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Peptidomics, current status
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Abstract

Characterisation of the complement of expressed proteins from a single genome is a central focus of the evolving field of proteomics. Tradi-
tional proteomics technologies were developed in the 20th century and are based on two-dimensional electrophoresis or multidimensional liquid
chromatography. These facilitated functional genomics analysis, but they currently represent a significant bottleneck to progress in this area. We
are now witnessing the development of novel alternative technologies for use in expression proteomics research. This review aims to familiarise
the reader with the principles underlying the peptidomics approaches to proteomics research and provide examples of their applications.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

Proteins were first purified in the 19th century, nearly 100

the last 50 years, we have lived through the revolutio
Molecular Biology research, when the science advanced
having solved DNA structure (J.D. Watson, F.H.C. Crick
ears earlier than scientists learned about nucleic acids. ForM.H.F. Wilkins in 1953, Cambridge, UK[1]), through to
UK
-
omes
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DNA sequencing (F. Sanger, MRC LMB, Cambridge,
[2]), human genome sequencing in 2001[3,4] and high
throughput approaches for the analysis of individual gen
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being developed by Solexa Ltd. (Little Chesterford, UK)
(www.solexa.co.uk). If protein research was carried out at
a similar pace, we should have been able by now to deter-
mine protein composition of every cell of every organism
and perhaps in real time mode. But, this is still science fic-
tion. Many researchers are still reliant on two-dimensional
electrophoresis, spot identification and gel excision to ob-
tain that one protein of interest, which will help solve that
one problem. In the last few years, a variety of novel tech-
nologies have sprouted around that cornerstone of protein
research—the studying ofproteins.

2. Proteomics

Proteomics can be defined as the systematic analysis
of proteins to determine their identity, quantity, structure
and function. Until recentlyproteinswere studied using
either a single or a combination of established techniques,
which could be generally divided intoseparation tech-
niques andidentification techniques. The former includes
chromatography, isoelectric focusing, electrophoresisand
their combinations (e.g. two-dimensional electrophoresis).
Following theirseparation, proteins can be identified using
various approaches either indirectly (e.g. by the size on a
g ay or
b cing
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format revolutionised molecular biology, but often failed
when applied to proteins. In a direct binding assay the
unknowns, i.e. proteins being assayed, are labelled directly
with a detection reagent (i.e. a fluorophore) and assayed
by binding to the immobilised antibodies. Unlike DNA
microarrays, for which the relative abundance of cDNAs
can be measured directly by a fluorescent scanner, without
further processing of the chip, protein abundance is not
a simple function of the signal[6]. Due to a wide range
of antibody affinities to their antigens (in contrast to
DNA–DNA interactions, which have an inherently narrower
range of “affinities” which are also easy to estimate),
quantitation of proteins using arrays of antibodies (or indeed
any highly parallel affinity assay) ideally requires the use of
competitive assays[7]. The use of sandwich assays negates
the necessity for labelling the proteins of interest with a
detection reagent and results in higher detection sensitivity,
but the heterogeneity of antibody affinities remains a
problem.

Compared to earlier days, the modern proteomic tools
often rely on highly parallel analysis, miniaturised and
chip-based technologies. However, most of the modern
developments in the area of proteomics, including chip-
based proteomics, are based on traditional and established
protein purification and separation techniques. So far
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el, through a functional assay, or a ligand binding ass
y affinity reagents) or directly, through protein sequen
from the N-terminus by Edman degradation or from
-terminus using carboxypeptidases or thiocyanate d
ation, etc.) or using mass spectrometry (whole pro
r proteolytic peptides, e.g. by mass matching or de-
equencing). Traditional approaches toprotein separation
ely on the use of a number of consecutive purification sta
or example iso-electric focusing followed by SDS-PA
lectrophoresis, one chromatography separation follo
y another (e.g. ion exchange followed by reverse p
hromatography, etc.). Often each separate purification
ould be followed by identification and quantitation stag
onsequently, the majority of traditional proteomics te
iques do not allow a highly parallel approach due to t
hysical limitations, and because of their cost, poor re
ucibility and large sample consumption. That is why n

ruly multiplex approaches for protein research are urge
equired.

A few years ago, “protein microarrays” emerged as a
ential substitute to one and a half century old protein ana
echniques. Protein microarrays (in many cases the m
urised arrays of antibodies) are necessarily miniaturised
ody dot-blots and a direct import of the DNA array appro
pplied to proteins (and chosen for its simplicity, speed
apacity for quantitation). Earlier, Pat Brown and colleag
ave shown[5] that elements of DNA chip technology (gla
lides, Cy-dyes, pin spotting) can be transferred to cre
unctioning protein expression chip. Unlike DNA “chip
rotein microarrays exist either as direct binding or sandw

ype (ELISA) assays. Direct binding assays in microa
hromatography remains the most widely used too
rotein analysis (over 15,000 publications in 2003 a
xist in the PubMed National Library of Medicine databa
ttp://www.ncbi.nlm.nih.gov/entrez), followed by various
odes of electrophoresis (over 12,000 papers in 2

ame database). Other more recent additions in the ran
he proteomics tools include mass spectrometry[8,9] and
urface plasmon resonance (SPR) based techniques[10].
ass spectrometry analysis of proteins is widely use

dentification of proteins through mass matching of t
roteolytic peptides or de-novo sequencing. It is o
arried out using either matrix-assisted laser desor
onisation-time of flight (MALDI-TOF) technique followe
y database mass matching or using MS/MS techni
ith collision-induced dissociation to further fragm
eptides enabling an amino acid sequence to be gene
PR-based detection has been exploited commercial
IAcore AB (www.biacore.com), XanTec bioanalytic
mbH (www.xantech.com) Genoptics (www.genoptics.fr)
nd Applied Biosystems (home.appliedbiosystems.c
ensitivity of protein detection approached low-picog

ange (for BIAcore,[11]) and is close to that obtained w
uorescent-based affinity assays. SPR is capable of det
nlabeled sample and is therefore advantageous over E
r fluorescent-based assays. BIAcore platform (to dat
ost widely used of all the SPR machines) combines ro

iquid handling with a miniaturised and automated affi
ssay platform, but it is nevertheless, the same “old” affi
ssay prone to the same problems. So what are these pro

hat prevented protein sciences for more than a century
dvancing at the same rate as the studies of nucleic ac
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2.1. What is wrong with proteins?

There is little in common between the two most abun-
dant biological polymers—nucleic acids and proteins. Yet,
researchers from all over the world are trying to apply nearly
identical techniques for their separation and analysis. Pro-
teins and nucleic acids represent two completely different
classes of biological polymers and should (but are not) treated
as such. For example, mRNA (the main target in “transcrip-
tomics”) is usually extracted from the cytoplasm (and more
rarely from the nuclei). mRNAs are highly soluble, polar
molecules which can be easily separated from the rest of
the cell, converted to cDNA molecules with more uniform
lengths’ distribution and enzymatically amplified if required
prior to an “affinity” assay on an oligonucleotide array (usu-
ally an array of short DNA fragments of identical lengths
and similar chemical composition) or cDNA array. Unlike
mRNAs (or even genomic DNAs) proteins are found in dif-
ferent cell compartments (cytoplasm, a range of intracellular
organelles) or as secreted extracellular proteins (in various
body fluids). Furthermore, proteins range from highly solu-
ble hydrophilic proteins, to membrane associated and trans-
membrane proteins containing multiple hydrophobic trans-
membrane domains. Moreover, proteins often exist as multi-
subunit complexes or can form large macroscopic complexes
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Another major difficulty facing proteomic scientists is the
availability of affinity reagents. Nucleic acids are both infor-
mation carriers and affinity reagents. Knowledge of a pro-
tein (i.e. antigen) sequence, on the other hand, does not nec-
essarily mean the availability of an affinity reagent and/or
information on its affinity and specificity. Currently, there
are no complete sets of affinity reagents available with the
required specificities and affinities. This is due firstly, to
the absence of information on exactly which protein and
which post-translational modification pattern is expressed
differentially under particular conditions; and secondly, a
variable success rate and significant time requirements for
development and characterisation of each antibody, unlike
the synthesis of an oligonucleotide or purification of a PCR
product. Furthermore, not all proteins can be used as anti-
gens directly. For example, multi-transmembrane proteins
are neither easy target for extraction nor suitable for im-
munisations. Often fragments corresponding to hydrophilic
parts of antigens have to be used instead of the antigens,
this can affect affinity and specificity of antibody–antigen
recognition and further impedes their development. It is un-
likely that a generic set of affinity reagents against all pro-
teins (even from one species) will be available in the near
future.

Yet another major difference is analyte stability. Nucleic
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ith other proteins (e.g. a postsynaptic density, where a
umber of transmembrane and soluble proteins are as
ted with the membrane and each other forming com
nd functional protein network). No single optimised c
itions exist to suit a wide range of protein physical
hemical properties. When nucleic acids are purified f
ifferent samples it is assumed that all different mRNAs
NAs) are extracted to the same or equivalent degree
uch extraction is reproducible between samples. It wou
aive to believe thatall cellular proteins can be solubilis
nd extracted efficiently and that such extraction can b
roducibly repeated for many different samples. This m

hat protein composition of two different tissues (for exam
rain and muscle) cannot be compared quantitatively ev
uitable affinity assays were available, since inherent
bility at the protein extraction step will make it impossib
he second major difference between nucleic acid and pr
ffinity assays is in the heterogeneity of the “affinity reage
sed. With nucleic acids (whether used in a blot format or
icroarray), the binding signal is proportional to cDNA c

entration (with only narrow range of affinities of comp
entary strands interaction) and the assay should be su

or measuring relative or absolute mRNA/cDNA abundan
n the sample. Protein affinity reagents (i.e. antibodies or
ragments) have a much wider range of affinities and (un
ucleic acids where affinity depends on the base compo
nd can be accurately estimated) these cannot be pre

or antibody–antigen interactions. If affinities of interact
iffer for different antibodies used, the signal (antigen b

ng) will not be a simple function of the antigen concentra
s it is generally the case with nucleic acid assays.
cids are assayed in a “denatured” form and degradati
he molecules will be well tolerated in a hybridisation as
rotein antigens often interact with antibodies through a

nterface formed by non-adjacent residues, thus both deg
ion and denaturation may lead to the loss of antibody–an
ecognition.

. Peptidomics: the way forward

Methods which work well with DNA (e.g. quantitation u
ng oligonucleotide microarrays) may fail if applied to p
eins. Mass spectrometry techniques (mostly MALDI-T
S and TOF–TOF MS)—the great driving force behind

ecent progress in proteomics—speeded upproteomicssim-
larly to how DNA sequencing accelerated Molecular
logy. However, mass spectrometry (not DNA sequenc
emains a serial technique (where individual samples
nalysed sequentially) and despite all the progress to
rovides a significant barrier to surmount. A parallel af

ty assay (e.g. in a microarray format) remains, therefo
avourite option for a truly high-throughputproteomicanal-
sis. Main problems associated with such assays arepro-
ein extractionfrom different tissues, cells and sub-cellu
rganelles (and solubilisation where necessary);heterogene
ty of the proteins’physical–chemical properties;availabil-
ty of affinity reagentsandavailability of antigens(sufficient
mounts and purity) to generate affinity reagents; heterog

ty of antibody affinitiesand problems associated withpro-
ein denaturation and degradation. How can these hurdles
vercome?
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- Heterogeneity of the proteins’physical properties is an in-
herent nature ofproteinsand cannot be dealt with unless
proteins are digested (in a fully predictable manner) and
short peptides are released. On average, just over 50 tryp-
tic peptides will be obtained from each protein in the hu-
man proteome if trypsin digestion is used (based on protein
lengths and trypsin digestion frequencies).

- Protein extractionfrom different tissues, cells and sub-
cellular organelles cannot be avoided ifproteinsare sought.
However, material can be extracted from samples without
protein solubilisation, for example by treating samples with
trypsin[12]. Such treatment will destroy proteins, but will
release a large number of peptides (mostly hydrophilic,
since hydrophobic fragments will remain inside the lipid
membranes). Moreover, when a complex protein sample is
digested (with trypsin), the distribution of hydrophobicities
of individual components, i.e. proteins (prior to digestion)
or peptides (following the digestion) changes dramatically.
Consider for example an adenosine A1 receptor[13]. This
is a 326 amino acid long 7TM receptor, which is a strongly
hydrophobic molecule (Kyte and Doolittle hydrophilicity
index[14] is−0.68). Out of the 326 amino acids of the A1A
precursor protein, 173 amino acids (53.1%) are strongly
hydrophobic (these form seven transmembrane helixes and
the signal peptide). However, upon tryptic digestion (with-
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antibodies were made before (in cases where no antigen
could be purified or no full-length sequence was avail-
able) but were not used widely, mostly because the anti-
peptide antibodies often fail to recognise properly folded
protein (though may often work on Western blots where
antigens are denatured). Such antibodies (whether tradi-
tional IgGs or antibody fragments produced by phage dis-
play [16], ribosome display[17], mRNA display[18] or
other molecular display technologies[19] become very
useful if one aims to assay proteolytically digested protein
samples. For example if the sample is to be digested with
trypsin, one would need to predict tryptic digestion pep-
tides in silico, chose the most immunogenic peptide(s) and
order anti-peptide antibodies. A number of suppliers offer
affordable polyclonal or monoclonal antibodies e.g. Eu-
rogentec Proteomics (www.eurogentec.co.uk) or Sigma-
Genosys (www.genosys.co.uk). The availability of pep-
tides (note, that no antigen purification is required, just
the sequence !) and their affordability makes this route
very attractive for low volume users and manufacturers
(tens to hundreds of targets). Higher throughput analysis
(thousands to hundreds of thousands) should consider us-
ing phage display or other display technologies[20].

- Heterogeneity ofantibody affinitiesis a problem for both
anti-protein and anti-peptide antibodies (though less so for

ich
ities
nti-

nity
etic

- al
of

ases
anti-
pep-

the
p that
e d for
e ered
b eous
i ond
o in is
b the
a
i er-
f s,
w ainst
t
i bles
a rray
f pture
o and
r since
out prior purification, i.e. of the membrane associated
ceptor), five tryptic peptides (of six amino acids or long
are predicted to be produced from the receptor:VNQALR,
TVVTQR, ANGSVGEPVIK, IWNDHFR and CQPKPPI-
DEDLPEEK. Their respective hydrophilicity indexes a
0.28, 0.17,−0.05, 1.19 and 1.63. Protein and peptide
drophilicity correlates well with their antigenicity[15].
Four of these A1A peptides are hydrophilic and two
strongly hydrophilic (and therefore very likely, immun
genic). In addition to the better yield and more strai
forward extraction procedures, the peptidomics appr
should yield a more immunogenic population of pepti
Because, on average, more than 50 peptides are gen
from each human protein following a tryptic digestion,
easier to find a suitable hydrophilic (immunogenic) pep
to generate anti-peptide affinity reagents (see also be
Availability of affinity reagentsand availability of pro-
tein antigensto generate affinity reagents—is a bot
neck in affinity proteomics. It is estimated that curre
an order of 50,000–100,000 various antibodies migh
available worldwide representing ca. 5,000–10,000 di
ent genes/proteins. But even this comes short of an
mated 400,000 proteins and isoforms potentially exis
in each individual human cell proteome. Moreover,
every protein sequence is highly similar between di
ent species, making antibodies developed against, fo
ample, human targets unsuitable for use with mouse
teins and vice versa. Generating traditional antibodies
able to assay native proteins is time consuming an
quires that sufficient amounts of appropriate antigen
available in their native non-denatured state. Anti-pep
d

the latter). The use of competitive affinity assays (wh
can compensate for the heterogeneity of antibody affin
[6]) should cure this problem. The use of anti-peptide a
bodies here is preferred over traditional anti-protein affi
reagents due to the availability of “antigens” (i.e. synth
peptides) for competition style of assays.
Protein denaturation and degradationmay present a re
problem inproteinaffinity assays, where preservation
the antigenic determinant is crucial. However, this ce
to be an issue in anti-peptide affinity assays where
genic epitopes are formed mostly by short linear poly
tide fragments with little or no secondary structure.

The huge range of physico-chemical properties of
rotein makeup of even the simplest organism means
ither affinity reagents must be created and optimise
very protein of that proteome in some as yet undiscov
uffer OR the proteins could be made more homogen

n their physico-chemical properties. Clearly, this sec
ption is more favourable. In peptidomics, each prote
roken down into many smaller components, resulting in
vailability of a large range of peptides thus allowingmultiple
ndependent assaysfor the same protein target to be p
ormed (similarly to Affymetrix DNA oligonucleotide array
here up to 20 oligonucleotides may be generated ag

he same mRNA sequencehttp://www.affymetrix.com), thus
ncreasing the reliability of the assay. Peptidomics ena

high-throughput screening of proteins in a microa
ormat and has several advantages over the affinity ca
f intact proteins. As peptides are much more stable
obust than proteins, protein degradation is not an issue
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only one or a few intact peptides would be required for the
analysis. Peptides are also particularly suited for detection
by mass spectrometric techniques, such as MALDI-TOF
MS for direct analysis of samples on a solid substrate such
as microarrays. The peptide mass range is such that isotopic
resolution is easily achieved and hence their masses can be
accurately determined, allowing for mass matching database
searches to be performed to confirm the specificity of the
affinity capture. Digestion of cellular fractions or even
intact tissues results in the release of peptides, which will
be mostly hydrophilic, thus further improving the assay.
Also, antibody can be against linear unfolded fragments not
native folded proteins and therefore “antigens” can be more
easily generated, such as by chemical synthesis of in silico
predicted peptides against which antibodies are raised. Such
affinity reagents can be obtained in a truly high-throughput
manner and against most antigenic peptides, and their
specificities and affinities can be more easily controlled.

4. Affinity peptidomics

Three years ago, the peptidomics approach was intro-
duced[21], in which the composition of a protein mixture
is determined by directly assaying the peptides from crude
t tead

of full-length native protein preparations. In the more recent
report by Scrivener et al.[22], tryptic peptide sequences
derived from a vascular cell adhesion molecule (VCAM)
were used to generate recombinant affinity reagents from a
phage display library. Tryptic digestion of the VCAM results
in nearly 70 fragments, of which nearly 50 are hydrophilic.
From these, five peptides were chosen for anti-peptide
antibody development (single chain Fv(s),Table 1). Two to
three different clones were generated for each of the peptides
and were tested for binding respective peptides. Single chain
antibodies were immobilised on hydrogel-coated silicon
slides, incubated with respective antigens, and detected
directly by MALDI MS (Fig. 1). Table 1summarizes the
results reported by Scrivener et al.[22]—the best response
was obtained using affinity reagents developed against the
most hydrophilic peptides (Kyte and Doolittle hydrophilicity
0.88, 0.96 and 1.44, respectively, Kyte and Doolittle[14]),
whilst less hydrophilic peptides resulted in weaker scFvs or
no binding at all (0.58 and 0.35, respectively).

The majority of proteins from the human proteome (Swiss-
Prot 40.27) have overall predicted hydrophilicity of 0.45
(Fig. 2) and differ in their folding, physical properties and
cellular localisation. However, a complete tryptic digest of
the same proteome will result in a large number of peptides
including very hydrophilic ones.Fig. 2shows the frequency
d ed

F obtaine s (on
h ces sh of which
n
i
C
t
d
K

ryptic or otherwise digested protein preparations, ins

ig. 1. MALDI-TOF MS traces are from Scrivener et al.[22] and were
ydrogel pads) with a mixture of synthetic VCAM peptides (sequen

early 50 are hydrophilic. From these, five peptides were chosen for anti-pe

ndicated by MS traces for (A) CLASSQEFLEDADRK (the most hydrophilic o
LASLHIDDMEFEPK and (D) CVTNEGTTSTLTMNPVSFGNEHSY (lease h

ryptic fragments of the VCAM molecule used in scFv generation (few amin
etection depends on the degree of their hydrophilicity. Images are reprod
GaA, Weinheim).
istribution of hydrophilicities of tryptic peptides (deriv

d from hydrogel chips following incubation of immobilised antibodie
own). Tryptic digestion of the VCAM results in nearly 70 fragments,

ptide antibody development (single chain Fv(s),Table 1). Capture of the peptides
f the VCAM peptides used, seeTable 1); (B) CLASTQIDSPLNGK; (C)

ydrophilic of the VCAM peptides used). Underlined amino acids represent the
o acids were added to each peptide to allow for effective conjugation). Peptide
uced with kind permission of the publisher (WILEY-VCH Verlag GmbH & Co.
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Table 1
Vascular cell adhesion molecule (VCAM): predicted tryptic peptides*

the same human proteome) and calculated for the single most
hydrophilic peptides from each of the human proteins with
the lower size limit of 6, 7 and 8 amino acids. The mode
(i.e. the most frequently occurring hydrophilicity value in a
distribution) for six amino acids or longer peptides is 2.25,
for seven amino acids and longer peptides 1.8 and for eight
amino acids or longer tryptic peptides 1.57. All these val-
ues are much higher than the 0.45 mode value obtained for
full-length proteins or 0.58 the lowest peptide hydrophilic-
ity yielding functional antibodies in the report by Scrivener
et al. [22]. Overall, tryptic digestion results in that 98.7%
of all human proteins will have their most hydrophilic pep-
tides in the range 0.45–4.5, i.e. tryptic digestion will yield
sufficiently hydrophilic peptides from nearly all (even very
hydrophobic) human proteins. Therefore, the affinity pep-
tidomics approach facilitates antibody generation through
both better (more hydrophilic and immunogenic) peptide

sequences and the availability of antigens (synthetic pep-
tides). There is an added advantage to this approach in that the
assay proteins now become small peptide fragments that are
predictable in silico on the basis of sequence alone (protein or
nucleotide). The reagents for affinity molecule selections are
more easily generated via peptide synthesisers. The affinity
peptidomics approach suits well both monoclonal (or recom-
binant) and polyclonal antibodies. Scrivener et al[22] has
shown that polyclonal antibody can also be characterised for
their antigen specificity (epitope mapping using peptidomics
approach). Anti-protein (anti-human serum albumin HSA)
polyclonal antibodies were immobilised on small hydrogel
pads on a silicon chip, incubated with tryptically-digested
human albumin and analysed by MALDI MS. The spec-
trum (Fig. 3) revealed three HSA peptides, representing the
epitopes recognised by the polyclonal antibody preparation
used. This approach can miss epitopes cut through by trypsin,
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Fig. 2. Frequency distribution of hydrophilicities. Hydrophilicity values
were calculated for human proteins (open boxes, the mode is 0.45, prediction
based on Swiss Prot 40.27 and Kyte and Doolittle weights as in[14]) and for
their tryptic peptides. Frequency of distribution of peptide hydrophilicites
(for the most hydrophilic peptides—one for each human protein) are plot-
ted: for peptides with the minimum length of six amino acids (triangles),
minimum length of seven amino acids (diamonds) and eight amino acids
(squares). The mode for six amino acids or longer peptides is 2.25, for seven
amino acids and longer peptides−1.8 and for eight amino acids or longer
tryptic peptides−1.57.

but these can be detected if another protease is used in a par-
allel experiment. An important feature of peptidomics is its
compatibility with mass spectrometry (eliminating the need
for protein/peptide labelling) and with protein microarrays,
which can provide a fast route to proteome-scale analyses
(Fig. 4A).

One of the major drawbacks of any affinity assay-based
technique, including peptidomics, is the availability and
the cost of traditional antibodies (capture reagents). Unlike
nucleic acids, which are both information carriers and
perfect affinity ligands, every protein or peptide requires
the production of its own unique affinity reagent (e.g. an
antibody) the development of which, unlike the synthesis
of an oligonucleotide or purification of a PCR product, may
require significant amounts of time and resources. Another
specific difficulty is generally lower affinities of anti-peptide
antibodies (or other affinity reagents). However, the much
wider choice of peptides (i.e. epitopes) becoming available
following a proteolytic digestion (as discussed above) almost
certainly allows for a better choice (of an antigen) to be
made for antibody generation.

5. Combinatorial peptidomics—peptide mixture
refinement through selective depletion or enrichment

of
a tides
d -
b l
i egy
r sible
r ture
r ach

Table 2
The amino acid side chain groups which can potentially be targeted as de-
pletion or enrichment ‘handles’

Amino acid Side chain pKa Potential reactivity

Arg Guanidino 12.0 Dicarbonyl condensation
Oxidation

Cys Thiol 9.0–9.5 Disulphide formation
Metal complexation

His Imidazole 6.0–7.0; 14.4
Lysa Alkylamino 10.4–11.1 Acylation, alkylation

Arylation, amidination
Met Sulphide oxidation
Trp Indole Electrophilic substn
Tyr Phenol 10.0–10.3 Weak nucleophile

Electrophilic substn
Phospho-Tyr Aryl phosphate∼1.6,∼6.6 Esterification

a In a mixture of peptides generated by digestion with trypsin Lys cannot
serve as a target for selective depletion but it is a candidate in other proteolytic
mixtures.

to mixture refinement can in principle utilise the selective
chemical reactivities of the side chains of individual amino
acids, on which there is a considerable body of accumulated
research[25–29]. Combinatorial peptidomics utilises the
original peptidomics approach, in which protein samples
are proteolytically digested using one or a combination of
proteases[21,22]. However, in place of affinity purification,
the peptide pool is depleted through chemical cross-linking
of a subset of peptides to a solid support. Any of the six
chemically reactive amino acid side chains (sulfhydryl
groups of cysteines, thioether groups of methionines, imi-
dazolyl groups of histidines, guanidinyl groups of arginines,
phenolic groups of tyrosines and indolyl groups of trypto-
phans) can potentially be used to deplete (or enrich) a sample
of the peptides, which contain them, in a specific and fully
predictableamino acid content-dependentmanner. These are
listed inTable 2, together with some indication of reactivity.

Sequential chemical depletion (i.e. application of differ-
ently selective absorbents) will yield an increasingly depleted
and therefore simplified mixture making it compatible with
direct MS detection. The amino acid filtering (depletion) step
may be repeated using combinations of up to six such filters
(equivalent to a six-dimensional separation) or until the com-
plexity of the peptide pool and the amino acid complexity of
the remaining peptides is decreased to a desired level, suitable
f ether
f bi-
n cell
p s and
h di-
g once
e pep-
t two
d ides
c pre-
c cip-
i is of
c ge of
Combinatorial peptidomics allows the composition
protein mixture to be determined by assaying pep

irectly from crude proteolytic digestswithout using anti
odies or any other affinity selection[23,24]. The successfu

mplementation of a combinatorial peptidomics strat
equires methods for the selective removal and, if pos
ecovery, of subsets of peptides from the entire mix
esulting from proteolytic digestion. A general appro
or mass spectrometric detection. As an estimate of wh
ull combinatorial depletion (or enrichment, or their com
ation) would be sufficient to deplete a “typical” human
roteome (i.e. expressing tens of thousands of protein
ence releasing millions of peptides following a tryptic
estion) one can assume that if every amino acid occurs
very 20-mer long amino acid fragment and each tryptic
ide will have on average 10 amino acids, then using only
ifferent amino acid depletion steps, all such tryptic pept
an be precipitated (using for example four filters may
ipitate most of 5-mer peptides and all six filters may pre
tate most of the three amino acid long fragments). This
ourse a very rough estimate, but it illustrates that the ran
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Fig. 3. MALDI-TOF MS traces of tryptic HSA peptides (from Scrivener et al.[22]). (A), prior to incubation with chips of immobilised antibodies. (B), A
MALDI-TOF MS spectrum obtained from a gel pad following immobilisation with polyclonal antialbumin and incubation with a tryptic digest of HSA. The
three major peaks observed are tryptic fragments of HSA as predicted by in silico digestion (seqeunces shown on panel (B)). The same peaks are highlighted
in the spectrum of the original tryptic digest (panel (A)). MS traces are form Scrivener et al.[22] and reproduced with kind permission of the publisher
(WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

peptide lengths covered and degree of depletion can be cho-
sen to suit a typical mass spectrometric detection (100–1000
peptides per sample, with peptide lengths over 5–6 amino
acids. It is important to note here, that because only those
peptides that do not contain an amino acid recognised by
the amino acid filter(s) remain in the mixture, the depleted
peptide pools will contain peptides of reduced amino acid
compositional complexity, which further facilitates the anal-
ysis of mass spectra and permits a greater number of peptide
peaks to be identified from a single mass spectrum (Fig. 4B).

Many reagents have been described and studied but se-
lectivity is not absolute and remains to be refined especially
at the peptide, as distinct from protein, level. The practical
implementation of the approach will require the formulation
of this chemistry in a solid-phase format; in this way reac-
tive peptides only will be retained on the solid-phase and the
eluate will be a depleted mixture. If the retention chemistry

can be reversed then clearly a mixture characterised by the
presence of one particular amino acid can be obtained. A
complete strategy (e.g. the optimum sequence of absorbents)
will require a detailed appreciation of the reaction condi-
tions appropriate to the individual amino acid side chain
chemistries.

The chemical reactivities of the individual amino acid side
chains and especially the identities and reaction conditions
of selective reagents are presented in the following sections,
which also describe the current situation regarding imple-
mentation in a solid phase procedure and reversibility of side
chain reaction.

5.1. Arginine

Arginine (Fig. 5A) condensation reaction (Table 3) has not
been reported in the solid phase mode. Otherwise, the reaction
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Fig. 4. A scheme illustrating affinity peptidomics (A) and combinatorial peptidomics (B). Affinity peptidomics relies on antibodies to capture proteolytic
peptides. In combinatorial peptidomics, peptides are selected by depleting (or enriching) crude proteolytic digests by chemical cross-linking ofthe peptides
to solid support (e.g. beads). Peptidomics can be applied to protein identification, quantitation, expression profiling, antibody characterisation and epitope
mapping. It is multi-platform compatible and capable of simultaneously analysing proteins which differ strongly in their physico-chemical properties.

is carried out at room temperature in pH 7.5–8.0 buffers of
which borate[30] and particularly bicarbonate[31] can have
a specific accelerating effect. In studies on intact proteins,
only partial modification of the total number of arginines
has been observed, with those in a hydrophobic environment
favoured. Arginine modification can be accompanied by side
reactions at�- and Lys-�-amino groups and, in the presence
of oxygen under UV irradiation, at other residues, especially
tryptophan and histidine[32]. Some classical reagents for
selective modification of arginine are shown inFig. 5B and
Table 3.

5.2. Cysteine

The thiol group of cysteine (Fig. 5C) is the most reac-
tive amino acid side chain and has been used as a handle for
trapping and recovery of cysteine-containing peptides. Disul-
phide bonds between cysteinyl residues in native proteins will
have been reduced to the thiol form prior to proteolytic diges-
tion [33]. Cysteine-selective reagents, which could in princi-
ple be modified to solid-phase versions are listed inTable 4.
Gaevert et al.[34] have reported a procedure for the iso-
lation of cysteine-containing peptides after derivatisation at

Table 3
The classical reagents for selective modification of arginine

Reagents Product Comment References

Phenylglyoxal Selective for Arg in borate /bicarbonate buffers [31,44]

Butane-2,3-dione in borate pH7.5 Reversed by hydroxylamine at pH 7 [30,45,46]

Cyclohexane-1,2-dione at pH 12 [50]

N
itro-malondialdehyde at pH 12–14
 Irreversible [51]
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Fig. 5. Reactive amino acids and selective reagents for their modification. (A) Arginine. (B) The classical reagents for selective modification of arginine are
dicarbonyl compounds of which phenylglyoxal (1, R1 = phenyl, R2 = H)[31,44], 2,3-butane-2,3-dione (1, R1 = R2 = CH3) [30,45, 46], glyoxal (1, R1 = R2 = H)
[47], 4-hydroxyphenylglyoxal (1, R1 = 4-OHPh)[48,49], 1,2-cyclohexanedione (2)[50] and nitro-malondialdehyde (3)[51] are the most studied. (C) Cysteine.
(D) Commercially-available cysteine derivativatising reagent (4) based on iodoacetamide linked to a biotin terminus. (E) Histidine. (F) Diethyl pyrocarbonate is
the classical selective reagent for modification of histidine. The reaction is reversed by hydroxylamine at neutral pH. (G) Lysine. (H) Methionine. (I) Methionine
specific beads bearing bromoethanoyl groups, available commercially in a solid phase format[42]. (J) Tryptophan. (K) Tyrosine. (L) Phosphotyrosine.

the protein level with Ellman’s reagent. After digestion with
trypsin the hydrophobic peptides were isolated by reverse-
phase high-performance liquid chromatography, regenerated
by reduction and chromatographed again. The method was
applied to proteomes of human platelets and enriched human
plasma. A significant number of low abundance proteins were
thereby identified in addition to extremely abundant ones.

Reversible covalent thiol-disulphide exchange chemistry
has been exploited in a solid phase mode by Wang and Reg-
nier [35] for the selection of cysteine-containing peptides
from a tryptic digest ofEscherichia colicell lysate. Lysate
was first reduced with dithiothreitol, trapped on a column
of reversed phase silica and labelled at thiol groups in situ
with 2,2′-dipyridyl disulfide at pH 5. Labelled proteins were
then eluted from the column and digested with trypsin un-
der denaturing conditions. After exchange into 0.1 M acetate

buffer (pH 5.0) cysteine-containing peptides were captured
by disulphide interchange on a column of reduced thiopropyl
Sepharose gel. Binding could be monitored by the release
of thiopyridone (λmax= 343 nm) during this process. After
washing with pH 5 and 7 buffers, cysteine-containing pep-
tides were released from the gel with dithiothreitol containing
EDTA. The composition of the peptide digest was thereby
considerably simplified prior to analysis by chromatography
and MALDI MS. Reversible disulphide exchange chemistry
using 2-mercaptopyridine immobilised on a column has also
been described[36].

Isotope-coded affinity tags (ICAT) reagents[37] are
commercially available derivativatising agents (Fig. 5D)
based on iodoacetamide linked to a biotin terminus. After
the reaction of denatured protein in solution and tryptic
digestion the biotin moiety is used as a specific affinity ligand
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Table 4
The classical reagents for selective modification of cysteine

Reagents Product Comment References

Aromatic disulphide e.g. Ellman’s reagent 2-mercaptopyridine Selective and reversible [52]
[36]

Azobenzene-2-sulphenyl bromide Reversible [53]
Iodoacetate, iodoacetamide Pep-S-CH2CO2

− Histidine may react [54,55]
ICAT reagents Pep-S-CH2CONH2

Pep-S-linker-biotin Biotin handle [37]

N-ethylmaleimide, maleic anhydride Amino groups may react [56,57]
Ethyleneimine Pep-S-CH2CH2NH3+ [58]
Acryloyl compounds Pep-S-CH2CH2COR SH more rapidly than NH2 at pH7 [59,60]

4-Vinylpyridine [61]
(2-Bromoethyl) trimethylammonium bromide Pep-S-CH2CH2N+(Me)3 ∝-Amino, Met may react [62]
Methyl-4-nitrobenzene sulphonate Pep-S-CH3 Highly selective for Cys [63]
4-Mercuribenzoic acid Pep-S-Hg-PhCO2

− [64,65]

for selectively collecting derivatised peptides on an avidin
column. Cysteine-containing peptides can be subsequently
desorbed with formic acid and analysed by LC–MS/MS. A
cleavable version of the ICAT reagent, which simplifies the
mass spectra of the isolated peptides, is now available.

5.3. Histidine

The NH group of histidine (Fig. 5E) can be readily deriva-
tised by acylating agents but thiol and other amino groups are
generally more reactive in this respect and acyl histidines are
labile to hydrolysis. The classical selective reagent is diethyl
pyrocarbonate (Fig. 5F), which reacts selectively at acidic
pH [38]. The reaction is rapidly reversed by hydroxylamine
at neutral pH. No solid phase version of this chemistry has
been reported.

Regnier and co-workers[39] have developed a scheme for
the selection of histidine-containing peptides by exploiting
the metal-complexation property of the imidazole side chain.
Peptides were captured on a TSK gel Chelate-5PW column in
the Cu2+ form at pH 7.5 and released by washing with buffer
at pH3.9. In order to achieve selectivity towards histidine,
peptides were first acylated at primary amino groups with
succinic anhydride. By the sequential application of cysteine-
a d co-
w t,
o ible
p wn to

four of a possible 45 in the digest. The efficiencies of different
histidine-selective resins have recently been compared[40].

5.4. Lysine

The nucleophilic amino group of lysine (Fig. 5G) read-
ily reacts with a variety of reagents shown inTable 5.
For example, a 1,3-dioxobutanyl derivative of polystyrene,
suitable for use with combinatorial peptidomics experi-
ment, is currently available from Sigma-Aldrich (Cat. no.
55,147-3).

5.5. Methionine

The thioether group of methionine (Fig. 5H) reacts by ox-
idation or alkylation as shown inTable 6. At acidic pH alky-
lation proceeds more rapidly than with cysteine and amino
groups (which are fully protonated). This chemistry has been
realised in a solid phase format[24,41] with commercially
available beads[42] bearing bromoethanoyl groups (Fig. 5I).
Soloviev et al.[24] reacted a mixture of ten synthetic peptides,
five of which contained methionine in different positions
along their sequences, at 22◦C for 18 hours. Subsequent anal-
ysis of the supernatant showed no Met-containing peptides.
I
r n di-
g hed
e tides
nd histidine-selective absorbent columns Regnier an
orkers isolated two peptides from anE. coli lysate diges
ne of which was identified unequivocally from 40 poss
eptides of the same mass and the other narrowed do
n another application of this absorbent, McEldoon et al. [41]
ecovered five peptides from an apomyoglobin/apoferriti
est of which three had masses (MALDI) which matc
xpected Met-containing sequences. However, the pep
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Table 5
The classical reagents for selective modification of lysine

Reagents Product Comment References

Trinitrobenzene sulphonates LysNH-Ph(NO2)3 �-Amino and SH groups compete [66]
Acid anhydrides e.g., ethanoic, succinic maleic, citraconic LysNH-COR Other side chains react, esp�-amino; reversible in acid[67,68]

Ethyl acetimidate [69]
Aldehydes RCHO e.g. pyridoxal phosphate LysNCHR Reversible by hydrolysis [70]

N-(OH)-succinimido esters e.g. (Bolton-Hunter reagent) Selective for Lys at pH 8.5,�-amino at pH 6.5 [71]
Diketene LysNH-COCH2OCOCH3 Tyr and Ser derivs reversible [72]

2,4-Pentanedione Arg reacts but more slowly at pH 7 [73]

Table 6
The classical reagents for selective modification of methionine

Reagents Product Comment References

Halo-acids and amides pepCH2S+(CH3)COR Selective in acid [74]
�-Propiolactone pepCH2S+(CH3)CH2CH2CO2H [75]
Alkyl halides pepCH2 S+(CH3)R [76]

appeared in both native and partially oxidised forms. In the
same report, 34 peptides and proteins were identified from a
tryptic digest of anE. coli lysate.

5.6. Tryptophan

The most selective compounds for modification of trypto-
phan residues (Fig. 5J) are the electrophilic reagents based on
2-hydroxy-5-nitrobenzyl bromide (Koshland’s reagent) and
2-nitrobenzenesulfenyl chloride (Table 7). Peptide capture by
reversible disulphide derivatisation of tryptophan side chains
in the solid phase mode has been reported by the Biomolec-
ular Technologies group[41]. Peptides with the expected

masses (including an additional 32 units) were recovered
with high selectivity from tryptic digests of lysozyme and
an apomyoglobin/apoferritin mixture.

5.7. Tyrosine

The common modifications of tyrosine (Fig. 5K), such as
nitration and iodination have little potential for solid phase
trapping of peptides. Reactions withN-acetylimidazole and
diazonium compounds have been widely studied but are not
completely specific. A diazonium functionalised resin based
on polystyrene is available and can be applied for combina-
torial peptidomic applications (Table 8).

Table 7
The classical reagents for selective modification of tryptophan

Reagents Product Comment References

2-Hydroxy-5-nitrobenzyl bromide Gives mixtures of products [77]

2,4-Dinitrobenzene sulfenyl chloride Cysteine reacts [78]

C
hlorodisulphanyl derivatives
 Mercaptoethanol releases the 2-thiol derivative [41]
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Table 8
The classical reagents for selective modification of tyrosine

Reagents Product Comment References

N-acetylimidazole at pH 7.0–7.5 Reversible with hydroxylamine at pH 7.5 [79]

Diazonium compounds [80]

5.8. Phosphotyrosine

The phosphate group of phosphotyrosine (Fig. 5L) can
be reversibly condensed with amines (making it suitable for
both depletion and enrichment combinatorial peptidomics
modes) but carboxyl groups must first be protected. The
Biomolecular Technologies group has reported a proce-
dure for solid phase capture and release of phospho-
tyrosine-containing peptides (after methyl esterification) on
an imidazole-functionalised column[41]. Phospho-serine
and threonine-containing peptides were not released under
the conditions used.

Ficcaro et al.[43] have described a procedure for the se-
lective isolation of tryptic phosphopeptides by affinity chro-
matography. Peptides were converted to their methyl es-
ters, fractionated by immobilized metal-affinity chromatog-
raphy and analyzed by nanoflow HPLC/electrospray ioniza-
tion mass spectrometry. More than 1000 phosphopeptides de-
rived from 216 sequences defining 383 sites of phosphoryla-
tion were determined in the digest of a whole-cell lysate from
saccharomyces cerevisiae. The approach by Ficcaro et al. is
similar to the combinatorial peptidomics approach in target-
ing individual amino acids (which are phosphorylated), but
it does not rely on chemical crosslinking of phosphorylated
peptides and thus provides for less quantitative analysis.
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peptidomics approaches described allow for a relative quanti-
tation to be performed easily. However, the problem of abso-
lute quantitation of individual proteins/peptides in a sample
may require the use of isotopically labelled references.

Proteomics is of very high value in functional genomics
analysis, but it currently represents a significant bottleneck
to progress in this area. We do not believe that further refine-
ments of 60-year old 2D gel system (which has since proven
to have serious technical and economic limitations) or stack-
ing yet another chromatography separation step on top of
existing 2D or 3D separations, can resolve the challenges
facing modern proteomics.

Peptidomics and combinatorial peptidomics were con-
ceived at the turn of the 21st century by a group of dedi-
cated scientists working for then the world leading industrial
biotechnology company, Oxford Glycosciences, one of the
first spin-off companies from the University of Oxford. These
new technologies are the culmination of 14 years of protein
research and technology development mastered by Oxford
Glycosicences.

Peptidomics and combinatorial peptidomics are designed
to supersede the 2D and LC–MS approaches and define the
enabling new technology, capable of quick identificationand
quantitation of many hundreds of proteins in a straightfor-
ward assay. Peptidomics compares to traditional proteomics
t ana-
l ro-
t
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. Conclusion

The original combinatorial peptidomics approach re
n the chemical reactivities of amino acids and therefor
mino acid content of the peptides (i.e. their information c

ent), rather than their physical properties. This makes co
atorial peptidomics very similar in principle to nucleic a
ssays (Southern blots, Northern blots, microarrays) w
nalysis is based on the nucleic acid sequence, i.e. theinfor-
ation content, and offers a further advantage over exis
roteomics techniques including affinity selection-based
roaches such as affinity peptidomics (limited by the a
bility of anti-peptide antibodies), multidimensional ch
atography or immobilised metal-affinity chromatograp
ith more suitable resins becoming available commerc

he emphasis now is on the development of more sele
orbents and on optimising and streamlining the deple
r enrichment procedures to allow for a faster analysis.
echniques just as digital signal processing compares to
ogue systems—it forms the basis of the high-throughput p
eomics technologies of the future.
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