides could not be pre-
dicted because sequence similarity-based searches failed to
mine these peptides, as orthologs from other animal species
were not isolated before. A BLAST search of the Swissprot
database with these peptides did not show any homology
with known peptides or peptide precursors.

Although a similar strategy was employed for both the
rat and the fruit fly, different results were obtained. In the
rat, almost all identified peptides are protein fragments and
hardly any typical neuropeptides were found. In the fruit fly,
the situation was exactly the opposite. This analysis yielded
almost exclusively neuropeptides. Although a number of
degradation products from proteins such as hemoglobin and
cytochromec are bioactive molecules[80,81], it is unlikely
that all the identified protein fragments act as signaling
molecules. Instead, as the author suggested, these might
originate from post-mortem protease activity. Protease ac-
tivity might also be responsible for the degradation of the
classical neuropeptides. In order to avoid enzymatic activity,
we used a different peptide extraction. Instead of homoge-
nizing the tissue in water with 0.25% acetic acid[28], we
used an extraction mixture containing 90% methanol, 9%
water and 1% acetic acid, which will denature and inactivate
any proteases immediately. A similar extraction method was
used in the past for classical neuropeptide purifications[30]
as well as in peptidomics[9,14,15,82].

Nevertheless, despite the sensitivity of the mass spectro-
metric methods, a large number of putative peptide ion peaks
that were observed in both studies remained unidentified. In

Table 2
Peptides that were identified in the larvalD. melanogastercentral nervous
system by nano-LC tandem MS

Peptide name (BDGP
annotation)

Peptides characterised in larval
Drosophila brain by LC-MS/MS
(monoisotopic mass (Da))

FaRP family
FMRFamide (CG2346)

Drm-FMRFa-1 DPKQDFMRFamide(1111.51)
Drm-FMRFa-2 TPAEDFMRFamide(914.41)
Drm-FMRFa-3 SDNFMRFamide(924.43)
Drm-FMRFa-4 PDNFMRFamide (1181.56)
Dromyosupressin (CG6440)
Drm-MS TDVDHVFLRFamide(1246.64)

Drosulfakinin (CG18090)
Drm-SK-2 GGDDQFDDY(SO3)GHMRFamide

(1737.61)

Drm-sNPF (CG13968)
Drm-sNPF 21–10 WFGDVNQKPI (1202.61)
Drm-sNPF-AP-1 SDPDMLNSIVE (1218.45)
Drm-sNPF-AP-1 SDPDM(ox)LNSIVE (1234.53)

Adipokinetic hormone family
AKH (CG1171)

Drm-AKH pQLTFSPDWamide(974.45)

Corazonin (CG3302)
Drm-COR pQTFQYSRGWTNamide (1368.62)

Allatostatic peptides
Allatostatin (CG13633)

Drm-AST-21–11 AYMYTNGGPGM (1160.46)
Drm-AST-3 SRPYSFGLamide (924.48)
Drm-AST-4 TTRPQPFNFGLamide (1275.67)

MIP-like peptide (CG6456)
Drm-MIP-2 AWKSMNVAWamide (1090.54)
Drm-MIP-5 DQWQKLHGGWamide (1252.61)

Diuretic peptides
CAP2b peptide (CG15520)

Drm-CAP-1 GANMGLYAFPRVamide (1293.67)
Drm-CAP-2 ASGLVAFPRVamide (1014.6)

DroLeucokinin (CG13480)
DLK NSVVLGKKQRFHSWGamide

(1740.95)

Immune induced peptides
Immune induced protein 2 (IM2)

DIM2 GNVVINGDCKYCVNGamide
(1689.77)

Immune induced protein 4 (CG15231)
DIM4 GTVLIQTDNTQYIRTamide

(1720.91)

Newly characterised peptides
Neuropeptide-like precursor 1 (CG 3441)

MTYamide peptide YIGSLARAGGLMTYamide
(1470.76)

IPNamide peptide NVGTLARDFQLPIPNamide
(1652.89)

NAP peptide SVAALAAQGLLNAP (1422.81)

Hugin (CG6371)
Drm-MT2 SVPFKPRLamide (841.58)

Neuropeptide-like precursor 2 (CG11051)
NEF peptide TKAQGDFNEF (1155.52)



G. Baggerman et al. / J. Chromatogr. B 803 (2004) 3–16 13

Table 2 (Continued)

Peptide name (BDGP
annotation)

Peptides characterised in larval
Drosophila brain by LC-MS/MS
(monoisotopic mass (Da))

Neuropeptide-like precursor 3 (CG13061)
SHA peptide VVSVVPGAISHA (1134.65)
VVIamide peptide SVHGLGPVVIamide (975.58)

Neuropeptide-like precursor 4 (CG15361)
YSY peptide pQYYYGASPYAYSGGYYDSPYSY

(2567.01)

Peptides that were identified earlier are in italic face. The other peptides
were identified for the first time in the peptidomic analysis (30).

our study this was largely due to the low quality or signal
intensity of some of the fragmentation spectra, rendering
identification through a database search impossible. How-
ever, in some cases, even fairly good fragmentation spectra
yielded a partial but inconclusive amino acid sequence (3–5
AA), too short to be used in an advanced BLAST search.
The limited length of the sequence made also it impossible
to identify these peptides through algorithms, such as Mas-
cot, Sequest and the like, actually written to identify pep-
tides obtained from an enzymatic protein digestion. The low
quality of some of the fragmentation spectra is partially due
to the limited time frame in which the spectra can be ac-
quired (which, in an LC-MS setup, is dependent on the res-
olution of the separation). When using an off-line approach
such as LC-MALDI-TOF-TOF this can be improved, since
each collected HPLC fraction can be subjected to MS anal-
ysis as long as necessary to obtain good quality spectra.

Other causes for the absence of expected peptides in the
peptidomic experiments are low concentration, timing of
sample collection, ionization efficiency, tissue extraction ef-
ficiency, etc.

However, both studies prove that peptidomics is a power-
ful and highly sensitive approach to study peptides, as the
technique allows giving a snapshot of all the peptides that
really interest the animal, rather than trying to find peptides
by staring at genomes. In addition, it serves as a tool to iden-
tify peptide precursors that are missed by similarity-based
searches. As already five novel peptide precursor genes were
found to be expressed in the brain of the fruit fly alone, we
believe that far more than the 31 predicted (neuro)peptide
precursors are encoded by theDrosophilagenome[83–86].
This is in accordance with the recent results obtained by
bioinformatic analysis of theC. elegansgenome[87]. This
study was based on pattern-based searching and predicted
the presence of 92C. eleganspeptide genes, corresponding
to at least 200 peptides.

6. General conclusion

The finalization of several genome projects boosted re-
search covering the analysis of the function of all the proteins
encoded by all these genes. This is clearly demonstrated by
the explosion of large and small proteome initiatives. Due
to the limitations of the technology, most of these initiatives

completely neglect the peptide portion of the proteome al-
though most of the drugs in use today are small molecules,
a number of which mimick the activity of peptides[88].

In analogy with the proteomics technology, where all pro-
teins expressed in a cell or tissue are analyzed, the pep-
tidomic approach aims at the simultaneous visualization and
identification of the whole peptidome of a cell or tissue, i.e.
all expressed peptides with their post-translational modifica-
tions. With nanoscale liquid chromatography combined with
mass spectrometry one can analyze the peptidome of a tissue
at the amino acid sequence level. Often, only partial amino
acid sequences of peptides are obtained using tandem MS.
This can pose a problem to get the entire de novo sequence
of a peptide and often one cannot get the entire sequence.
Nevertheless, certain bioinformatic programs, can be used
to identify the peptides from a protein database or the corre-
sponding gene from the genomic database, when available,
with only this partial sequence or and the parent mass or
with the uninterpreted fragmentation spectrum itself[89].

This technology provides us with a fast and efficient
tool to analyze the peptidome of any tissue, not only from
Drosophilaand rat but also any metazoan of which the com-
plete genome has been sequenced (C. elegans, A. gambiae,
mouse, man,. . . ). It also solves one of the problems in-
herent to the use of mass spectrometry in de novo peptide
sequencing. Since leucine and isoleucine residues have the
same mass and lysine and glutamine residues only differ by
0.04 Da, they can only be distinguished from each other by
W-ions. However, with the availability of the genome se-
quence the correct residue can be deduced. As such, the pep-
tidomic tool described in this review will allow analysing the
expression of the entire peptidome in different physiologi-
cal and developmental conditions. In sum, historically, most
endocrine factors have been defined based on phenotypic
changes, monitored by diverse bioassays. Although the tra-
ditional biochemical and physiological characterization of
endocrine factors will not be replaced completely, we expect
that the peptidomic technology represents an opportunity to
discover new peptide hormones and signalling molecules of
the endocrine system. This will certainly be true for animals
of which genome projects are completed or in progress.
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