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Abstract

Proteomics, the analysis of the protein complement of a cell or an organism, has grown rapidly as a subdiscipline of the life sciences. Mass
spectrometry (MS) is one of the central detection techniques in proteome analysis, yet it has to rely on prior sample preparation steps that
reduce the enormous complexity of the protein mixtures obtained from biological systems. For that reason, a number of so-called tagging (or
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labeling) strategies have been developed that target specific amino acid residues or post-translational modifications, enabling the e
of subfractions via affinity clean-up, resulting in the identification of an ever increasing number of proteins. In addition, the attachm
stable-isotope-labeled tags now allows the relative quantitation of protein levels of two samples, e.g. those representing different ce
which is of great significance for drug discovery and molecular biology. Finally, tagging schemes also serve to facilitate interpreta
MS/MS spectra, therefore assisting in de novo elucidation of protein sequences and automated database searching. This review s
the different application fields for tagging strategies for today’s MS-based proteome analysis. Advantages and drawbacks of the n
strategies that have appeared in the literature in the last years are highlighted, and an outlook on emerging tagging techniques is gi
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Since the mid-1990s proteomics, typically defined as the
complete analysis of the protein complement of a cell or an
organism (the proteome), has rapidly grown in importance
as a discipline in the life sciences. Since then, several sub-
disciplines like “descriptive” proteomics, dealing exclusively
with the cataloging of proteins, “functional” proteomics, fo-
cusing on the dynamic state of the proteome, or “interac-
tion” proteomics attempting to explore protein interactions
(the “interactome”), have emerged[1]. Uniting all the knowl-

despite the fact that mass spectrometers have become more
powerful, easy to use and affordable in recent years, the suc-
cessful outcome of a proteomics project relies also on the
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it is difficult to describe every single method in detail, so
sometimes concepts are only briefly mentioned. To follow
the rapid progress in the field, it was attempted to include the
very latest developments at the time of writing.

As this review covers only chemical tagging strategies,
other complementary protocols will be mentioned only when
appropriate. For a more detailed insight into such related top-
ics as well as for more general articles on proteome analysis
by mass spectrometry, the reader is referred to several excel-
lent reviews that have been published recently[2–13].
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• the modification of the fragmentation behaviour of pep-
tides using charge derivatization.
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ample handling and prefractionation steps that come b
ass spectrometric detection and identification.
For the analysis of proteins from complex biological m

ures, a number of limitations still remain that cannot
vercome simply by improvements of MS systems al
n this review, we address some of these current “bo
ecks” in proteomics and highlight the role that chem

agging strategies play to overcome them. We define “ch
cal tagging” methods here as those methods that involv

odification of functional groups of amino acid residu
ncluding post-translational modifications, in proteins
eptides.

It is our intention to provide a comprehensive acco
f the status quo, by including lesser-known methods
tating advantages and limitations of both general con
nd individual strategies. However, due to the ever-gro
umber of novel tagging techniques reported in the litera
These are the most important fields of application w
agging strategies play a significant role. Of course, a
rom that there are numerous other approaches in prot
esearch that aim to increase sample throughput, sens
onfidence of protein identification and many other asp
his, in turn, leads to the situation that sometimes more

s generated than can be reliably interpreted[14]. Public dis-
emination of raw data is also not yet common practice[15].
till, we are currently in a period of rapid progress in
eld, and concepts based on chemical modifications are
f the methodological advances that can help to fulfil the g
xpectations in proteomics.

.1. Reduction of sample complexity

Even the most advanced MS instrumentation avai
oday is not able to deal with very complex biologi
edge emerging from the various aspects of proteome anal-
ysis will eventually lead to substantial progress in biology,
medicine, pharmacy and other life science disciplines over the
long-term.

Mass spectrometry (MS) plays a central role in proteomics
research, not only since the Nobel Prize in Chemistry has
been awarded to John B. Fenn and Koichi Tanaka in 2002, for
their role in the development of electrospray ionization (ESI)
and laser desorption/ionization (LDI). In the 1980s, these so-
called “soft ionization” techniques have laid the groundwork
for the modern MS analysis of proteins and peptides. But

2. Current limitations in MS-based proteomics

We have chosen three topics to demonstrate the imp
of tagging strategies on proteomics projects in combinat
with mass spectrometric analyses. These are:

• the reduction of sample complexity using affinity tags
related methods, typically used in the course of presepa
tion concepts;

• the relative quantitation of protein levels by comparati
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samples like cell extracts as a whole, without prior pre-
fractionation. In the past, reduction of sample complex-
ity has mostly relied on two-dimensional gel electrophore-
sis (2D-GE) combining isoelectric focusing in the first and
sodium dodecylsulfate polyacrylamide gel electrophoresis
(SDS–PAGE) in the second dimension to efficiently separate
protein mixtures. Well-known drawbacks of the technique
are limitations in the pI and molecular weight of proteins
(highly acidic and basic proteins as well as very small and
very large proteins cannot be effectively separated), difficult
automation and reproducibility problems. Furthermore, low
abundant proteins are either not detected at all due to the
limited sensitivity achievable with commonly used dyes, or
they are masked by higher abundant comigrating proteins.
Hydrophobic membrane proteins are known to be difficult
to solubilize prior to GE separation and are typically under-
represented in proteomic studies using gel electrophoretic
separation.

While 2D-GE still can be considered the most widely
used separation technique prior to MS analysis, liquid chro-
matographic and, to a lesser extent, capillary electrophoretic
separations are increasingly used in so-called “gel-free ap-
proaches”. For this set-up, all proteins present in the sam-
ple are usually enzymatically cleaved into smaller peptides
to obtain a very complex mixture that is then subjected to
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Fig. 1. The use of chemical tagging strategies for sample fractionation. A
protein mixture is either first labeled with an affinity tag and then digested
(left) or first digested and then labeled (right). In both cases, labeled peptides
are subsequently enriched by an affinity chromatography step, so that ideally
only the tagged peptides remain.

2.2. Tagging for quantitative proteomics

In large-scale proteomic projects, theabsolutequantita-
tion of the levels of even the majority of all proteins that are
identified is usually not feasible, although it can be performed
for selected proteins even in a complex mixture[16–18]. For-
tunately, it is very often sufficient to obtain information on
therelativeamounts of peptides (and, subsequently, proteins)
in two samples representing two different sample conditions.
Examples are cells grown on different culture media, cells
from healthy and tumor tissue, etc. In general, the levels of
many proteins will be comparable in the two samples, while
only a limited number will differ in abundance. These are of
high interest, because they can be examined in more detail in
further functional studies and their role in disease progression
urther separation steps. This strategy, also called “bot
p” approach, takes advantage of the higher separation
iency of chromatographic techniques on the peptide r
han the protein level. Gel-free techniques overcome som
he limitations of gel-based techniques although they la
esolution of individual sample constituents, even when
imensional HPLC – typically consisting of an ion excha
tep in the first dimension and reversed-phase separat
he second – is performed.

At this point, so-called affinity tagging (or labeling) p
edures can be used to specifically enrich a subpopulat
eptides from the total digest (Fig. 1). For example, only thos
eptides that contain a certain amino acid will be targe
ia chemical modification, an affinity tag (e.g. containin
iotin moiety) is attached to the functional group of inter
llowing the sample to be purified by affinity chromatogra
in this case, biotin–avidin chromatography). If a relativ
are amino acid, like, e.g. cysteine or tryptophan, is chos
target, only a relatively small fraction of peptides will ca

his residue, resulting in a significant reduction of sam
omplexity due to the affinity separation concept. Howe
n most cases, it is still possible to deduce the parent pr
rom which the peptide originated in the final data anal
tep. With a similar strategy, it is also possible to isolate p
ranslationally modified peptides from a mixture. Freque
ffinity tagging is also combined with stable-isotope la

ng in some form to allow relative quantitation (see also
ollowing section).

Sections3 and 5of this review will focus on the ap
lication of chemical tagging for the reduction of sam
omplexity.
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or other biochemical pathways can be elucidated[1,19]. Fre-
quently, a higher protein level in one sample is directly as-
sociated with upregulation of the expression of this protein.
As Julka and Regnier[20] pointed out in a recent review, this
assumption is not entirely correct since an increase might
also be caused by a reduction in the degradation rate of the
specific protein in vivo.

Traditionally, relative quantitation was performed by dif-
ferential staining of 2D gels. While new fluorescent dyes have
overcome some of the limitations of gel-based quantification
[21–22], problems generally associated with 2D-GE (limited
molecular weight and pI ranges, etc.) still remain. At the end
of the 1990s, techniques began to emerge that did not make
use of relative quantitation during theseparationstep (i.e.
on the gel), but rather during the (mass spectrometric)de-
tectionstep. This is achieved by introducing stable-isotope
labels or “tags” into the intact proteins or – after the digestion
step – into the peptides.Fig. 2 illustrates the principle: One
sample is labeled with an isotopically “light” tag (contain-
ing, for example,1H, 12C,14N or 16O), the other sample with
the “heavy” tag containing2H (=deuterium, D),13C, 15N or
18O. Depending on the experimental set-up, samples are com-
bined at a certain point during the sample preparation stage
and are introduced simultaneously into the mass spectrome-
ter, after prior gel electrophoretic or liquid chromatographic
s eavy
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Fig. 2. Concept of stable-isotope labeling for relative protein quantitation.
Two samples containing different protein amounts (red and blue, respec-
tively) are digested seperately and the protein mixtures are then individually
labeled by an isotope tag in either its light (white circles) or heavy form (grey
circles). After combination of the two samples, further analysis is performed
on the combined peptide pool. Mass spectra show signal pairs of the same
intensity when equal protein amounts were originally present (bottom, left).
Differences in abundance are reflected in a ratio other than one, in this case
2:1 (bottom, right). Alternative workflows are also possible.

for quantitation. Sections3 and 4present the different con-
cepts for relative quantitation that are in use.

2.3. Modification of fragmentation patterns

Protein identification by tandem mass spectrometry takes
advantage of the fact that peptides typically fragment along
their backbone, i.e. at or near the amide bond, when sub-
jected to collision-induced dissociation in the collision cell
of a tandem mass spectrometer. Ideally, bond cleavages would
occur at every amide bond, however, there are a number
of reasons why this is not always the case. Fragmentation
eparation. Thus, both forms of the peptide (light and h
orm) are similarly affected by variations in the ionizat
rocess (e.g. suppression effects caused by coeluting
ounds in ESI, inhomogeneous crystallization in MALD
ecause light and heavy forms serve as mutual internal
ards, the relative intensities of the two forms should a
ately reflect the ratios of the peptides (and therefore the
eins) in the original samples. Some groups have, how
eported that quantification is also possible without res
ng to isotope coding, by comparing MS signal intens
n the two samples[23–26]or database identification sco
27–28].

Isotope coding can already be performed during cell
ure, either by growth on isotope-labeled media[29–34] or
y supplementing growth media with labeled amino a

35–43]. This strategy has the advantage that all further s
le preparation steps can be performed after combinin
ifferentially labeled samples, thereby minimizing effect
arallel sample processing.

However, cell culture labeling is unsuitable for many ty
f samples (body fluids, human tissue, etc.), and so mo

he labeling techniques again use some form of chemica
ing. Often, tags differing in their isotopic composition
ttached to functional groups of amino acid residues, e
ially to the thiol group of cysteine. Isotope coding can als
ombined with affinity tagging by using affinity tags that
vailable in two isotopic forms, so that relative quantita
nd reduction of sample complexity can be achieved si

aneously. Alternatively, isotope tagging can be perfor
n the N- and C-termini of peptides, thereby ensuring tha
eptides in the sample are differentially labeled and ame
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pathways and relative intensities of fragment ions are in-
fluenced by the presence of certain amino acid residues,
the charge state of the peptide, the size of the precursor
molecule and other factors. Incomplete fragmentation is es-
pecially problematic when the sequence of a given peptide
is not present in a database and has to be elucidated de novo
[44]. Also, post-source decay (PSD[45]), a dissociation tech-
nique used in combination with matrix-assisted laser des-
orption/ionization (MALDI), typically generates fragment
ion spectra of lower quality, making interpretation more
challenging. But even for routine MS/MS analyses in pro-
teomics, a significant number of spectra is of insufficient
quality so that database searches do not yield any satisfactory
results.

One way to facilitate the analysis of tandem MS spectra
is by attaching a permanently charged tag to one of the pep-
tide termini. This way, charge neutralization of ions carrying
either the N- or the C-terminus is achieved.Fig. 3 illustrates
the principle: When a positively charged peptide ion is frag-
mented, the charge can remain either on the fragment car-
rying the N-terminus or on the one carrying the C-terminal
end. The relative charge state distribution is dependent on
the fragmentation mechanism and on the respective proton
affinity of the fragments.

Usually, both N-terminal b-ions and C-terminal y-ions will
a s am-
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c aight-
f

Strategies to introduce fragmentation tags will be dis-
cussed in more detail in Section6.

3. Chemical labeling of amino acid residues with
isotope and/or affinity tags

As was already noted before, chemical tagging of specific
amino acid residues in peptides and proteins can be used to
introduce both stable-isotope-coded groups for relative quan-
titation in complex mixtures and to attach affinity tags to
specifically enrich/isolate the peptides containing such a mo-
tif.

Considering the nature of the 20 proteinogenic amino
acids, the choice of functional groups to be tagged is rather
limited. Cysteine is very frequently used because its thiol
group can be specifically modified, for example by reagents
possessing iodoacetyl or vinyl functionalities. Such reagents
have been in use for a long time to alkylate free cysteines after
the reduction of disulfide bonds. Due to this fact, many dif-
ferent stable-isotope labeling reagents that modify the thiol
group of cysteine have been reported. In addition, Cys is a
relatively rare amino acid, with an average relative abundance
of only 1.1% across several species[46]. Therefore, it is an
attractive target to achieve substantial simplification of pep-
t ing
s

on)
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p 00.
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ppear in the spectrum, making assignment of the signal
iguous. If only b- or y-ions are present, sequence elucid

s much more straightforward. This can be achieved in se
ays. For instance, if a negatively charged group is add

he N-terminus of the peptide, this will result in the cha
eutralization of all N-terminal fragments carrying the
o that only fragments from the C-terminus (y-ions) will
bserved in the tandem MS spectrum. A negatively cha
roup on the C-terminus, on the other hand, would resu

he observation of N-terminal ions exclusively.

ig. 3. Simplification of MS/MS spectra by charge neutralization. Lef
odel peptide ABBCD (with A, B, C and D representing different am
cids) is subjected to collision-induced dissociation, resulting in a mixtu
ifferent fragments, making sequence elucidation de novo difficult. R
fter the attachment of a permanent negative charge on the N-ter

denoted by an asterisk), the formation of b-ions is suppressed and
onstitute most of the product ions, making sequence elucidation str
orward.
ide mixtures using affinity tags. Cysteine-specific tagg
chemes are discussed in Section3.1.

Specific tagging of lysine (via amidination/guanidinati
r tryptophan (modification of the indol system) has also b
eported, such methods are among those presented in S
.2. In addition, several other specific tagging methods
e presented there.

.1. Cysteine-specific tagging

Among the amino acid-specific tagging strategies, b
he most are directed towards cysteine residues. Vario
eling chemistries specific for thiols are being used tha
ost often based on the reaction with iodoacetyl groups
lkylation) or with reagents containing double bonds
ichael-type addition reactions).
The one that probably had the highest impact of all C

pecific tags is the isotope-coded affinity tag (ICAT) de
ped by Aebersold and co-workers[47]. One of the main rea
ons is that is was the first reagent of its kind that was m
ommercially available in the form of an analysis kit, by A
lied Biosystems (Foster City, CA, USA) in the year 20
he original version of the ICAT is shown inFig. 4. The tag
onsists of a cysteine-reactive iodoacetyl group that al
he specific attachment of the label to the thiol group of
ys side chain at a pH of about 7–8. A polyether linker se
s the isotope-coded region in the tag: The reagent is
ble in two forms, the light form containing eight hydrog
nd the heavy form containing eight deuteriums. Attache

he polyether linker is a biotin moiety, so that in addition
erving as an isotope-coded label, the ICAT also allow
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Fig. 4. Structure of the original isotope-coded affinity tag (ICAT) reagent
[47]. The tag consists of a biotin moiety that allows enrichment by
biotin–avidin affinity chromatography (A), an isotope-coded linker region,
using hydrogen or deuterium in the first version (B), and a thiol-reactive
iodoacetamide group that allows alkylation of cysteine residues with the
ICAT (C).

(more or less, see below) specific isolation of labeled peptides
by means of biotin–avidin affinity chromatography.

The affinity step significantly reduces the complexity of
the protein or peptide mixture because only a fraction of all
peptides resulting from an enzymatic digest will contain cys-
teine. Even when only Cys-containing peptides are detected
by this strategy, this is still theoretically sufficient to receive
a high proteome coverage since the majority of all proteins
contains at least a single cysteine (approximately 92% inS.
cerevisiae, generally >80% for all species) and the proteins
can be identified from this one single peptide via database
searches.

The typical workflow for ICAT-supported proteomic stud-
ies is outlined inFig. 5. It is possible to introduce the affinity
label either at the protein stage, e.g. before gel electrophoretic

F
a
a

separation or at the peptide level after a digestion step. This is
usually the case when gel-free separation techniques are em-
ployed. In any case, one sample is labeled with the light (d0-)
form of the ICAT and the other with the heavy (d8-) form. Af-
ter this tagging step, the samples are combined and subjected
to further fractionation steps that usually also contain the
above-mentioned affinity clean-up using immobilized avidin
columns.

In contrast to some metabolic labeling techniques, the
mass shift that will be observed in the mass spectra is prede-
fined, namely 8 Da. So, a singly charged peptide containing
one Cys will appear as a doublet separated by 8m/zunits, its
doubly charged form will differ by 4m/zunits and so on.

Since the introduction of the ICAT procedure, a number
of applications have appeared in the literature, e.g.[48–58].
Theoretically, the ICAT should be the ideal tag for proteomic
applications, especially since software from various instru-
ment manufacturers as well as protein database search en-
gines now routinely allow specifying ICAT labeling as an
artificially introduced amino acid modification. Specialized
software has been developed that automates the quantifica-
tion process[59–62]. But some criticism emerged relatively
soon after the presentation of the method, possibly boosted
by the commercial availability of the kits and its relatively
widespread use.
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ally contain very little cysteine. Potentially significant po
ranslational modifications are rarely observed because
ould have to occur on the Cys-peptides because only
re captured during the affinity clean-up step. Of course

s the same for other amino-acid-specific methods, and
lso possible to further analyze the flow-through from
vidin column. On the other hand, the avidin affinity clean
tep sometimes suffers from significant non-specific bin
f Cys-free peptides and/or irreversible adsorption of s
ys-peptides[63].
Regnier and co-workers[64] were the first to point ou

hat liquid chromatographic separation can occur betw
he d0- and d8-forms of ICAT-labeled peptides, in extrem
ases even reaching baseline separation. This can se
ffect the accuracy of the quantitation, regardless wh
ass spectrometric analysis is carried out by ESI or MAL
or ESI, ionization suppression effects can vary with c
atographic elution time so that the two forms are differe
ffected. When off-line HPLC prefractionation is perform
rior to MALDI-MS detection, e.g. in combination with a

omated target spotting, the two forms can be present in
erent fractions that are spotted. Therefore, it is absol
ecessary that the whole chromatographic peak (conta
oth the d0- and the d8-forms) is used for relative quantitati
nd not just a few selected spectra because they would n
urately reflect the peptide ratios. Further work in the gr
f Regnier revealed that isotope labels using12C and13C
s the isotope pair do not exhibit this chromatographic

ionation, as shown for Cys-reactive tags similar to the IC
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[65–66]. Another disadvantage related to liquid chromato-
graphic separation of ICAT-labeled peptides is that the hy-
drophobic biotin moiety of the isotope-coded tag influences
overall retention behavior of the peptides therefore causing a
relatively narrow elution zone of all tagged peptides[67].

Furthermore, the significant mass increase of the label
(442 Da for the light tag) causes loss of possibly important
low mass fragment ions when ion trap mass spectrometers
are used, since they have a lower mass cutoff in MS/MS ex-
periments that is in the range of 1/3 of them/z ratio of the
precursor ion. As an example, this cutoff is shifted upwards
by more than 70m/zunits for a typical doubly charged pep-
tide containing one Cys. It was also shown that because of
its size, the ICAT label itself can yield a number of fragment
ions [49,68], therefore complicating product ion spectra or
even causing false positive identifications. Smaller labels, in-
cluding the improved ICAT versions shown below, usually
have only little influence on the fragmentation behavior of
peptides as peptide bond cleavage is energetically preferred
in these cases.

All these possible limitations that have been pointed out by
various authors led to the development of modified versions
of the ICAT. The first was reported by the Aebersold group
in 2001: The “solid-phase ICAT”[69]. This approach used
an isotope-coded tag immobilized on glass beads as shown
i s via
a hich
m irra-
d os-
s by
i

F ICAT
[ AT
[ en-
t

an iodoacetyl group again serves as the Cys-(thiol-) reactive
group.

The whole analytical strategy is similar to the solution-
phase ICAT. Two protein mixtures are independently digested
and Cys side chains reduced before they are – still separately
– applied to the reactive beads. Non-specifically bound pep-
tides are then removed by a thorough washing step and cap-
tured peptides are photocleaved off the beads by irradiation
in a form directly suitable for subsequent (LC)–MS/MS anal-
ysis.

The method has been used for protein profiling ofS. cere-
visiaestrains grown under different conditions. The authors
state various advantages compared to the classical ICAT ap-
proach described above: Because isolation of Cys-peptides
and isotopic labeling is performed in one step, this procedure
is less labor-intensive; non-specific binding is reduced be-
cause more stringent washing steps can be performed on the
covalently attached peptides. The smaller isotope label intro-
duced with this protocol also causes less fragmentation of the
label itself and less interference with detection on ion traps.
However, photochemical reactions are less reliable than other
cleavage processes, even more so for on-bead reactions. This
may be a cause why, beside the original article, no further
applications of the solid-phase ICAT have been reported in
the literature so far.
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ncluding a leucine moiety in either its d0- or d7-form and

ig. 6. Improved isotope-coded affinity tags. (a) The solid-phase
69], including a photocleavable linker region. (b) The cleavable IC
67,70–77]with an acid-labile affinity tag region. Asterisks denote differ
ially (12C/13C) labeled carbon atoms.
Recently, an improved version of the original ICAT la
as been made commercially available by Applied Bio

ems. The so-called “cleavable ICAT” (Fig. 6) uses12C and
3C instead of1H and2H and therefore does not cause ch
atographic separation of the light and heavy forms. In a

ion, it contains a linker group that can be cleaved under a
onditions, resulting in a smaller moiety being attached t
eptide, very similar to the solid-phase-derived tag. Firs
lications have been described[67,70–77]. In particular, Yu
t al.[74] addressed important issues such as MS/MS be

or, necessary clean-up steps, completeness of labelin
ccuracy of the quantitation. Judging from the available d

he cleavable ICAT seems to represent a significant imp
ent over the original design. Despite the promising res

he significant cost of the reagent might still be a reason
ting the more widespread use of the ICAT strategy out
f the industry.

Another ICAT variation are the so-called visible isoto
oded affinity tags (VICATs,[78]). The VICAT approac
llows theabsolutequantification of proteins in a compl
ixture following a strategy outlined inFig. 7. In this proto-

ol, three different isotope-coded tags are used: A “nor
ag for labeling the complex sample (VICAT), a tag for
eling the internal standard peptide (14C-VICAT+6), and a

hird tag which is used as an IEF marker (14C-VICAT-28).
he latter two tags are carbon-14 labeled to allow the loca
f the peptide of interest by scintillation counting. All th

ags have in common that they carry a biotin tag for affi
solation and a cysteine-reactive iodoacetyl group. Sim
o the solid-phase ICAT approach described above, a p
leavable linker region is included in the tags as well. A
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Fig. 7. Concept of the VICAT (visible isotope-coded affinity tag) strategy
[78]. (a) Chemical structure of the VICAT reagents. (b) VICAT workflow.
For details, see text.

from theN-methyl group which carries either12C or14C, but
which is cleaved off after the enrichment step, the different
tags are distinguished by the linker region remaining on the
peptides up to the detection by MS: The tag for the internal
standard is 6 Da heavier than the normal tag due to the in-
corporation of13C and15N, and the IEF marker tag is 28 Da
lighter due to the removal of two methylene groups.

The procedure is performed as follows: The protein mix-
ture which is to be analyzed is denatured and reduced, fol-
lowed by a labeling step with the “normal” VICAT. After
(tryptic) digestion, known amounts of a representative tryptic
peptide of the protein of interest are labeled with the internal
standard tag and the IEF marker tag, respectively, and added
to the digest mixture. The total mixture is now subjected to
preparative isoelectric focusing on the peptide level. After

Fig. 8. Thiol-specific reagents for differential isotope coding of cysteine
residues (X = hydrogen or deuterium).

the IEF procedure, regions from the IEF gel are sliced and
the peptides extracted. Aliquots from the IEF fractions are
examined by scintillation counting, allowing the localization
of the peptide of interest in the gel via the IEF marker-labeled
form. The peptide fractions of interest are captured on strep-
tavidin agarose beads and “eluted” by a photocleavage step
(via UV irradiation of the beads). From the purified sample,
LC–MS/MS analyses can be performed and absolute quantifi-
cation is achieved from the comparison of peak areas of the
normal-VICAT peptide versus the VICAT+6 internal stan-
dard peptide. The shorter VICAT-28-form (the IEF marker)
is not used for MS analysis.

The VICAT method was shown to allow quantification of
individual proteins even from complex mixtures (cell lysates)
and does not need an isotopically labeled peptide internal
standard, because the tagging reagent incorporates the iso-
tope tag. However, the use of radiolabeled substances requires
appropriately equipped laboratories and will likely limit the
broad applicability of the strategy.

A variety of other cysteine-tagging reagents for differ-
ent purposes have been reported in the literature. For exam-
ple, commercially available non-isotope-coded biotin affinity
tags similar to the ICAT have been used for the isolation of
Cys-peptides in a number of studies, e.g.[29,79–83].

Several smaller isotope tags have been proposed for
d d
a -
m
[
i ss
s to
9
t s over
i allow
f ato-
ifferential quantitation (Fig. 8), including non-deuterate
nd deuterated acrylamide[84–86], N-methyl- and ethyl
aleimide[87],N-ethyl-iodoacetamide[88], 2-vinylpyridine

89], methyliodide[82], N-tert-butyliodoacetamide[90] and
odoacetanilide[90]. These tags mainly differ in the ma
hift between light and heavy version ranging from 3
Da. However, Righetti and co-workers[85,89,91]stated

hat reagents containing double bonds have advantage
odoacetamide and related compounds because they
aster and more quantitative labeling. The issue of chrom
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graphic separation of the two differentially labeled forms
seems to be very dependent on the number of heavy isotopes
and their location[65–66], so isotope effects are sometimes
not as significant as for the ICAT label.

Cysteine tags that contain elements with a characteris-
tic isotope pattern, like chlorine or bromine, can be used
to identify Cys-peptides in mass spectra, as demonstrated
by Adamczyk et al.[92–93]and Aebersold and co-workers
[94]. Alternatively, MS spectra can be acquired before and
after alkylation and Cys residues can be identified from the
mass shifts that are observed[95–96]. The presence of cys-
teine in a peptide can be used as a constraint in database
searches, increasing confidence in the results and/or reduc-
ing search times. The different reactivities of thiol groups in
proteins can also be probed by these kinds of tags as shown
by Hubaĺek et al.[97].

An interesting tagging strategy to create enzymatic cleav-
age sites at cysteines was presented by Loo and co-workers
[98]. Conversion of cysteine toS-aminoethylcysteine pro-
duced a recognition site for trypsin or endoproteinase Lys-C
in proteins. When lysine residues are blocked by acetylation
before the tagging step, cleavage occurs at the N-terminal
side of cysteine and arginine residues (when using trypsin)
or at cysteine exclusively (using endoproteinase Lys-C). Spe-
cific in-gel labeling and digestion was performed on standard
p

hase
I ced
b
a ed

F g of
Q
A nt-
c

extractants) is based on the immobilization of Cys-peptides
onto a polymer resin by the (Michael-type) reaction of the
thiol group with a maleimide group at neutral pH. The tag
further incorporates an isotope-coded region with a mass dif-
ference of 10 between light and heavy form (d0- and d10-
aminocaproic acid was used for synthesis of the two versions,
respectively). The coding region is connected to the polymer
via an acid-labile anchor group. By using this design, capture
is possible at neutral pH and cleavage off the resin is achieved
by incubation with 5% trifluoroacetic acid in water. Success-
ful implementation of the ALICE strategy was demonstrated
by the isolation and relative quantitation of standard protein
mixtures.

The concept of Shi et al. follows a similar strategy. In
this case, the solid-phase tag consists of an iodoacetyl group
for reacting with cysteines, an isotope-coded region made of
three isotopically labeled alanine residues and an acid-labile
functionality anchored to the resin. It is noteworthy that12C
and13C were used for isotope coding in this case, therefore
avoiding partial chromatographic separation of the differen-
tially labeled peptides as observed for hydrogen/deuterium-
coded pairs (see above). A potential disadvantage is the
highly acidic conditions that are required for cleavage off
the resin (50% TFA) which might not be suitable for labile
post-translational modifications. The application was demon-
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Solid-phase capture approaches similar to the solid-p

CAT strategy outlined above have recently been introdu
y Qiu et al.[99] and Shi et al.[100] (seeFig. 9). Qiu et
l.’s method (termed ALICE for acid-labile isotope-cod

ig. 9. Various cysteine-specific affinity tags. (a) ALICE solid-phase ta
iu et al.[99] (where X = H or D). (b) Solid-phase tag of Shi et al.[100].
sterisks denote differentially (12C/13C) labeled carbon atoms. (c) Eleme

oded affinity tag of Whetstone et al.[102] (where M is a rare-earth metal). i with
trated using mixtures of standard proteins. A variatio
his tag was recently introduced by Zhang et al.[101] who
sed d0- and d10-leucine for isotope coding instead of t
la3-form. The use of deuterium, however, lead to the c
atographic separation of differentially labeled peptide
Whetstone et al. developed a somewhat different

pecific mass coding system called element-coded af
ags[102] (seeFig. 9). The tag contains a chelate bind
roup that can be loaded with different rare-earth elem
which are mostly monoisotopic). This allows the gen
ion of mass differences between 1 (e.g. for139La and140Ce)
nd 86 (when using89Y and 175Lu) mass units. Differen

ially labeled Cys-peptides can be enriched by a specia
unoaffinity column containing antibodies that recognize
etal chelate moiety. Proof-of-principle was given for the

ichment of a peptide labeled either with yttrium, terbium
utetium. It was found that the chelating tag did not inter
ith reversed-phase HPLC separation or peptide seq

ng by MS/MS. The possibility to differentially label not ju
wo, but multiple samples for one experiment, makes
ethod highly interesting, however, application to real

eomic samples will have to be shown.
Regnier and co-workers used covalent binding of cyst

o thiopropyl-Sepharose in their prefractionation approa
nrich cysteine-containing peptides[103–104]. This covalen
hromatography strategy is based on a disulfide-exch
rocedure outlined inFig. 10. Thiol groups of cysteine
obtained after the reduction of disulfide bonds in prote
re labeled with 2,2′-dipyridyl disulfide. The modified pro

eins are subsequently digested with trypsin and the re
ng peptide mixture is passed through a column packed
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Fig. 10. Principle of disulfide exchange covalent chromatography applied
to the isolation of cysteine-containing peptides. For details, see text.

thiopropyl-Sepharose. The large excess of thiol groups on
the column causes immobilization of Cys-containing pep-
tides by disulfide exchange with the pyridyl moiety. Elu-
tion of the peptides is possible under reducing conditions
resulting in peptides with free SH-groups that can then be
alkylated prior to their chromatographic separation. Suc-
cessful application of the method forEscherichia colicell
lysates was shown[103–104]. Similarly, Johnson and co-
workers[88] used covalent chromatography to enrich Cys-
containing peptides prior to differential isotope coding with
N-ethyl-iodoacetamide as mentioned above, while Smith’s
group combined it with16O/18O labeling (see below)[105].

Another cysteine-specific tag that can be used to re-
duce sample complexity was recently introduced by Reg-
nier and co-workers[106]. The new APTA tag ((3-
acrylamidopropyl)trimethylammonium chloride,Fig. 11) in-
cludes a quaternary amine moiety allowing enrichment by
strong cation exchange chromatography (SCX). First, disul-
fide bonds in the proteins are reduced and a large excess of the
tagging reagent is added under alkaline conditions (pH 8.5).
Following the removal of the remaining reagent by dialysis,
the labeled proteins are digested with trypsin and the APTA-
tagged peptides are trapped on a SCX column. After the ion

Fig. 11. Structure of the APTA tagging reagent introduced by Regnier and
co-workers[106].

exchange step, the Cys-proteins can be analyzed using stan-
dard (LC–)MS protocols. The authors state that MS sensitiv-
ity for the labeled peptides is generally increased compared
to their unlabeled counterparts, which can be attributed to
the charged tag. MS/MS experiments revealed that singly
or doubly modified cysteine-containing peptides exhibit pre-
dominant backbone cleavages, while for very cysteine-rich
proteins, cleavage of the tag dominated the MS/MS spec-
trum. The concept was evaluated using a transferrin digest.

Mann and co-workers[107] combined the concepts of
disulfide exchange and immobilized metal affinity chro-
matography (IMAC) in their “HysTag” approach (see
Fig. 12). Cys-peptides are labeled with an isotope-coded pep-
tidic tag containing both a hexa-histidine sequence and a
pyridyl disulfide moiety. This way, the tag can be attached
to cysteine thiols as a first step. The (His)6 sequence then
allows the enrichment of labeled peptides by IMAC (see also
Section5), similar to the protocol used for purifying recom-
binantly expressed proteins[108]. Alternatively, enrichment
is also possible by strong cation exchange chromatography.
Because the HysTag also contains a tryptic cleavage site (argi-
nine), a large portion of the tag can be removed in a diges-
tion step after enrichment, leaving only the dipeptide Ala-Cys
(with the alanine in either d0- or d4-form) attached to the cys-
teine of the original peptide. The authors reported that mass
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pectrometric sequencing was not negatively affected
ragmentation of the tagged residue was not observed. I
ition, no chromatographic separation of the light and he

orms was observed, which was attributed to the relat
mall number of deuteriums incorporated and the locatio
he tag. Application of the method was shown by identify
nd quantifying a large number of proteins from mouse b

issue.
Vandekerckhove and co-workers[109] have used a var

tion of their diagonal chromatography concept (Fig. 13)
o specifically isolate cysteine-containing peptides[110]
rom a complex digest mixture: After a prior reduct
tep, Cys residues in proteins are first modified by
an’s reagent (5,5′-dithiobis(2-nitrobenzoic acid)), the pr

ein mixture is then digested and the resulting peptide
ure subjected to fractionation by reversed-phase HPLC
o-called “primary run”). A following reduction step wi
ris(2-carboxyethyl)phosphine (TCEP) removes the Cys
nd causes a retention time shift for all cysteine-conta
eptides when the isolated fraction is rechromatographe
er otherwise identical conditions (“secondary run”). To
uce the analysis time, multiple fractions are collected
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Fig. 12. Principle of the HysTag method[107]. Cysteine residues in proteins
are differentially tagged with the peptidic tag (X = H or D) and digested with
endoproteinase Lys-C. The (His)6-sequence on the tag allows the enrichment
of the tagged peptides by either immobilized metal affinity chromatography
(IMAC) or strong cation exchange chromatography (SCX). A second diges-
tion step, this time with trypsin, cleaves the tag C-terminal to arginine, so
that only a Cys-Ala*-dipeptide containing the isotope tag (*) remains on the
labeled cysteines.

way that the elution zones of the modified peptides do not
overlap (seeFig. 13). Cys-peptides eluting in these zones can
be isolated and identified in a third HPLC analysis step. The
method was successfully applied to the identification of hu-
man platelet and plasma proteins. A similar method for the
isolation of N-terminal peptides has also been described by
the same group (see below).

3.2. Tagging methods specific for other amino acids

Apart from targeting the thiol group of cysteine, few other
functional groups of amino acids remain that can be modified
specifically. However, some methods have been presented

Fig. 13. Concept of diagonal chromatography[109]. The crude sample is
fractionated and a subset of the peptides contained in each fraction is tagged
in a way so that their chromatographic behavior is altered. Upon reinjection,
most of the peptides from the fractions elute at the same position as before,
only the tagged peptides show different elution times (boxes marked with
an asterisk) and can be collected for further characterization.

that will be discussed below.Fig. 14illustrates tagging reac-
tions for lysine and tryptophan residues.

Lysine residues can be specifically targeted when the
reagent employed does not react with the N-terminus of
the peptide, as shown by Peters et al.[111–112]using 2-
methoxy-4,5-dihydro-1H-imidazole. This tag was reported
to improve mass spectrometric response of Lys-peptides in
MALDI, and simplified MS/MS spectra were observed when
the tag is located on the C-terminus of a peptide, similar to the
methods that will be presented in Section6. This is significant
because the two most commonly used proteolytic enzymes,
trypsin and endoproteinase Lys-C, cleave C-terminally to ly-
sine residues. Differential quantitation of protein levels was
also demonstrated using the deuterated analogue of the tag-
ging reagent. This tagging chemistry has been made commer-
cially available by Agilent Technologies [Palo Alto, USA].

Differential amidination of the amino group of lysine for
relative quantitation was proposed by Beardsley and Reilly
[113]. In this approach, termed QUEST (for quantitation us-
ing enhanced sequence tags), the two samples do not differ
in the isotope used in the labeling procedure, but in a methy-
lene group because lysines are derivatized by eitherS-methyl
thioacetimidate orS-methyl thiopropionimidate. This tech-
nique appears to be restricted to MALDI-MS analysis since
it can be assumed that chromatographic separation of the two
f
v sing

orms would occur. Bergquist and co-workers[114]obtained
ery large deviations from the expected ratios when u
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Fig. 14. Various lysine- and tryptophan-specific tags for relative quantification applications.

LC–FTICR-MS. In a recent paper, the effect of this amidi-
nation procedure on peptide fragmentation patterns was also
examined[115].

A similar approach (called MCAT for mass coded abun-
dance tagging) has been described by Cagney and Emili
[116]. Instead of using two different derivatizing reagents,
they performed guanidination of lysine residues (i.e. conver-
sion to homoarginine) withO-methyl isourea (OMIU) for one
sample while the other remained untreated. Despite the fact
that significant chromatographic separation was obtained in
LC–MS analysis, the authors stated satisfactory accuracy of
their approach for relative quantitation.

The first guanidination strategy relying on a stable-
isotope-labeled reagent was recently presented by Brancia
et al.[117]. In this study, differential tagging was performed
using the normal version of OMIU and an in-house synthe-
sized13C,15N2-form, resulting in a difference of three mass
units between light and heavy form. Initial application of the
method was shown for digests of standard proteins.

Recently, a technique for the differential isotope labeling
of tryptophan residues for proteomic applications has been
reported by Kuyama et al.[118]. Like cysteine, tryptophan
is a less abundant amino acid and can be used for affin-
ity chromatographic prefractionation of complex mixtures.
The authors used 2-nitrobenzenesulfonyl chloride (NBS-
C er-
c e-
s s are
e odi-

fied tryptophan and were enriched on Sephadex LH-20 mate-
rial, where they are strongly retained. Relative quantitation of
Trp-peptides from rat sera by LC–MS/MS was demonstrated.
Chromatographic coelution of light and heavy forms of the
tagged peptides was observed since deuterium-labeling was
avoided.

Chelius and Shaler[119]developed an affinity tagging and
isolation strategy targeting N-terminal serine and threonine
residues. Only when these residues are present on the termi-
nus, a 1,2-amino alcohol structure exists that can be oxidized
with periodate, forming an aldehyde group. Subsequently, a
biocytin hydrazide tag was attached to this moiety, enabling
the isolation by biotin–avidin affinity chromatography. The-
oretical calculations have shown that selecting peptides with
N-terminal Ser or Thr from a complex digest mixture has
approximately the same effect on matrix complexity as Cys-
selection. However, suitability of the method was only de-
scribed for a mixture of four model peptides. Furthermore,
acidic cleavage of the biotin tag to release the aldehyde form
of the peptides resulted in partial degradation of one peptide
and all peptides were observed as free and hydrate forms in
mass spectra, complicating data interpretation. It is therefore
doubtful whether this technique can be successfully applied
to more complicated mixtures.

Similar to their method for isolating Cys-peptides,
V al
c ning
t ging
p teins
l) for Trp-specific tagging, in addition to the comm
ially available12C6-form, the13C6-analogue was synth
ized and used in this procedure. NBS-labeled peptide
ven more hydrophobic than peptides containing unm
andekerckhove and co-workers[120] have used diagon
hromatography to specifically isolate peptides contai
he N-terminus of a protein. In this paper, a two-step tag
rocedure was used: First all amino groups of intact pro
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(protein N-termini and�-amino groups of lysine residues)
were acetylated and the protein mixture was then digested
with trypsin. After the lysine modification, cleavage at this
residue no longer occurs so that arginine residues represent
the only cleavage sites. All tryptic peptides with the exception
of the ones carrying the protein N-terminus will now carry a
free amino group that can be tagged. The authors used 2,4,6-
trinitrobenzenesulfonic acid as a tagging reagent to attach a
trinitrophenyl moiety to the free amino groups, thereby sig-
nificantly increasing the hydrophobicity of the tagged pep-
tides, resulting in longer retention in an HPLC run. If the
peptide mixture is run two times, once before tagging and
once after tagging, only the peptides corresponding to the
protein N-termini will have the same retention time in both
runs, while all others show a strong shift to longer reten-
tion times. The unlabeled fraction was collected off-line and
further analyzed in a second chromatographic dimension, re-
sulting in the identification of more than 300 proteins from
human thrombocytes. A second paper[121]describes the ap-
plication of this procedure in combination with18O-isotopic
labeling (see Section4.2) for relative quantitation.

Hamon and co-workers[122–123] have developed the
protein sequence tag (PST) methodology that allows the iso-
lation of N-terminal peptides from cyanogen bromide (CNBr)
cleaved proteins. Because it incorporates CNBr cleavage, it
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Fig. 15. The protein sequence tag strategy[122–123]for the isolation of
N-terminal peptides from cyanogen bromide cleaved proteins. For details,
see text.

4. Global stable-isotope labeling strategies

The techniques that were presented in detail in Section3
rely on the modification of a certain amino acid present in
a protein or peptide. Therefore, they are restricted to those
analytes possessing such a group. This is advantageous for
attachment of affinity tags because of the ensuing simplifi-
cation of the matrix, additionally, the presence of a certain
amino acid can be used as a constraint in database searches.
On the other hand, it inevitably leads to reduced sequence and
proteome coverage because rare amino acids are targeted.

As complementary labeling approaches for quantitation
purposes, other research groups have made use of reactions
that modify the N- or C-terminus of peptides. With the ex-
ception of possibly modified termini of the intact protein, e.g.
due toN-acetylation or C-terminal amidation, all peptides re-
sulting from enzymatic digests should be accessible to these
as designed particularly with the analysis of hydrop
ic membrane proteins in mind.Fig. 15 depicts the stra
gy: The protein mixture is first solubilized and partia
leaved by CNBr treatment, resulting in cleavages C-term
o methionine residues. Disulfide bonds in these relat
arge fragments are then reduced and free cysteines are
ated. Then, free primary amino groups (from N-term
nd lysines) are protected with a “basic mass tag” (BM
amelyN,N-dimethylglycineN-hydroxysuccinimide este

ollowed by a tryptic digestion step. At this stage, tryp
leaves C-terminal to arginine residues exclusively bec
ysines have been converted by the BMT and are no lo
ecognized by the proteolytic enzyme. The peptide m
ure now consists of tagged residues – predominantly t
ith the original N-terminus of the CNBr peptides and a
ine on the C-terminus – and a larger number of unta
eptides with a free N-terminus. In the enrichment s

he latter ones are captured on amine-reactive scav
eads (carryingN-hydroxysuccinimide groups). Thus,
ntagged peptides are removed from the solution, lea
nly the tagged peptides behind which are further frac
ted by cation exchange chromatography and analyze
C–MS(/MS).

In the initial paper[122], the application of the PST stra
gy is described using mitochondrial proteins fromS. cere
isiaeand the authors report that a significant increase i
umber of membrane proteins identified was possible c
ared to a standard 2D-GE-based procedure. A secon
er [123] describes a refined protocol for the preparatio
embrane protein samples resulting in a higher numb

ow-abundant proteins that were detected.
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modification procedures. When using these “global labeling”
strategies, no simultaneous simplification of the sample ma-
trix via the attachment of affinity labels within the isotope tag
is desired. Consequently, they have to rely on more sophisti-
cated separation steps like multidimensional chromatography
or high-resolution mass spectrometry to deal with the higher
complexity of the mixtures. In addition, tagging reactions that
target the N-terminal amino group or the C-terminal carboxyl
group generally will also modify amino acid side chains with
the same functionalities (Lys; Asp/Glu) so this has to be taken
into account. However, some of the methods listed below use
more specific reactions.

4.1. N-terminal isotope coding

One such method is the “global internal standard tech-
nology” (GIST) pioneered by Chakraborty and Regnier
[124]. Stable-isotope labeling of amino groups using ei-
therN-acetoxysuccinimide[124–131]or succinic anhydride
[103–104](seeFig. 16) and their respective deuterated ana-
logues has been reported. To deal with sample complexity,
prefractionation using IMAC for the selection of His-peptides
[104,126,131], thiol exchange chromatography for the selec-
tion of Cys-peptides[103–104](see Section3.1) or lectin
affinity chromatography for targeting glycosylated peptides
[
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appear as doublets separated in mass by the number of deu-
terium atoms incorporated, but those appearing as singlets
most likely are the result of differences in the amino acid
sequences. This way, single amino acid polymorphisms in
chicken and turkey lysozyme were observed, as were variants
in canine serum albumin among different breeds. So far, one
shortcoming of this technique is that the mass spectra have
to be manually examined to locate the singlets, therefore this
approach is currently limited to less complex mixtures.

Several other groups have also reported methods for N-
terminal tagging (Fig. 16). For example, a different isotope
coding procedure has been described by Hsu et al.[132], who
labeled amino groups of the N-termini and lysine side chains
by reductive amination using d0- and d2-formaldehyde, re-
sulting in a mass shift of 4 amu. This way, dimethylamino
groups are formed, incorporating two isotopically labeled
moieties. Application of the method towards digests of stan-
dard protein mixtures and cell lysates was shown.

Mason and Liebler[133] tagged peptide N-termini with
non-deuterated or pentadeuterated phenyl isocyanate. Ac-
cording to the authors, the attachment is specific at the pH of
8.0 which was used for the reaction, since thiol groups are
protected by alkylation beforehand, carboxyl and hydroxyl
groups react only at low pH and the�-amino group of ly-
sine is less reactive (by two orders of magnitude) than the
N and
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125–126,130](see Section5.2) was sometimes used.
One especially innovative application reported by Liu

egnier[129] was the identification of single amino ac
olymorphisms using GIST. In this study, the proteins o

erest, obtained from different species, were digested an
esulting peptides isotope tagged on both N- and C-ter
his was achieved by N-terminal labeling with d0- or d3-N-
cetoxysuccinimide and by C-terminal incorporation of18O
uring the enzymatic digestion step (see below). The
le labeling approach[128] ensured that all peptides resu

ng from a protein digest were isotope-coded, even if
riginated from a possibly modified N- or C-terminus of

ntact protein. All peptides that are identical in both spe

ig. 16. Isotope-coded tags for labeling of peptide N-termini and ly
mino groups (X = hydrogen or deuterium).
-terminal amine. Tagging apparently proceeds rapidly
uantitatively in 15 min, as an additional advantage of
ethod, increased chromatographic retention of small

ides due to the hydrophobic tag was observed.
Münchbach et al.[134] used a two-step tagging strate

o selectively attach a nicotinoyl moiety on the N-termin
n the first step, intact proteins were treated with succ
nhydride to modify the amino groups of lysine resid
fter enzymatic digestion, the nicotinoylation step was

ormed with either d0- or d4-nicotinoyloxysuccinimide an
ow targeted the N-terminal amines of the resulting pep
xclusively, since lysines were already protected. The au
tated that the N-terminal tag improved mass spectrom
equencing since the increased basicity led to higher in
ies for fragment ions carrying the N-terminus (a- and b-i
ee also Section6). Relative quantitation of gel-separa
roteins was demonstrated using the technique.

Che and Fricker[135] described the relative quanti
ion of neuropeptide levels by labeling with non-deuter
nd deuterated acetic anhydride, respectively; Annan an
orkers[136] used propionic anhydride in combination w
nzymatic dephosphorylation to study the stoichiometr
rotein phosphorylation (see also Section5.1).

.2. C-terminal isotope coding

Isotopic labeling of the C-terminus (along with aspa
cid and glutamic acid residues) can be obtained by con

ng carboxyl groups to the corresponding methyl ester
as for example demonstrated by Aebersold and co-wo

61,137]. The reaction is easily performed by resuspen
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the dried peptide solutions in methanolic hydrochloric acid
prepared from d0- or d3-methanol. A possible limitation of
this reaction is the possibility that the esters are hydrolyzed
during chromatography when using acidic mobile phases.
Similarly, Syka et al.[138] used ethyl esterification with d0-
and d6-ethanol to study differential post-translational modi-
fications of histones in a novel quadrupole ion trap/FT-ICR
hybrid mass spectrometer.

Another C-terminal labeling procedure, and one that does
not affect Asp or Glu residues is the introduction of18O into
the C-terminal carboxylic group formed during enzymatic di-
gestion of proteins[139–142]. This is achieved by digestion
of one protein mixture in H218O, while the control sample is
digested in normal H216O. Using trypsin, one or two oxygen
atoms from the solvent are built into the C-terminus, which
may be dependent on the sequence of individual peptides.
Drawbacks of this strategy are the high price of18O-labeled
water and the fact that due to incomplete incorporation of
18O, the mass shift between the two samples is limited and
leads to a significant overlap of isotopic distributions of light
and heavy forms. Still, because of the straightforward proce-
dure, labeling with18O is relatively frequently used; for re-
cent examples, see[143–148]. In addition, it has been shown
that incubation of an already digested peptide mixture with
trypsin also leads to16O/18O exchange. Therefore, it is pos-
s tive
i tified
[
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of phosphorylated proteins are presented in recent reviews
[149–150,154–155].

Commonly used enrichment strategies make use of dedi-
cated phosphospecific antibodies or immobilized metal affin-
ity chromatography (IMAC). While antibodies against pTyr
are more commonly used, this concept has been less suc-
cessful for phosphorylation on Ser and Thr. The significant
cost and limited availability of the antibodies still prevent
a more widespread application. IMAC takes advantage of
the affinity of phosphate groups to certain metal ions, e.g.
Fe(III) or Ga(III) and has been successfully applied in a num-
ber of studies for enrichment of phosphopeptides (see, for
example,[131,143,156–164]). However, some authors have
noted that non-specific binding of Asp- and Glu-peptides oc-
curs. Ficarro and co-workers[157,159,163,165]have used
methyl esterification of carboxyl functionalities in peptides
to avoid this unwanted chelation and successfully used the
procedure in large-scale phosphoproteomics projects. A sim-
ilar approach was recently published by He et al.[162]. Still,
the significance of non-specific binding of other peptides is
unclear since N̈uhse et al.[161] found in their study that the
majority of IMAC-isolated peptides were in fact phospho-
rylated. In addition, Julka and Regnier[20] point out that
aspartate esters could be instable under the acidic conditions
during chromatographic separation, causing artifacts.

m-
b hose
p ve
q erged
t p
i /or
a

a of
o ical
m
A
I ues
h teins
( cell
l

-
s -
p tep
t oc-
p pre-
v ed to
p ups
p uo-
r hos-
p fore
a The
r thiol
g con-
t on-
c ptides
ible to perform relative quantitation after a prior qualita
dentification step, where samples of interest can be iden
145,147–148].

. Study of post-translational modifications

In addition to the amino acid-specific and the general
ing strategies presented in Sections3 and 4, methods speci

cally tailored for the qualitative and sometimes quantita
etermination of post-translational modifications (PT
ave emerged in recent years[149–155]. More than hundre
uch modifications have been described and they differ
tantially in the extent of the modification of proteins, ra
ng from relatively minor chemical changes like N-termi
cetylation to the attachment of extended carbohydrate c

n the case of glycosylation. For this reason, some PTMs
e targeted more specifically than others, and the tag
oncepts currently described in the literature are most
irected towards phosphorylated proteins, although rec
ethods for the study of glycosylation and tyrosine nitra
ave appeared.

.1. Phosphorylation

The (transient) phosphorylation and dephosphoryla
f serine, threonine and tyrosine residues are very im

ant regulatory processes involved in metabolic pathw
ignal transduction, etc., and therefore there is conside
nterest in specifically isolating phosphorylated protein
eptides. Some currently used techniques for the ana
Both enrichment by antibodies and IMAC can be co
ined with global isotopic labeling schemes, such as t
resented in Section4, to allow both enrichment and relati
uantitation. However, several techniques have now em

hat include thechemicalmodificationof the phosphate grou
n combination with the attachment of an affinity tag and
n isotope-coded moiety.

The first to report such approaches were Oda et al.[166]
nd Zhou et al.[167] in 2001, but since then a number
ther methods using phosphoamino acid-specific chem
odifications have appeared in the literature[160,166–181].
short overview of the various techniques is given inTable 1.

t has to be noted that the applicability of several techniq
as only been proven for phosphorylated standard pro
e.g. caseins) and not for complex protein mixtures like
ysates.

The approach of Zhou et al.[167] consists of a six
tep reaction (illustrated inFig. 17): The protein sam
le is first subjected to proteolysis since the affinity s

akes place at the peptide level. Then, after an initial tB
rotection of amino groups of phosphopeptides to
ent unwanted side-reactions, ethanolamine is attach
hosphate moieties (and, additionally, to carboxyl gro
resent in the peptides). Treatment with diluted trifl
oacetic acid (TFA) cleaves the ethanolamine from p
hate groups but not from the carboxyl groups, there
llowing the phosphate-specific addition of cystamine.
eduction of the cystamine disulfide bond sets free a
roup that is subsequently captured with glass beads

aining immobilized iodoacetamide. Cleavage with c
entrated TFA then releases the captured phosphope
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Table 1
Applications of chemical tagging strategies for the study of protein phosphorylation

Reference Tagging principle

Strategies based on�-elimination/Michael addition
Adamczyk et al.[168] Differential mass tags for MS identification, biotin affinity tag for enrichment
Adamczyk et al.[169] Isotope-coded tag for relative quantitation
Amoresano et al.[170] Isotope-coded tag for relative quantitation, affinity tag for enrichment by disulfide exchange
Goshe et al.[171], Goshe et al.[172] Isotope-coded tag for relative quantitation, biotin affinity tag for enrichment
Knight et al.[173] Tags for selective cleavage at phosphorylated residues and solid-phase capture
Li et al. [174] Conversion of pSer and pThr residues to sulfated analogues for stability during MS/MS
McLachlin and Chait[175] Affinity tag for enrichment by disulfide exchange chromatography
Molloy and Andrews[176] Differential mass tags for MS identification
Oda et al.[166] Biotin affinity tag for enrichment
Qian et al.[177] Tag for solid-phase affinity capture, isotope-coded tag for relative quantitation
Rusnak et al.[178] Tags for selective cleavage at phosphorylated residues
Steen and Mann[179] Marker tag for identification for MS detection by precursor ion scanning
Thompson et al.[160] On-resin elimination in combination with IMAC
Weckwerth et al.[180] Isotope-coded tag for relative quantitation

Other strategies
Takeda et al.[181] Complexation for MS identification
Zhou et al.[167] Cystamine addition to phosphate groups for solid-phase capture

References are given in alphabetical order.

and simultaneously removes the N-terminal tBoc-protection
group.

Despite the multi-step tagging and extraction procedure
and the partially extremely harsh reaction conditions, the iso-
lation and successful sequencing of a number of phosphopep-
tides from aS. cerevisiaelysate was reported following this
protocol.

Other approaches, by contrast, typically involve the base-
catalyzed�-elimination of the phosphate groups of Ser and

Thr and a subsequent addition of various tags to the dou-
ble bond that is created (see alsoTable 1). Oda et al. were
the first to report such a procedure ([166], Fig. 18), con-
sisting of a base-catalyzed dephosphorylation step, followed
by a Michael-type addition of ethanedithiol (EDT). The
remaining free thiol group then reacts with an activated
biotin linker. This way, phosphopeptides can be enriched
by biotin–avidin affinity chromatography in the same way
as ICAT-peptides. For this step, the same advantages and

F sented ting
i

ig. 17. Reaction scheme of the phosphopeptide tagging approach pre

ts N- and C-terminus and the phosphate group of a phosphorylated residue
by Zhou et al.[167]. A phosphopeptide is shown in a simplified version highligh

within the peptide chain. For details, see text.
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Fig. 18. Conecpt of phosphopeptide tagging using�-elimination of the phos-
phate group from pSer and pThr and attachment of various affinity tags.

shortcomings apply as for all other biotin tagging schemes
(see Section3.2). The group of Smith described an almost
identical method shortly thereafter, which they called PhIAT,
for phosphoprotein isotope-coded affinitytags[171–172]. In
addition to Oda’s protocol, they also included a stable-isotope
labeling step by using two isotopic versions of ethanedithiol,
EDT-d0 and EDT-d4. Both groups initially demonstrated the
isolation of phosphorylated peptides from the model protein
�-casein and from complex mixtures.

Recently, Smith and co-workers[177]also reported the de-
velopment of a solid-phase-based version of PhIAT termed
PhIST (for phosphoprotein isotope-coded solid-phase tag).
This tagging strategy combines the chemistries of the solid-
phase ICAT (see above) and the original PhIAT methodology.
�-Elimination of the phosphate group and addition of EDT
are performed as previously described, although no stable-
isotope-labeled EDT is used. Instead, the isotope tag is in-
troduced during a solid-phase capture step using the same
photocleavable linker design as the solid-phase ICAT from
the Aebersold group[69]. The only difference are the iso-
tope pairs introduced, because12C/13C and14N/15N are used

Fig. 19. Phosphopeptide tagging procedure of McLachlin and Chait[175],
including a�-elimination step and disulfide exchange chromatography to
isolate DTT-labeled peptides. For details, see text.

instead of1H/2H, therefore avoiding chromatographic sepa-
ration of light and heavy forms of the labeled peptides.

The authors claim that their improved approach over-
comes the weaknesses of the other techniques presented
here. In particular, non-specific binding to avidin columns
is avoided because no biotin labeling is performed, the pro-
tocol involves less manipulation steps therefore avoiding sig-
nificant sample loss as reported for Zhou et al.’s method[167]
and overall specificity of the enrichment is improved because
of the more stringent washing conditions possible on solid-
phase.

Another interesting variation based on�-elimination was
recently presented by McLachlin and Chait[175] (Fig. 19).
Instead of attaching a biotin affinity tag after the addition of
a thiol compound, they used covalent chromatography based
on disulfide exchange to capture phosphorylated peptides on
solid-phase. A sensitive protocol was developed consisting of
the oxidation of proteins with performic acid vapor to oxidize
cysteine to cysteic acid as a first step, so that immobilization
via cysteines does no longer occur (Met and Trp residues are
also oxidized at this stage). After that, oxidized proteins are
digested and the elimination step is performed in the presence



18 A. Leitner, W. Lindner / J. Chromatogr. B 813 (2004) 1–26

of dithiothreitol (DTT). DTT is used as the dithiol compound
to label the previously phosphorylated site. After a reversed-
phase clean-up to remove the reagents, the dephosphorylated
peptides are applied to a thiol affinity resin, where covalent
linkage via the DTT moiety occurs. After a washing proce-
dure to remove unbound peptides, the immobilized fraction
is eluted using an excess of DTT and mass spectrometric
characterization is then possible.

In the article, the authors discuss the problem that sensitiv-
ity is often limited when such complex schemes are applied
(in this case, taking about two days to complete). It is usually
necessary to use amounts above 1�g of starting material to
obtain satisfying results. Such an amount might not always
be available, especially when taking into account that at any
given time, only a small fraction of a protein will be present
in its phosphorylated state.

Marino and co-workers[170] describe a similar strategy
(cysteine oxidation,�-elimination, addition of DTT and en-
richment by covalent chromatography), but introduce differ-
ential quantitation by using d0- and d6-DTT for isotope cod-
ing.

Although possible side-reactions have been mentioned in
other articles as well, McLachlin and Chait are the first to give
a detailed description about the most likely problem with the
elimination step, namely the inadvertent tagging of unmodi-
fi pos-
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years, several methods have been described that used dif-
ferent methodologies to identify which positions in proteins
are involved in glycosylation.Fig. 20illustrates the various
methods.

A classical approach to enrich glycosylated peptides is
by using lectin affinity chromatography[182]. Lectins are
a group of plant proteins binding to glycan motifs in gly-
cosylated peptides or proteins[183]. A number of different
lectins are available that allow the specific selection of gly-
cosylation patterns, but there are also less specific lectins
that allow the isolation of a variety of glycoforms, like the
widely used concanavalin A (Con A). In combination with
global isotope labeling strategies, lectin affinity chromatog-
raphy allows the enrichment of glycosylated proteins and si-
multaneously their relative quantitation. Examples are studies
from Regnier’s group[125–126,130,184–185]and the work
of Kaji et al. [186]. Regnier and co-workers used different
variations of their N-terminal isotope coding strategy (as out-
lined in Section4.1) after specifically selecting glycosylated
peptides with different glycan structures (e.g. Con A for broad
specificity[125–126,184]orLotus tetragolonobus agglutinin
for fucosylated peptides[185]).

Kaji et al. combined a lectin affinity isolation step
with digestion in H2

16O/H2
18O (see Section4.2) for rela-

tive quantitation in an approach they called isotope-coded
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ed serine residues. This, of course, might lead to false
tives and can distort the results of a study. Although it
ound that the extent of serine labeling is typically below
or any given peptide, this still can be significant consi
ng that the relative abundances in a sample can span s
rders of magnitude.O-Glycosylated serine and threon
esidues are also known to be susceptible to�-elimination
nder the conditions used (see also below). Finally, met
ased on phosphate�-elimination are only applicable for th
tudy of phosphorylation on serine and threonine but no
osine.

Despite the above-mentioned problems, these novel c
cal tagging strategies are emerging as alternatives t
mmunoaffinity- or IMAC-based techniques and it can be
ected that more such labeling approaches will be pres

n the near future.

.2. Glycosylation

In contrast to phosphorylation, glycosylation as a p
ranslational modification is much more complex to deal w
n terms of the modification itself because of the enorm
tructural variation of the glycans. While the exact eluc
ion of the carbohydrate moieties is very demanding
eyond the scope of this review), it might be sufficient a

nitial stage of a “glycoproteomic” study to identify only t
lycosylationsites in proteins. Two types of carbohydra
ttachments are usually dominant, namely N-linked gl
ylation on asparagine (in consensus sequences of the
xx-Ser/Thr-type, where Xxx is any amino acid residue
-linked glycosylation via serine or threonine. In the
l

-

lycosylation-site-specific tagging (IGOT). Two batche
rotein mixtures fromCaenorhabditis eleganswere pre
ared. In the first step, glycoproteins with high-mannose
ybrid-typeN-glycans were isolated by Con A lectin affin
hromatography, and the enriched fraction was subject
roteolytic digestion by trypsin. The resultant mixture of n
lycosylated and glycosylated peptides was then purifie
second affinity step, again using Con A. After this tan
nrichment step, N-linked glycans were removed by PNG
(a glucosidase specifically cleaving N-linked glycans

her in H2
16O or in H2

18O. This way, differential labelin
as obtained on the former glycosylation position, simila
method reported earlier by Küster and Mann[187]. After
ixing the two isotope-labeled mixtures, peptides were

yzed by multidimensional HPLC and identified by MS; 4
lycosylation sites were identified in this study.

A similar protocol based on tandem lectin affinity ch
atography both on the protein and peptide level has

ecently described by Bunkenborg et al.[188], although no
sotope coding step was involved in this case. Furtherm
andey and co-workers[189] recently used a combination

ectin affinity chromatography (for enrichment) and PNG
digest in H2

18O (for labelingN-glycosylation sites) to an
yze the proteome of human bile, identifying 87 proteins
3 glycosylation sites.

Apart from their general isotope labeling concept (IC
47]) and their phosphopeptide enrichment strategy[167],
ebersold and co-workers[190] described the isolation
lycoproteins using solid-phase capture: In their appro
is-diol groups in carbohydrate residues are oxidized with
iodate and the glycoproteins are coupled to hydrazine b
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Fig. 20. Identification strategies for N-linked glycoproteins in complex mixtures using solid-phase capture and hydrazide chemistry[190] (left) or tandem
lectin affinity chromatography[186] (right), both in combination with differential isotope coding for relative quantitation.

via the aldehyde groups that are formed (Fig. 21). An enzy-
matic digestion step is then performed so that only the pep-
tides bearing the glycosylation remain while all others are
washed away. While still being immobilized, glycopeptides
are differentially labeled with d0- or d4-succinic anhydride, so
that relative quantitation of two populations (captured on two
separate batches of beads) is possible. After the isotope cod-
ing step, peptides are released in their deglycosylated form
after treatment with PNGase F. Analysis was performed by
on-line�LC–ESI-MS/MS or off-line�LC–MALDI-MS af-
ter combining the two batches. The method allowed the iden-
tification of 145 glycosylation sites in human serum proteins.

As already mentioned previously, O-linked glycosides can
be removed under basic conditions similar to the dephospho-
rylation technique used for analysis of protein phosphoryla-
tion. Wells et al. used this reaction to identifyO-GlcNAc-

Fig. 21. Periodate oxidation ofcis-diol moieties in carbohydrates and cou-
p

modified sites in various proteins[191]. In their method, O-
linkedN-acetylglucosamine moieties were cleaved off serine
and threonine residues by base-catalyzed�-elimination, fol-
lowed by the addition of DTT or biotin pentylamine. DTT-
labeled peptides could be enriched by covalent chromatogra-
phy on thiol-Sepharose, while the latter reagent allowed the
isolation of deglycosylated peptides by biotin–avidin affinity
chromatography prior to further mass spectrometric charac-
terization by MALDI-MS or LC–ESI-MS/MS.

As was shown in this section, in the case of glycosylation,
most methods currently rely on established affinity enrich-
ment using lectins, sometimes in combination with stable-
isotope labeling. Nevertheless, chemical tagging concepts
like the two examples given here demonstrate that they can
be complementary tools.

5.3. Tyrosine nitration

Nitration on tyrosine, a less frequent, but also biologi-
cally relevant post-translational modification[192], has been
probed by Nikov et al.[193] using another variation of the
biotin affinity tag concept. In this approach (illustrated in
Fig. 22), the nitro group of 3-nitrotyrosine is first reduced
to the amine using sodium hydrosulfite (Na2S2O4), followed
by the aminotyrosine-specific attachment of a cleavable bi-
o to
ling to hydrazine beads[190].
 tin tag. The lower pK value of aminotyrosine (relative
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Fig. 22. Strategy for the affinity enrichment of nitrotyrosine-containing pep-
tides[193]. For details, see text.

N-termini or the amino group of lysine) causes the succin-
imide moiety of the biotin tag to react with this amino group
exclusively at a solution pH of 5.0. Following a biotin–avidin
affinity chromatography step, the tag is cleaved by reduc-
ing the disulfide bond, thereby avoiding interferences during
the mass spectrometric detection step. Using this procedure,
NO2Tyr-containing peptides could be successfully isolated
from digests of nitrated human serum albumin, although it
has not yet been shown how well this procedure can be ap-
plied to more complex samples.

6. Tandem MS tagging

As was already pointed out above, tagging strategies for
MS-based proteomics are not restricted to affinity labeling
for sample prefractionation and stable-isotope labeling for
comparative quantitation. Sometimes, it is also desirable to
label peptides to improve mass spectrometric sequencing.

Fig. 23. N-terminal charge derivatization reagents for the modification of
peptide fragmentation.

A number of strategies for charge derivatization have been
presented in the literature and the developments until the
end of the 1990s have been reviewed in detail by Roth et
al. [194]. Since then, two techniques have been most promi-
nent in the literature: N-terminal sulfonation and attachment
of phosphonium groups to the N-terminus of peptides (see
alsoFig. 23).

6.1. Addition of a negative charge by sulfonation

In 1999, Keough and co-workers[195] first presented
a strategy to introduce a permanently negatively charged
sulfonic acid moiety on the N-terminal amino group. The
initial method was based on derivatization with either 2-
sulfobenzoic acid cyclic anhydride or chlorosulfonyl acetyl
chloride. Later, 3-sulfopropionic acidN-hydroxysuccinimde
ester was used for modification[196]. This reagent was
found more suitable because of the possibility of perform-
ing the reaction in aqueous solution and even while the pep-
tides are adsorbed to solid-phase extraction tips. A reaction
kit based on the latter reagent is now commercially avail-
able from Amersham Biosciences under the name EttanTM

CAFTM MALDI sequencing kit[197], where CAF stands for
“chemically assisted fragmentation”. Various applications
have demonstrated that this sulfonation procedure is rou-
t such
a resis
[

ively
s -ions
a dras-
t his
inely applicable to derivatize small amounts of peptides
s those recovered from two-dimensional gel electropho

198–200].
The attachment of the negatively charged group effect

uppresses the N-terminal fragment ions, so that only y
re observed. Consequently, MALDI-PSD spectra are

ically simplified although the approach is not limited to t
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Fig. 24. Modification of the arginine side-chain by the butanedione–phenylboronic acid tag[215].

type of instrument, since the derivative is also reasonably
stable during CID as shown in[201].

A different sulfonation protocol is based on the reaction
of the N-terminal amino group with 4-sulfophenylisothiocy-
anate (SPITC). This reaction was first applied to peptide
analysis by Gevaert et al.[202] although they reported only
limited fragmentation efficiency in MALDI-PSD experi-
ments compared to Keough’s original approach. In addition,
they stated that the large amounts of sample necessary to per-
form the reaction were limiting routine application. However,
in 2003, Marekov and Steinert[203] presented an improved
procedure allowing rapid (20 min) derivatization and PSD
sequencing of peptides at a level of approximately 10 pmol.
Very recently, two additional articles describing modifica-
tions of their procedure by other groups have been published
[204–205]. Wang et al.[204] used pure aqueous derivatiza-
tion conditions and reported a further increase in sensitivity,
while Chen et al.[205] developed a protocol to tag peptides
while adsorbed on reversed-phase solid-phase extraction mi-
crocolumns.

Regardless of the actual reagent or protocol used for sul-
fonation, it has been necessary to modify lysine residues –
typically by guanidination – prior to performing the charge
derivatization step. Attachment of a second negatively
charged moiety in the peptide would drastically reduce ion-
i ides
w co-
w , ly-
s they
h ides.
D med
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Fig. 23) to attach the positive charge, but other approaches
have also been reported[210].

Although applications for peptide sequencing have been
shown[211–213], this strategy has not been used widely so
far. However, Czeszak et al.[214] have shown that TMPP-
modification can be used to analyzeO-glycosylated peptides
by MALDI-PSD. In contrast to fragmentation by collision-
induced dissociation, the glycan moiety is not cleaved off
under PSD conditions, therefore, this strategy allows the lo-
calization ofO-glycosylation sites. The TMPP-Ac reagent is
also commercially available (Fluka, Buchs, Switzerland).

6.3. Significance of charge derivatization reactions

Roth et al. [194] summarized in their review that to
be useful, such charge derivatization reactions should be
rapid, quantitative and without unwanted side-reactions.
Even if these criteria are fulfilled, such methods are not as
widespread, in part due to limited availability of reagents or a
reduction in detection sensitivity. Still, the CAF reagent has
shown that the strategy can be a useful tool for proteomic
applications, when these drawbacks are absent[198–200].

When one considers that a large number of tandem MS
spectra obtained from LC–MS runs does not yield inter-
pretable information, the development of complementary tag-
g more
c tion
b hain
o sent
i n be
d ough
s s.

the
g ults
h ine-
c gree.
A de-
v s
f es in
a

7

have
s eady
h rious
t xity,
zation sensitivity, especially in the case of tryptic pept
here lysine is located on the C-terminal end. Lee and
orkers[206], however, noted that under their conditions
ine residues were not modified by SPITC. In addition,
ave used LC–ESI-MS/MS to study the sulfonated pept
oubly charged peptides (which are predominantly for
uring ESI) mainly showed a loss of the N-terminal am
cid or the tag itself while other y-ions were strongly redu

n their relative abundance. As expected, no b-ions wer
erved.

.2. Addition of a positive charge using phosphorous
ompounds

While sulfonation suppresses fragment ions origina
rom the N-terminus, the opposite can be achieved b
aching a permanent positive charge on the N-term
hereby causing the preferential formation of N-term
ragments (a- and b-ions). Several strategies have bee
ented that typically involve derivatization with phosphi
r phosphonium salts. Watson and co-workers[207,208]
s well as Strahler et al.[209] have used an activat

ris(trimethoxyphenyl)phosphonium acetate (TMPP-Ac,
-

ing reagents could be valuable. For example, another,
hallenging target for the manipulation of the fragmenta
ehaviour of peptides is the guanidino group in the side c
f arginine. Especially when multiple arginines are pre

n a peptide, the number of informative fragment ions ca
rastically reduced so that it is not possible to extract en
equence information for successful database searche

Our group is dealing with derivatization reactions for
uanidino group to alleviate this problem, and initial res
ave shown that the fragmentation behaviour of argin
ontaining peptides can indeed be altered to some de
ttachment of the butanedione-phenylboronic acid tag
eloped in our laboratory (Fig. 24) [215], for example, wa
ound to suppress cleavage C-terminal to acidic residu
rginine-containing peptides[216].

. Conclusion and outlook

The numerous examples in the previous sections
hown the impact that chemical tagging strategies alr
ave for proteome analysis by mass spectrometry. Va

ypes of tags allow the reduction of sample comple
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Table 2
Some decision-making points for the choice of chemical tagging strategies

Stage of the introduction of the tag
Isotopic labeling alone or in combination with affinity tagging
Labeling conditions
Influence on chromatographic separation and mass spectrometric detection
Commercial availability and cost of reagents
Software support for data analysis

enable relative quantitation of protein amounts between two
samples and aid in de novo sequencing and interpretation
of tandem MS spectra. New tagging concepts are emerging
rapidly and already established ones are used for more varied
applications. To name just a few, isotope-coded affinity tags
have been used to study protein interaction networks on a
quantitative level[217–218], to identify oxidation-sensitive
cysteine residues[219] or to investigate the localization of
organelle proteins[220].

However, there are still some general limitations of the
various methods published until now. For one, many of the
tagging reagents are not commercially available, which lim-
its their widespread use. Amino acid- or PTM-specific tags
by far do not cover all interesting targets. There is still a
need for methods directed at post-translational modifications
other than phosphorylation and glycosylation, and probably
for more tags that attach to amino acids other than cysteine
as well. The development of new tagging chemistries will
therefore be of interest to researchers in proteomics for years
to come.

Despite being beyond the scope of a review focusing on
chemical tagging strategies, one should not forget that there
are also alternative workflows to achieve the same goals like
by using tagging schemes. Simplification of complex mix-
tures is possible by multidimensional fractionation proto-
c plus
r ations
t -MS
i o ex-
t We
f lf is
p ap-
p on so
p

most
a the
v the
r cess
a

t
f tion
o ors
d that
i ical
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at the earliest possible time. Still, from the results reported
in the literature it can be inferred that instrumental variation
during mass spectrometry seems to be another important
factor influencing the accuracy of the results. In addition,
metabolic labeling is still not possible for all types of samples
despite the fact that is has been successfully demonstrated
even for mammals now[221].

Use of affinity tags: Whether a specific method for the
reduction of sample complexity is necessary or a more
general fractionation will suffice very much depends on the
question that has to be answered. The use of amino-acid
specific affinity tags will inevitably lead to a loss of peptides
not containing these particular residues, which is on the
one hand desired, but prohibits the detection of most
post-translational modifications. Affinity tags are therefore
more suitable for general protein profiling, or PTM-specific
tags have to be chosen. Non-specific and/or irreversible
binding for some techniques has to be also considered.

Labeling conditions: Some methods described here
require lengthy sample preparation, sometimes even taking
several days. Whether this is acceptable can only be judged
o little
i like
s ither
b lexity
s ause
s data
a nal
m

etry
F n of
l en-
a s to
b ling
w lly
t more
c ntly
a po-
l vice
v

ndant
f pli-
c less
p rticu-
l ita-
t ver-
l h is
o e the
c t,
l

ols based on chromatography (e.g. by cation exchange
eversed-phase LC) or gel-based procedures or combin
hereof. High-end mass spectrometers, especially FTICR
nstruments, can deal with more complex mixtures due t
remely high resolution, dynamic range and sensitivity.
eel that today there is no single strategy that by itse
erfectly suitable for all “proteomic” problems and that
roaches based on chemical tagging and those based
histicated instrumentation complement each other.

For those researchers who have to choose the
ppropriate method to solve their specific problem,
ariety of available techniques makes it difficult to find
ight one. Many points have to be considered in the pro
nd we have listed some of them inTable 2:

Stage of introduction: This is particularly importan
or relative quantitation purposes. An early introduc
f the isotope tag during the workflow minimizes err
uring further preparation steps and it is often argued

n this aspect metabolic labeling is superior to chem
pproaches since the incorporation of the tag takes p
-

n a case-by-case basis. Typically, there is only
nformation in the original papers on important aspects
pecificity or completeness of the tagging reaction, e
ecause it has only be used on samples of limited comp
o that potential limitations were not detected or bec
uch problems were simply not considered during
nalysis. A possible instability of various post-translatio
odifications has also to be taken into account.

Influence on chromatography and mass spectrom:
or stable-isotope labeling, chromatographic separatio

ight and heavy forms of peptides labeled with hydrog
nd deuterium-containing tags is possible, so this ha
e considered during data analysis. Alternatively, labe
ith 13C and/or 15N can be performed although usua

he reagents are more expensive and the synthesis is
hallenging. The attachment of large labels can significa
lter the chromatographic behavior, especially when

ar groups are replaced by more hydrophobic ones or
ersa.

As already mentioned above, some tags generate abu
ragment ions in MS/MS experiments thus possibly com
ating data analysis. Replacement of polar groups with
olar ones also tends to reduce detection sensitivity, pa

arly in ESI-MS. Finally, the mass shift for relative quant
ion experiments has to be sufficiently high to avoid an o
ap of the isotope patterns of light and heavy forms, whic
f increasing importance for higher mass peptides wher
ontribution of naturally abundant13C is more significan
eading to broader isotope distributions.
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Commercial availability and cost: Commercial avail-
ability certainly plays a role when laboratories do not have
the capacity to perform syntheses themselves, which is less
likely for biology-oriented facilities. On the other hand, the
cost of commercial kits is sometimes also prohibitive, espe-
cially when a large number of complex samples (meaning
large amounts of proteins) is being processed.

Data analysis: Data analysis is currently very much
the bottleneck for laboratories capable of running high-
throughput MS analyses. Commonly used database search
programs can usually be adapted to consider artificial mod-
ifications, although normally this does not take potentially
altered fragmentation into account. Manufacturers of MS in-
strumentation increasingly provide specialized software for
proteomics applications including, for example, capabilities
for automated analysis of relative quantitation experiments.

Finally, current tagging strategies almost exclusively rely
on chemical reactions prior to any separation or detection
steps. Recently, totally new concepts have emerged that might
offer complementary approaches in the future. For example,
the electrochemical tagging of cysteine residues in proteins
directly on an ESI chip has been demonstrated by Girault
and co-workers[222–223]. In their approach, free Cys-thiol
g in
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t
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a ent,
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