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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
labeling) strategies have been developed that target specific amino acid residues or post-translational modifications, enabling the enrichment
of subfractions via affinity clean-up, resulting in the identification of an ever increasing humber of proteins. In addition, the attachment of
stable-isotope-labeled tags now allows the relative quantitation of protein levels of two samples, e.g. those representing different cell states,
which is of great significance for drug discovery and molecular biology. Finally, tagging schemes also serve to facilitate interpretation of
MS/MS spectra, therefore assisting in de novo elucidation of protein sequences and automated database searching. This review summarize:
the different application fields for tagging strategies for today’s MS-based proteome analysis. Advantages and drawbacks of the numerous
strategies that have appeared in the literature in the last years are highlighted, and an outlook on emerging tagging techniques is given.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction it is difficult to describe every single method in detail, so

sometimes concepts are only briefly mentioned. To follow
Since the mid-1990s proteomics, typically defined as the the rapid progress in the field, it was attempted to include the
complete analysis of the protein complement of a cell or an very latest developments at the time of writing.
organism (the proteome), has rapidly grown in importance  As this review covers only chemical tagging strategies,
as a discipline in the life sciences. Since then, several sub-other complementary protocols will be mentioned only when
disciplines like “descriptive” proteomics, dealing exclusively appropriate. For a more detailed insight into such related top-
with the cataloging of proteins, “functional” proteomics, fo- ics as well as for more general articles on proteome analysis
cusing on the dynamic state of the proteome, or “interac- by mass spectrometry, the reader is referred to several excel-
tion” proteomics attempting to explore protein interactions lent reviews that have been published recefitiy13].
(the “interactome”), have emerggl]. Uniting all the knowl-
edge emerging from the various aspects of proteome anal-
ysis will eventually lead to substantial progress in biology, 2. Current limitations in MS-based proteomics
medicine, pharmacy and other life science disciplines over the
long-term. We have chosen three topics to demonstrate the impact
Mass spectrometry (MS) plays a central role in proteomics of tagging strategies on proteomics projects in combination
research, not only since the Nobel Prize in Chemistry has with mass spectrometric analyses. These are:
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 ; L . .
: ) : ¢ the relative quantitation of protein levels by comparative
for the modern MS analysis of proteins and peptides. But : o
despite the fact that mass spectrometers have become more stable-ls_o t ope labeling; . _
. ¢ the modification of the fragmentation behaviour of pep-
powerful, easy to use and affordable in recent years, the suc- . . 2
) . ; tides using charge derivatization.
cessful outcome of a proteomics project relies also on the
sample handling and prefractionation steps that come before These are the most important fields of application where
mass spectrometric detection and identification. tagging strategies play a significant role. Of course, apart
For the analysis of proteins from complex biological mix- from that there are numerous other approaches in proteome
tures, a number of limitations still remain that cannot be research that aim to increase sample throughput, sensitivity,
overcome simply by improvements of MS systems alone. confidence of protein identification and many other aspects.
In this review, we address some of these current “bottle- This, in turn, leads to the situation that sometimes more data
necks” in proteomics and highlight the role that chemical is generated than can be reliably interpretet]. Public dis-
tagging strategies play to overcome them. We define “chem- semination of raw data is also not yet common pradti&.
ical tagging” methods here as those methods that involve theStill, we are currently in a period of rapid progress in this
modification of functional groups of amino acid residues, field, and concepts based on chemical modifications are part
including post-translational modifications, in proteins and ofthe methodological advances that can help to fulfil the great
peptides. expectations in proteomics.
It is our intention to provide a comprehensive account
of the status quo, by including lesser-known methods and 2.1. Reduction of sample complexity
stating advantages and limitations of both general concepts
and individual strategies. However, due to the ever-growing  Even the most advanced MS instrumentation available
number of novel tagging techniques reported in the literature, today is not able to deal with very complex biological

e the reduction of sample complexity using affinity tags or
related methods, typically used in the course of presepara-
tion concepts;
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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 mixture

protein mixtures. Well-known drawbacks of the technique affinity enzymatic
are limitations in the pand molecular weight of proteins tagging / \ digestion
(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 éx P ,::/, ?
abundant proteins are either not detected at all due to the r& i",_j/,k;;
limited sensitivity achievable with commonly used dyes, or ’é ~ [ f’—/p
they are masked by higher abundant comigrating proteins. -
Hydrophobic membrane proteins are known to be difficult enzymatic affinity
to solubilize prior to GE separation and are typically under- digestion l l tagging
represented in proteomic studies using gel electrophoretic
separation. e -
While 2D-GE still can be considered the most widely / }/jzi&"q J }f 37,1&“2
used separation technique prior to MS analysis, liquid chro- — ?ﬁ*ﬁ/y/(ﬂ ,J)\-o/ﬂ
matographic and, to a lesser extent, capillary electrophoretic ?Z 4 Z (;4,

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
further separation steps. This strategy, also called “bottom-
up” approach, takes advantage of the higher separation effi-
ciency of chromatographic techniques on the peptide rather
than the protein level. Gel-free techniques overcome some of
the limitations of gel-based techniques although they lack in
resolution of individual sample constituents, even when two-
dimensional HPLC — typically consisting of an ion exchange
step in the first dimension and reversed-phase separation in
the second — is performed.

At this point, so-called affinity tagging (or labeling) pro-
cedures can be used to specifically enrich a subpopulation of _. _ _ _ —

. . . Fig. 1. The use of chemical tagging strategies for sample fractionation. A
pept!des fromthe tOt_al d'geﬁ'g- D. F,Or examplg, only those protein mixture is either first labeled with an affinity tag and then digested
peptides that contain a certain amino acid will be targeted. (eft) or first digested and then labeled (right). In both cases, labeled peptides
Via chemical modification, an affinity tag (e.g. containing a are subsequently enriched by an affinity chromatography step, so thatideally
biotin moiety) is attached to the functional group of interest, only the tagged peptides remain.
allowing the sample to be purified by affinity chromatography
(in this case, biotin—avidin chromatography). If a relatively 2.2. Tagging for quantitative proteomics
rare amino acid, like, e.g. cysteine or tryptophan, is chosen as
atarget, only a relatively small fraction of peptides will carry In large-scale proteomic projects, thbsolutequantita-
this residue, resulting in a significant reduction of sample tion of the levels of even the majority of all proteins that are
complexity due to the affinity separation concept. However, identified is usually not feasible, although it can be performed
in most cases, it is still possible to deduce the parent proteinfor selected proteins even in a complex mixt[iré-18] For-
from which the peptide originated in the final data analysis tunately, it is very often sufficient to obtain information on
step. With a similar strategy, it is also possible to isolate post- therelativeamounts of peptides (and, subsequently, proteins)
translationally modified peptides from a mixture. Frequently, intwo samples representing two different sample conditions.
affinity tagging is also combined with stable-isotope label- Examples are cells grown on different culture media, cells
ing in some form to allow relative quantitation (see also the from healthy and tumor tissue, etc. In general, the levels of

enrichment step
(affinity isolation)

enrichment step
(affinity isolation)

/
Ry
oy P
l

additional separation steps,
MS detection

following section).

Sections3 and 5of this review will focus on the ap-
plication of chemical tagging for the reduction of sample
complexity.

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
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or other biochemical pathways can be elucidg1etl9]. Fre-
quently, a higher protein level in one sample is directly as-
sociated with upregulation of the expression of this protein.
As Julka and Regnig20] 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
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overcome some of the limitations of gel-based quantification J ’ /(_,,'_ng J fj_/(,.:(q
[21-22] problems generally associated with 2D-GE (limited ‘—:_ff o k:\??j 7
molecular weight andlganges, etc.) still remain. At the end g S

of the 1990s, techniques began to emerge that did not make
use of relative quantitation during tleeparationstep (i.e.
on the gel), but rather during the (mass spectrometic)

label with
“light” tag

label with
“heavy” tag

tectionstep. This is achieved by introducing stable-isotope

labels or “tags” into the intact proteins or — after the digestion " f
step — into the peptide&ig. 2illustrates the principle: One dd ;Fr ‘ﬁ? o" ’ /{,L(q
sample is labeled with an isotopically “light” tag (contain- < P i’.?q e M}“}}?
ing, for example!H, 12C, 1N or 180), the other sample with ML 7 ”.5 -/
the “heavy” tag containingH (=deuterium, D)13C, 15N or

180, Depending on the experimental set-up, samples are com- b

bined at a certain point during the sample preparation stage samples /

and are introduced simultaneously into the mass spectrome-
ter, after prior gel electrophoretic or liquid chromatographic
separation. Thus, both forms of the peptide (light and heavy
form) are similarly affected by variations in the ionization
process (e.g. suppression effects caused by coeluting com- / \
pounds in ESI, inhomogeneous crystallization in MALDI).
Because light and heavy forms serve as mutual internal stan-
dards, the relative intensities of the two forms should accu-
rately reflect the ratios of the peptides (and therefore the pro-
teins) in the original samples. Some groups have, however,
reported that quantification is also possible without resort-
ing to isotope coding, by comparing MS signal intensities
in the two sample{523—26]or database identification scores Fig. 2. Concept of stable-isotope labeling for relative protein quantitation.
[27_281 Two samples containing different protein amounts (red and blue, respec-

Isotope coding can already be performed during cell cul- tively) are digested seperately and the protein mixtures are then individually
ture, either by growth on isotope-labeled meffié—34] or labeled by an isotope tag in either its light (white circles) or heavy form (grey
by supplementing growth media with labeled amino acids circles).Aﬁercombingtion of the two samples, further_analysis_ is performed
[35_431 This strategy has the advantage that all further sam- gn the_ combined peptide pool. Mass spectra'show signal pairs of the same

. .. intensity when equal protein amounts were originally present (bottom, left).

ple preparation steps can be performed after combining theDh‘ferences in abundance are reflected in a ratio other than one, in this case
differentially labeled samples, thereby minimizing effects of 2:1 (bottom, right). Alternative workflows are also possible.
parallel sample processing.

However, cell culture labeling is unsuitable for many types for quantitation. Section8 and 4present the different con-
of samples (body fluids, human tissue, etc.), and so most ofcepts for relative quantitation that are in use.
the labeling techniques again use some form of chemical tag-
ging. Often, tags differing in their isotopic composition are 2.3. Modification of fragmentation patterns
attached to functional groups of amino acid residues, espe-
cially to the thiol group of cysteine. Isotope codingcanalsobe  Protein identification by tandem mass spectrometry takes
combined with affinity tagging by using affinity tags that are advantage of the fact that peptides typically fragment along
available in two isotopic forms, so that relative quantitation their backbone, i.e. at or near the amide bond, when sub-
and reduction of sample complexity can be achieved simul- jected to collision-induced dissociation in the collision cell
taneously. Alternatively, isotope tagging can be performed of atandem mass spectrometer. Ideally, bond cleavages would
on the N- and C-termini of peptides, thereby ensuring that all occur at every amide bond, however, there are a number
peptides in the sample are differentially labeled and amenableof reasons why this is not always the case. Fragmentation

separation, MS analysis

equal amounts different amounts

J r <
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pathways and relative intensities of fragment ions are in-  Strategies to introduce fragmentation tags will be dis-
fluenced by the presence of certain amino acid residues,cussed in more detail in Secti@n
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 3. Chemical labeling of amino acid residues with
is not present in a database and has to be elucidated de novisotope and/or affinity tags
[44]. Also, post-source decay (P$Ib]), a dissociation tech-
nique used in combination with matrix-assisted laser des- As was already noted before, chemical tagging of specific
orption/ionization (MALDI), typically generates fragment amino acid residues in peptides and proteins can be used to
ion spectra of lower quality, making interpretation more introduce both stable-isotope-coded groups for relative quan-
challenging. But even for routine MS/MS analyses in pro- titation in complex mixtures and to attach affinity tags to
teomics, a significant number of spectra is of insufficient specifically enrich/isolate the peptides containing such a mo-
quality so that database searches do not yield any satisfactoryif.
results. Considering the nature of the 20 proteinogenic amino
One way to facilitate the analysis of tandem MS spectra acids, the choice of functional groups to be tagged is rather
is by attaching a permanently charged tag to one of the pep-limited. Cysteine is very frequently used because its thiol
tide termini. This way, charge neutralization of ions carrying group can be specifically modified, for example by reagents
either the N- or the C-terminus is achievédy. 3illustrates possessing iodoacetyl or vinyl functionalities. Such reagents
the principle: When a positively charged peptide ion is frag- have been in use for a long time to alkylate free cysteines after
mented, the charge can remain either on the fragment car-the reduction of disulfide bonds. Due to this fact, many dif-
rying the N-terminus or on the one carrying the C-terminal ferent stable-isotope labeling reagents that modify the thiol
end. The relative charge state distribution is dependent ongroup of cysteine have been reported. In addition, Cys is a
the fragmentation mechanism and on the respective protonrelatively rare amino acid, with an average relative abundance
affinity of the fragments. of only 1.1% across several spec|d§]. Therefore, it is an
Usually, both N-terminal b-ions and C-terminal y-ionswill  attractive target to achieve substantial simplification of pep-
appear in the spectrum, making assignment of the signals am+ide mixtures using affinity tags. Cysteine-specific tagging
biguous. If only b- or y-ions are present, sequence elucidationschemes are discussed in Secfioh
is much more straightforward. This can be achievedinseveral  Specific tagging of lysine (via amidination/guanidination)
ways. For instance, if a negatively charged group is added toor tryptophan (modification of the indol system) has also been
the N-terminus of the peptide, this will result in the charge reported, such methods are among those presented in Section
neutralization of all N-terminal fragments carrying the tag, 3.2 In addition, several other specific tagging methods will
so that only fragments from the C-terminus (y-ions) will be be presented there.
observed in the tandem MS spectrum. A negatively charged
group on the C-terminus, on the other hand, would result in 3.1. Cysteine-specific tagging
the observation of N-terminal ions exclusively.
Among the amino acid-specific tagging strategies, by far
the most are directed towards cysteine residues. Various la-

A-B-B-C-D beling chemistries specific for thiols are being used that are
most often based on the reaction with iodoacetyl groups (for
direct MS/MS N-terminal tagging alkylation) or with reagents containing double bonds (for
analysis / \ followed by MS/MS Michael-type addition reactions).

The one that probably had the highest impact of all Cys-
DCEB B A specific tags is the isotope-coded affinity tag (ICAT) devel-
o —f— 1 oped by Aebersold and co-workg4¥]. One of the main rea-
Y4
Ya Yy
1

b- or y-ions ?
sons is that is was the first reagent of its kind that was made

commercially available in the form of an analysis kit, by Ap-

y plied Biosystems (Foster City, CA, USA) in the year 2000.
The original version of the ICAT is shown ig. 4 The tag
consists of a cysteine-reactive iodoacetyl group that allows

Fig. 3. Simplification of MS/MS spectra by charge neutralization. Left: A the SPeC'f'C ?‘ttaChment of the label to the thiol QrOUp of the
model peptide ABBCD (with A, B, C and D representing different amino  Cy$ Side chain ata pH of about 7-8. A polyether linker serves
acids) is subjected to collision-induced dissociation, resulting in amixture of as the isotope-coded region in the tag: The reagent is avail-
different fragments, making sequence elucidation de novo difficult. Right: gp|e in two forms, the light form containing eight hydrogens
After the attachment of a permanent negative charge on the N-terminus o, the heavy form containing eight deuteriums. Attached to
(denoted by an asterisk), the formation of b-ions is suppressed and y-ions . . .. . . L.

the polyether linker is a biotin moiety, so that in addition to

constitute most of the product ions, making sequence elucidation straight- . .
forward. serving as an isotope-coded label, the ICAT also allows the
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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

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 ligé#) (d
form of the ICAT and the other with the heavysiiform. 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

biotin—avidin affinity chromatography (A), an isotope-coded linker region, mass shift that will be observed in the mass spectra is prede-
using hydrogen or deuterium in the first version (B), and a thiol-reactive fined, namely 8 Da. So, a singly charged peptide containing

iodoacetamide group that allows alkylation of cysteine residues with the

ICAT (C).

(more orless, see below) specific isolation of labeled peptides

by means of biotin—avidin affinity chromatography.

one Cys will appear as a doublet separated twznits, its
doubly charged form will differ by 4vz units and so on.

Since the introduction of the ICAT procedure, a number
of applications have appeared in the literature, [@8-58]

The affinity step significantly reduces the complexity of Theoretically, the ICAT should be the ideal tag for proteomic
the protein or peptide mixture because only a fraction of all @pplications, especially since software from various instru-
peptides resulting from an enzymatic digest will contain cys- ment manufacturers as well as protein database search en-
teine. Even when only Cys-containing peptides are detecteddines now routinely allow specifying ICAT labeling as an
by this strategy, this is still theoretically sufficient to receive atificially introduced amino acid modification. Specialized
a high proteome coverage since the majority of all proteins software has been developed that automates the quantifica-

contains at least a single cysteine (approximately 92%.in

tion proces$59-62] But some criticism emerged relatively

cerevisiag generally >80% for all species) and the proteins S00n after the presentation of the method, possibly boosted
can be identified from this one single peptide via database Py the commercial availability of the kits and its relatively

searches.

The typical workflow for ICAT-supported proteomic stud-
ies is outlined irFig. 5. It is possible to introduce the affinity

widespread use.
For example, while this approach will cover most of the
proteins, there may be some classes of proteins that typi-

label either at the protein stage, e.g. before gel electrophoreticcally contain very little cysteine. Potentially significant post-

sample 1 sample 2

==

ﬂ cell lysis or pretreatment ﬂ
+ “light”
ICAT
&> combine extracts <:£

J

digestion step

4

enrichment of Cys-peptides
by avidin affinity chromatography

g

separation and quantification by MS

Fig. 5. Schematic representation of the ICAT workflow. ICAT-labeling can

labeling step ﬂ * "::.f:?"

translational modifications are rarely observed because they
would have to occur on the Cys-peptides because only these
are captured during the affinity clean-up step. Of course, this
is the same for other amino-acid-specific methods, and it is
also possible to further analyze the flow-through from the
avidin column. On the other hand, the avidin affinity clean-up
step sometimes suffers from significant non-specific binding
of Cys-free peptides and/or irreversible adsorption of some
Cys-peptide$63].

Regnier and co-worker64] were the first to point out
that liquid chromatographic separation can occur between
the ¢- and g-forms of ICAT-labeled peptides, in extreme
cases even reaching baseline separation. This can severely
affect the accuracy of the quantitation, regardless whether
mass spectrometric analysis is carried out by ESI or MALDI:
For ESI, ionization suppression effects can vary with chro-
matographic elution time so that the two forms are differently
affected. When off-line HPLC prefractionation is performed
prior to MALDI-MS detection, e.g. in combination with au-
tomated target spotting, the two forms can be present in dif-
ferent fractions that are spotted. Therefore, it is absolutely
necessary that the whole chromatographic peak (containing
both the @¢- and the g-forms) is used for relative quantitation
and not just a few selected spectra because they would not ac-
curately reflect the peptide ratios. Further work in the group
of Regnier revealed that isotope labels ustAg and13C

also be performed after the digestion step, so that peptides, notintact proteins@S the isotope pair do not exhibit this chromatographic frac-

are labeled (not shown). For details, see text.

tionation, as shown for Cys-reactive tags similar to the ICAT
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[65-66] Another disadvantage related to liquid chromato- an iodoacetyl group again serves as the Cys-(thiol-) reactive
graphic separation of ICAT-labeled peptides is that the hy- group.
drophobic biotin moiety of the isotope-coded tag influences  The whole analytical strategy is similar to the solution-
overall retention behavior of the peptides therefore causing aphase ICAT. Two protein mixtures are independently digested
relatively narrow elution zone of all tagged peptidég]. and Cys side chains reduced before they are — still separately
Furthermore, the significant mass increase of the label— applied to the reactive beads. Non-specifically bound pep-
(442 Da for the light tag) causes loss of possibly important tides are then removed by a thorough washing step and cap-
low mass fragment ions when ion trap mass spectrometerstured peptides are photocleaved off the beads by irradiation
are used, since they have a lower mass cutoff in MS/MS ex- in a form directly suitable for subsequent (LC)-MS/MS anal-
periments that is in the range of 1/3 of thwéz ratio of the ysis.
precursor ion. As an example, this cutoff is shifted upwards  The method has been used for protein profilin§otere-
by more than 7@vz units for a typical doubly charged pep- visiaestrains grown under different conditions. The authors
tide containing one Cys. It was also shown that because ofstate various advantages compared to the classical ICAT ap-
its size, the ICAT label itself can yield a number of fragment proach described above: Because isolation of Cys-peptides
ions [49,68], therefore complicating product ion spectra or and isotopic labeling is performed in one step, this procedure
even causing false positive identifications. Smaller labels, in- is less labor-intensive; non-specific binding is reduced be-
cluding the improved ICAT versions shown below, usually cause more stringent washing steps can be performed on the
have only little influence on the fragmentation behavior of covalently attached peptides. The smaller isotope label intro-
peptides as peptide bond cleavage is energetically preferrecdduced with this protocol also causes less fragmentation of the
in these cases. label itself and less interference with detection on ion traps.
Allthese possible limitations that have been pointed out by However, photochemical reactions are less reliable than other
various authors led to the development of modified versions cleavage processes, even more so for on-bead reactions. This
of the ICAT. The first was reported by the Aebersold group may be a cause why, beside the original article, no further
in 2001: The “solid-phase ICAT[69]. This approach used applications of the solid-phase ICAT have been reported in
an isotope-coded tag immobilized on glass beads as showrthe literature so far.
in Fig. 6. The tag is attached to the surface of the beads via  Recently, an improved version of the original ICAT label
an amide bond and includes a photocleavable linker, which has been made commercially available by Applied Biosys-
makes it possible to detach the tagged peptides by UV irra-tems. The so-called “cleavable ICATFig. 6) uses'?C and
diation. Simplification of complex mixtures is therefore pos- 13C instead ofH and?H and therefore does not cause chro-
sible without biotinylation. Isotopic labeling is achieved by matographic separation of the light and heavy forms. In addi-
including a leucine moiety in either itgdor d;-form and tion, it contains a linker group that can be cleaved under acidic
conditions, resulting in a smaller moiety being attached to the

(a) Solid-phase ICAT peptide, very similar to the solid-phase-derived tag. First ap-
plications have been describf¥,70-77] In particular, Yu
isotope tag et al.[74] addressed important issues such as MS/MS behav-
et ior, necessary clean-up steps, completeness of labeling and
- — accuracy of the quantitation. Judging from the available data,
site wj‘j\ J\/l Ciafeadtive the cleavable ICAT seems to represent a S|gn|f|c_a!1t improve-
N group ment over the original design. Despite the promising results,
. ° the significant cost of the reagent might still be a reason lim-
,ﬁ\/\, OCH; iting the more widespread use of the ICAT strategy outside
Beads— & of the industry.

i Another ICAT variation are the so-called visible isotope-
phelaciegablenker coded affinity tags (VICATs[78]). The VICAT approach
allows theabsolutequantification of proteins in a complex
mixture following a strategy outlined iRig. 7. In this proto-
{b) Cleavable: [CAT col, three different isotope-coded tags are used: A “normal’
tag for labeling the complex sample (VICAT), a tag for la-

o] [o]
A T Cys-reactive beling the internal standard peptidé¢C-VICAT+6), and a
Cl bl 0 . N ™ I
o —u)l\/Y \/\/\H\/ group third tag which is used as an IEF mark&f-VICAT-28).
° The latter two tags are carbon-14 labeled to allow the location
isotope tag (*%C or *°C) of the peptide of interest by scintillation counting. All three

tags have in common that they carry a biotin tag for affinit
Fig. 6. Improved isotope-coded affinity tags. (a) The solid-phase ICAT 9 y y 9 y

[69], including a photocleavable linker region. (b) The cleavable ICAT isolation _and a cysteine-reactive IOdoa(_:Etyl group. Similar
[67,70-77}with an acid-labile affinity tag region. Asterisks denote differen- O the solid-phase ICAT approach described above, a photo-

tially (*2C/*3C) labeled carbon atoms. cleavable linker region is included in the tags as well. Apart
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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 eithéC or14C, but
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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-

which is cleaved off after the enrichment step, the different ple, commercially available non-isotope-coded biotin affinity
tags are distinguished by the linker region remaining on the tags similar to the ICAT have been used for the isolation of
peptides up to the detection by MS: The tag for the internal Cys-peptides in a number of studies, ¢29,79-83]
standard is 6 Da heavier than the normal tag due to the in- Several smaller isotope tags have been proposed for
corporation of3C and!®N, and the IEF marker tag is 28 Da  differential quantitation Fig. 8), including non-deuterated
lighter due to the removal of two methylene groups. and deuterated acrylami84—86] N-methyl- and ethyl-
The procedure is performed as follows: The protein mix- maleimidg87], N-ethyl-iodoacetamidgg8], 2-vinylpyridine
ture which is to be analyzed is denatured and reduced, fol-[89], methyliodide[82], N-tert-butyliodoacetamid§0] and
lowed by a labeling step with the “normal” VICAT. After iodoacetanilidg90]. These tags mainly differ in the mass
(tryptic) digestion, known amounts of a representative tryptic shift between light and heavy version ranging from 3 to
peptide of the protein of interest are labeled with the internal 9 Da. However, Righetti and co-workef85,89,91] stated
standard tag and the IEF marker tag, respectively, and addedhat reagents containing double bonds have advantages over
to the digest mixture. The total mixture is now subjected to iodoacetamide and related compounds because they allow
preparative isoelectric focusing on the peptide level. After faster and more quantitative labeling. The issue of chromato-



A. Leitner, W. Lindner / J. Chromatogr. B 813 (2004) 1-26 9

graphic separation of the two differentially labeled forms extractants) is based on the immobilization of Cys-peptides
seems to be very dependent on the number of heavy isotopesnto a polymer resin by the (Michael-type) reaction of the
and their locatiorj65-66] so isotope effects are sometimes thiol group with a maleimide group at neutral pH. The tag
not as significant as for the ICAT label. further incorporates an isotope-coded region with a mass dif-
Cysteine tags that contain elements with a characteris-ference of 10 between light and heavy formy-(énd do-
tic isotope pattern, like chlorine or bromine, can be used aminocaproic acid was used for synthesis of the two versions,
to identify Cys-peptides in mass spectra, as demonstratedrespectively). The coding region is connected to the polymer
by Adamczyk et al[92—-93]and Aebersold and co-workers via an acid-labile anchor group. By using this design, capture
[94]. Alternatively, MS spectra can be acquired before and is possible at neutral pH and cleavage off the resinis achieved
after alkylation and Cys residues can be identified from the by incubation with 5% trifluoroacetic acid in water. Success-
mass shifts that are observi@5—96] The presence of cys-  ful implementation of the ALICE strategy was demonstrated
teine in a peptide can be used as a constraint in databaséy the isolation and relative quantitation of standard protein
searches, increasing confidence in the results and/or reducmixtures.
ing search times. The different reactivities of thiol groups in The concept of Shi et al. follows a similar strategy. In
proteins can also be probed by these kinds of tags as showrthis case, the solid-phase tag consists of an iodoacetyl group
by Hubakk et al.[97]. for reacting with cysteines, an isotope-coded region made of
An interesting tagging strategy to create enzymatic cleav- three isotopically labeled alanine residues and an acid-labile
age sites at cysteines was presented by Loo and co-workersunctionality anchored to the resin. It is noteworthy tHaE
[98]. Conversion of cysteine t&aminoethylcysteine pro-  and3C were used for isotope coding in this case, therefore
duced a recognition site for trypsin or endoproteinase Lys-C avoiding partial chromatographic separation of the differen-
in proteins. When lysine residues are blocked by acetylation tially labeled peptides as observed for hydrogen/deuterium-
before the tagging step, cleavage occurs at the N-terminalcoded pairs (see above). A potential disadvantage is the
side of cysteine and arginine residues (when using trypsin) highly acidic conditions that are required for cleavage off
or at cysteine exclusively (using endoproteinase Lys-C). Spe-the resin (50% TFA) which might not be suitable for labile
cificin-gel labeling and digestion was performed on standard post-translational modifications. The application was demon-
proteins separated by 1D-GE. strated using mixtures of standard proteins. A variation of
Solid-phase capture approaches similar to the solid-phasethis tag was recently introduced by Zhang et[401] who
ICAT strategy outlined above have recently been introduced used @- and do-leucine for isotope coding instead of the
by Qiu et al.[99] and Shi et al[100] (seeFig. 9). Qiu et Alas-form. The use of deuterium, however, lead to the chro-
al’'s method (termed ALICE for acid-labile isotope-coded matographic separation of differentially labeled peptides.
Whetstone et al. developed a somewhat different Cys-
specific mass coding system called element-coded affinity

O—Polymer - . -
5 tags[102] (seeFig. 9. The tag contains a chelate binding
XX XX O O group that can be loaded with different rare-earth elements
| N (which are mostly monoisotopic). This allows the genera-
i 0 tion of mass differences between 1 (e.g.¥¥t.a and*4°Ce)
AR R KRR O and 86 (when usin§®Y and 175Lu) mass units. Differen-
(a) tially labeled Cys-peptides can be enriched by a special im-

munoaffinity column containing antibodies that recognize the
0 metal chelate moiety. Proof-of-principle was given for the en-
. . O\JI\N»F'ES"" richment of a peptide labeled either with yttrium, terbium or
H n O H lutetium. It was found that the chelating tag did not interfere
|/\"’ ' N ) T)L” with reversed-phase HPLC separation or peptide sequenc-
o ! o O ing by MS/MS. The possibility to differentially label not just
(b) HsCO OCH, two, but multiple samples for one experiment, makes this

method highly interesting, however, application to real pro-
teomic samples will have to be shown.

H 'OOC\ \/ Regnier and co-workers used covalent binding of cysteine
Br/\lr N‘@\/E”@“] to thiopropyl-Sepharose in their prefractionation approach to
o] enrich cysteine-containing peptidd93—-104] This covalent
“{_,r'\\ chromatography strategy is based on a disulfide-exchange
(© procedure outlined irFig. 10 Thiol groups of cysteines

. . . e . (obtained after the reduction of disulfide bonds in proteins)
Fig. 9. Various cysteine-specific affinity tags. (a) ALICE solid-phase tag of

Qiu et al.[99] (where X =H or D). (b) Solid-phase tag of Shi et HI00]. are labeled with 2,2d|pyr|le dlsulf|qle. The _modlfled pro-
Asterisks denote differentiallj}{C/13C) labeled carbon atoms. (c) Element-  t€iNS are subsequently digested with trypsin and the result-
coded affinity tag of Whetstone et §102] (where M is a rare-earth metal).  ing peptide mixture is passed through a column packed with
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Fig. 11. Structure of the APTA tagging reagent introduced by Regnier and
co-workerg106].

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-worker$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

Peptide—SH pyridyl disulfide moiety. This way, the tag can be attached
to cysteine thiols as a first step. The (Hisequence then
i allows the enrichment of labeled peptides by IMAC (see also
Sectionb), similar to the protocol used for purifying recom-
separation, binantly expressed proteifik08]. Alternatively, enrichment
MS analysis is also possible by strong cation exchange chromatography.

Because the HysTag also contains a tryptic cleavage site (argi-
Fig. 19. Pripciple of di§ulfide exph_ange cqvalent chromgtography applied nine), a large portion of the tag can be removed in a diges-
to the isolation of cysteine-containing peptides. For details, see text. tion step after enrichment, leaving only the dipeptide Ala-Cys

(with the alanine in either@ or dy-form) attached to the cys-
thiopropyl-Sepharose. The large excess of thiol groups onteine of the original peptide. The authors reported that mass
the column causes immobilization of Cys-containing pep- spectrometric sequencing was not negatively affected since
tides by disulfide exchange with the pyridyl moiety. Elu- fragmentation of the tagged residue was not observed. In ad-
tion of the peptides is possible under reducing conditions dition, no chromatographic separation of the light and heavy
resulting in peptides with free SH-groups that can then be forms was observed, which was attributed to the relatively
alkylated prior to their chromatographic separation. Suc- small number of deuteriums incorporated and the location of
cessful application of the method f&scherichia colicell the tag. Application of the method was shown by identifying
lysates was showfil03—-104] Similarly, Johnson and co- and quantifying a large number of proteins from mouse brain
workers[88] used covalent chromatography to enrich Cys- tissue.
containing peptides prior to differential isotope coding with Vandekerckhove and co-workefB09] have used a vari-
N-ethyl-iodoacetamide as mentioned above, while Smith’s ation of their diagonal chromatography concepig( 13
group combined it witH®0/180 labeling (see below)L05]. to specifically isolate cysteine-containing peptidad0]

Another cysteine-specific tag that can be used to re- from a complex digest mixture: After a prior reduction

duce sample complexity was recently introduced by Reg- step, Cys residues in proteins are first modified by Ell-
nier and co-workers[106]. The new APTA tag ((3- man’s reagent (5,&ithiobis(2-nitrobenzoic acid)), the pro-
acrylamidopropyl)trimethylammonium chloridgig. 11) in- tein mixture is then digested and the resulting peptide mix-
cludes a quaternary amine moiety allowing enrichment by ture subjected to fractionation by reversed-phase HPLC (the
strong cation exchange chromatography (SCX). First, disul- so-called “primary run”). A following reduction step with
fide bonds in the proteins are reduced and a large excess of théris(2-carboxyethyl)phosphine (TCEP) removes the Cys tag
tagging reagent is added under alkaline conditions (pH 8.5). and causes a retention time shift for all cysteine-containing
Following the removal of the remaining reagent by dialysis, peptides when the isolated fraction is rechromatographed un-
the labeled proteins are digested with trypsin and the APTA- der otherwise identical conditions (“secondary run”). To re-
tagged peptides are trapped on a SCX column. After the ionduce the analysis time, multiple fractions are collected in a
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Fig. 13. Concept of diagonal chromatogragdti@9]. 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 belowig. 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[all1-112]using 2-
methoxy-4,5-dihydro-#-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 Sectéhis 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-

way that the elution zones of the modified peptides do not ging reagent. This tagging chemistry has been made commer-
overlap (se€ig. 13. Cys-peptides eluting in these zones can ¢ja|ly available by Agilent Technologies [Palo Alto, USA).

be isolated and identified in a third HPLC analysis step. The

Differential amidination of the amino group of lysine for

method was successfully applied to the identification of hu- relative quantitation was proposed by Beardsley and Reilly
man platelet and p_Iasma proteins. A similar method .for the [113]. In this approach, termed QUEST (for quantitation us-
isolation of N-terminal peptides has also been described byjng enhanced sequence tags), the two samples do not differ

the same group (see below).

3.2. Tagging methods specific for other amino acids

in the isotope used in the labeling procedure, but in a methy-
lene group because lysines are derivatized by efitmeethyl
thioacetimidate oS-methyl thiopropionimidate. This tech-
nigue appears to be restricted to MALDI-MS analysis since

Apart from targeting the thiol group of cysteine, few other it can be assumed that chromatographic separation of the two
functional groups of amino acids remain that can be modified forms would occur. Bergquist and co-workgt44] obtained
specifically. However, some methods have been presentedsery large deviations from the expected ratios when using
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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- fied tryptophan and were enriched on Sephadex LH-20 mate-
nation procedure on peptide fragmentation patterns was alsaial, where they are strongly retained. Relative quantitation of
examined115]. Trp-peptides from rat sera by LC-MS/MS was demonstrated.
A similar approach (called MCAT for mass coded abun- Chromatographic coelution of light and heavy forms of the
dance tagging) has been described by Cagney and Emilitagged peptides was observed since deuterium-labeling was
[116]. Instead of using two different derivatizing reagents, avoided.
they performed guanidination of lysine residues (i.e. conver-  Chelius and Shal¢t19]developed an affinity tagging and
sion to homoarginine) wit-methylisourea (OMIU) forone  isolation strategy targeting N-terminal serine and threonine
sample while the other remained untreated. Despite the factresidues. Only when these residues are present on the termi-
that significant chromatographic separation was obtained innus, a 1,2-amino alcohol structure exists that can be oxidized
LC-MS analysis, the authors stated satisfactory accuracy ofwith periodate, forming an aldehyde group. Subsequently, a
their approach for relative quantitation. biocytin hydrazide tag was attached to this moiety, enabling
The first guanidination strategy relying on a stable- the isolation by biotin—avidin affinity chromatography. The-
isotope-labeled reagent was recently presented by Branciaoretical calculations have shown that selecting peptides with
et al.[117]. In this study, differential tagging was performed N-terminal Ser or Thr from a complex digest mixture has
using the normal version of OMIU and an in-house synthe- approximately the same effect on matrix complexity as Cys-
sized'3C,15N,-form, resulting in a difference of three mass selection. However, suitability of the method was only de-
units between light and heavy form. Initial application of the scribed for a mixture of four model peptides. Furthermore,
method was shown for digests of standard proteins. acidic cleavage of the biotin tag to release the aldehyde form
Recently, a technique for the differential isotope labeling of the peptides resulted in partial degradation of one peptide
of tryptophan residues for proteomic applications has beenand all peptides were observed as free and hydrate forms in
reported by Kuyama et a]118]. Like cysteine, tryptophan  mass spectra, complicating data interpretation. It is therefore
is a less abundant amino acid and can be used for affin-doubtful whether this technique can be successfully applied
ity chromatographic prefractionation of complex mixtures. to more complicated mixtures.
The authors used 2-nitrobenzenesulfonyl chloride (NBS-  Similar to their method for isolating Cys-peptides,
Cl) for Trp-specific tagging, in addition to the commer- Vandekerckhove and co-workefs20] have used diagonal
cially available?Cg-form, the 13Cg-analogue was synthe-  chromatography to specifically isolate peptides containing
sized and used in this procedure. NBS-labeled peptides arehe N-terminus of a protein. In this paper, a two-step tagging
even more hydrophobic than peptides containing unmodi- procedure was used: First all amino groups of intact proteins
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(protein N-termini ande-amino groups of lysine residues) protein mixture
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- l

cyanogen bromide cleavage

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- reduction of disulfide bonds,
tides, resulting in longer retention in an HPLC run. If the alkylation of free cyslsings
peptide mixture is run two times, once before tagging and

once after tagging, only the peptides corresponding to the l

protein N-termini will have the same retention time in both

runs, while all others show a strong shift to longer reten- labeling with basic mass tag
tion times. The unlabeled fraction was collected off-line and

further analyzed in a second chromatographic dimension, re- l

sulting in the identification of more than 300 proteins from

human thrombocytes. A second pafiet1] describes the ap-
plication of this procedure in combination withO-isotopic
labeling (see Sectiof.?) for relative quantitation. l

tryptic digestion

Hamon and co-workerfl22—-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
was designed particularly with the analysis of hydropho- l

capture peptides with newly formed amines
on amine-reactive beads

bic membrane proteins in mindkig. 15 depicts the strat-
egy: The protein mixture is first solubilized and partially

cleaved by CNBr treatment, resulting in cleavages C-terminal clean-up and fractionation by

to methionine residues. Disulfide bonds in these relatively stongsetienexchmanchenmalegeapby
large fragments are then reduced and free cysteines are alky-

lated. Then, free primary amino groups (from N-termini

and lysines) are protected with a “basic mass tag” (BMT),
namely N,N-dimethylglycine N-hydroxysuccinimide ester, LC-MS analysis
followed by a tryptic digestion step. At this stage, trypsin _ o

. .. . . Fig. 15. The protein sequence tag straté¢t®2-123]for the isolation of
Cle_aves C-terminal to arginine residues exclusively becauseN-terminal peptides from cyanogen bromide cleaved proteins. For details,
lysines have been converted by the BMT and are no longer gee text.
recognized by the proteolytic enzyme. The peptide mix-
ture now consists of tagged residues — predominantly those
with the original N-terminus of the CNBr peptides and argi- 4. Global stable-isotope labeling strategies
nine on the C-terminus — and a larger number of untagged
peptides with a free N-terminus. In the enrichment step,  The techniques that were presented in detail in Se&ion
the latter ones are captured on amine-reactive scavengerely on the modification of a certain amino acid present in
beads (carryingN-hydroxysuccinimide groups). Thus, all a protein or peptide. Therefore, they are restricted to those
untagged peptides are removed from the solution, leavinganalytes possessing such a group. This is advantageous for
only the tagged peptides behind which are further fraction- attachment of affinity tags because of the ensuing simplifi-
ated by cation exchange chromatography and analyzed bycation of the matrix, additionally, the presence of a certain

LC-MS(/MS). amino acid can be used as a constraint in database searches.
In the initial papef122], the application of the PST strat-  Onthe other hand, itinevitably leads to reduced sequence and
egy is described using mitochondrial proteins fr@mcere- proteome coverage because rare amino acids are targeted.

visiaeand the authors report that a significant increase inthe  As complementary labeling approaches for quantitation
number of membrane proteins identified was possible com- purposes, other research groups have made use of reactions
pared to a standard 2D-GE-based procedure. A second pathat modify the N- or C-terminus of peptides. With the ex-
per[123] describes a refined protocol for the preparation of ception of possibly modified termini of the intact protein, e.qg.
membrane protein samples resulting in a higher number of due toN-acetylation or C-terminal amidation, all peptides re-
low-abundant proteins that were detected. sulting from enzymatic digests should be accessible to these
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modification procedures. When using these “global labeling” appear as doublets separated in mass by the number of deu-
strategies, no simultaneous simplification of the sample ma-terium atoms incorporated, but those appearing as singlets
trix via the attachment of affinity labels within the isotope tag most likely are the result of differences in the amino acid

is desired. Consequently, they have to rely on more sophisti- sequences. This way, single amino acid polymorphisms in
cated separation steps like multidimensional chromatographychicken and turkey lysozyme were observed, as were variants
or high-resolution mass spectrometry to deal with the higher in canine serum albumin among different breeds. So far, one
complexity of the mixtures. In addition, tagging reactions that shortcoming of this technique is that the mass spectra have
target the N-terminal amino group or the C-terminal carboxyl to be manually examined to locate the singlets, therefore this

group generally will also modify amino acid side chains with
the same functionalities (Lys; Asp/Glu) so this has to be taken

approach is currently limited to less complex mixtures.
Several other groups have also reported methods for N-

into account. However, some of the methods listed below useterminal tagging ig. 16. For example, a different isotope

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-acetoxysuccinimid§l24—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-peptide§103-104](see SectiorB.1) or lectin
affinity chromatography for targeting glycosylated peptides
[125-126,130]see Sectiok.2) was sometimes used.

One especially innovative application reported by Liu and
Regnier[129] was the identification of single amino acid
polymorphisms using GIST. In this study, the proteins of in-

terest, obtained from different species, were digested and the

resulting peptides isotope tagged on both N- and C-termini.
This was achieved by N-terminal labeling with-ar ds-N-
acetoxysuccinimide and by C-terminal incorporatiord%®
during the enzymatic digestion step (see below). The dou-
ble labeling approacfl28] ensured that all peptides result-
ing from a protein digest were isotope-coded, even if they
originated from a possibly modified N- or C-terminus of the
intact protein. All peptides that are identical in both species

x X Xy X X
j\_L x NCO
O N\ 0
o} X X
o= .
phenyl isocyanate

N-acetoxy-
succinimide X

X o 0
X X -
X X X\ 0—N
J_L 42“1}/“\
X (o]
0Ny~ 0

s o : N-nicotinoyloxy-
succinic anhydride succinimide
Fig. 16. Isotope-coded tags for labeling of peptide N-termini and lysine
amino groups (X =hydrogen or deuterium).

coding procedure has been described by Hsu Et22], who
labeled amino groups of the N-termini and lysine side chains
by reductive amination usinggeland @-formaldehyde, re-
sulting in a mass shift of 4amu. 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 Lieblef133] 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 theamino group of ly-
sine is less reactive (by two orders of magnitude) than the
N-terminal amine. Tagging apparently proceeds rapidly and
guantitatively in 15min, as an additional advantage of the
method, increased chromatographic retention of small pep-
tides due to the hydrophobic tag was observed.

Miinchbach et a[134] used a two-step tagging strategy
to selectively attach a nicotinoyl moiety on the N-terminus.
In the first step, intact proteins were treated with succinic
anhydride to modify the amino groups of lysine residues.
After enzymatic digestion, the nicotinoylation step was per-
formed with either g- or d4-nicotinoyloxysuccinimide and
now targeted the N-terminal amines of the resulting peptides
exclusively, since lysines were already protected. The authors
stated that the N-terminal tag improved mass spectrometric
sequencing since the increased basicity led to higher intensi-
ties for fragment ions carrying the N-terminus (a- and b-ions,
see also SectioB). Relative quantitation of gel-separated
proteins was demonstrated using the technique.

Che and Frickef[135] described the relative quantita-
tion of neuropeptide levels by labeling with non-deuterated
and deuterated acetic anhydride, respectively; Annan and co-
workers[136] used propionic anhydride in combination with
enzymatic dephosphorylation to study the stoichiometry of
protein phosphorylation (see also Sectiof).

4.2. C-terminal isotope coding

Isotopic labeling of the C-terminus (along with aspartic
acid and glutamic acid residues) can be obtained by convert-
ing carboxyl groups to the corresponding methyl esters, as
was for example demonstrated by Aebersold and co-workers
[61,137] The reaction is easily performed by resuspending
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the dried peptide solutions in methanolic hydrochloric acid of phosphorylated proteins are presented in recent reviews
prepared from gt or dz-methanol. A possible limitation of  [149-150,154—155]

this reaction is the possibility that the esters are hydrolyzed = Commonly used enrichment strategies make use of dedi-
during chromatography when using acidic mobile phases. cated phosphospecific antibodies orimmobilized metal affin-
Similarly, Syka et al[138] used ethyl esterification withpel ity chromatography (IMAC). While antibodies against pTyr
and g-ethanol to study differential post-translational modi- are more commonly used, this concept has been less suc-
fications of histones in a novel quadrupole ion trap/FT-ICR cessful for phosphorylation on Ser and Thr. The significant

hybrid mass spectrometer. cost and limited availability of the antibodies still prevent
Another C-terminal labeling procedure, and one that does a more widespread application. IMAC takes advantage of
not affect Asp or Glu residues is the introductiont®® into the affinity of phosphate groups to certain metal ions, e.g.

the C-terminal carboxylic group formed during enzymatic di- Fe(lll) or Ga(lll) and has been successfully applied ina num-
gestion of proteingl39-142] This is achieved by digestion  ber of studies for enrichment of phosphopeptides (see, for
of one protein mixture in K80, while the control sampleis  example[131,143,156—164] However, some authors have
digested in normal k0. Using trypsin, one or two oxygen  noted that non-specific binding of Asp- and Glu-peptides oc-
atoms from the solvent are built into the C-terminus, which curs. Ficarro and co-workef457,159,163,165have used
may be dependent on the sequence of individual peptides.methyl esterification of carboxyl functionalities in peptides
Drawbacks of this strategy are the high pricé#D-labeled to avoid this unwanted chelation and successfully used the
water and the fact that due to incomplete incorporation of procedure in large-scale phosphoproteomics projects. A sim-
180, the mass shift between the two samples is limited and ilar approach was recently published by He ef#82]. Still,
leads to a significant overlap of isotopic distributions of light the significance of non-specific binding of other peptides is
and heavy forms. Still, because of the straightforward proce- unclear since Mhse et al[161] found in their study that the
dure, labeling with'®0 is relatively frequently used; for re-  majority of IMAC-isolated peptides were in fact phospho-
cent examples, s§243-148] In addition, it has been shown rylated. In addition, Julka and Regnii20] point out that
that incubation of an already digested peptide mixture with aspartate esters could be instable under the acidic conditions
trypsin also leads t4°0/180 exchange. Therefore, it is pos-  during chromatographic separation, causing artifacts.
sible to perform relative quantitation after a prior qualitative Both enrichment by antibodies and IMAC can be com-
identification step, where samples of interest can be identifiedbined with global isotopic labeling schemes, such as those
[145,147-148] presented in Sectiofj to allow both enrichment and relative
guantitation. However, several techniques have now emerged
thatinclude thehemical modificationf the phosphate group
5. Study of post-translational modifications in combination with the attachment of an affinity tag and/or
an isotope-coded moiety.
In addition to the amino acid-specific and the generaltag-  The first to report such approaches were Oda gfL65]
ging strategies presented in Secti@rad 4 methods specif-  and Zhou et al[167] in 2001, but since then a number of
ically tailored for the qualitative and sometimes quantitative other methods using phosphoamino acid-specific chemical
determination of post-translational modifications (PTMs) maodifications have appeared in the literatiir@0,166—181]
have emerged in recent yedtd9-155] More than hundred A short overview of the various techniques is giveiéile 1
such modifications have been described and they differ sub-It has to be noted that the applicability of several techniques
stantially in the extent of the modification of proteins, rang- has only been proven for phosphorylated standard proteins
ing from relatively minor chemical changes like N-terminal (e.g. caseins) and not for complex protein mixtures like cell
acetylation to the attachment of extended carbohydrate chaindysates.
in the case of glycosylation. For this reason, some PTMs can The approach of Zhou et aJ167] consists of a six-
be targeted more specifically than others, and the taggingstep reaction (illustrated ifFig. 17): The protein sam-
concepts currently described in the literature are most oftenple is first subjected to proteolysis since the affinity step
directed towards phosphorylated proteins, although recentlytakes place at the peptide level. Then, after an initial tBoc-
methods for the study of glycosylation and tyrosine nitration protection of amino groups of phosphopeptides to pre-

have appeared. vent unwanted side-reactions, ethanolamine is attached to
phosphate moieties (and, additionally, to carboxyl groups
5.1. Phosphorylation present in the peptides). Treatment with diluted trifluo-

roacetic acid (TFA) cleaves the ethanolamine from phos-

The (transient) phosphorylation and dephosphorylation phate groups but not from the carboxyl groups, therefore

of serine, threonine and tyrosine residues are very impor- allowing the phosphate-specific addition of cystamine. The

tant regulatory processes involved in metabolic pathways, reduction of the cystamine disulfide bond sets free a thiol
signal transduction, etc., and therefore there is considerablegroup that is subsequently captured with glass beads con-

interest in specifically isolating phosphorylated proteins or taining immobilized iodoacetamide. Cleavage with con-
peptides. Some currently used techniques for the analysiscentrated TFA then releases the captured phosphopeptides
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Table 1

Applications of chemical tagging strategies for the study of protein phosphorylation

Reference

Tagging principle

Strategies based @telimination/Michael addition
Adamczyk et al[168]
Adamczyk et al[169]
Amoresano et a[170]
Goshe et al[171], Goshe et al[172]
Knight et al.[173]
Lietal. [174]
McLachlin and Chaif175]
Molloy and Andrewq176]
Oda et al[166]
Qian etal[177]
Rusnak et alf178]
Steen and ManfiL79]
Thompson et a[160]
Weckwerth et al[180]

Other strategies
Takeda et al[181]
Zhou et al[167]

Differential mass tags for MS identification, biotin affinity tag for enrichment
Isotope-coded tag for relative quantitation

Isotope-coded tag for relative quantitation, affinity tag for enrichment by disulfide exchange
Isotope-coded tag for relative quantitation, biotin affinity tag for enrichment

Tags for selective cleavage at phosphorylated residues and solid-phase capture
Conversion of pSer and pThr residues to sulfated analogues for stability during MS/MS
Affinity tag for enrichment by disulfide exchange chromatography

Differential mass tags for MS identification

Biotin affinity tag for enrichment

Tag for solid-phase affinity capture, isotope-coded tag for relative quantitation

Tags for selective cleavage at phosphorylated residues

Marker tag for identification for MS detection by precursor ion scanning

On-resin elimination in combination with IMAC

Isotope-coded tag for relative quantitation

Complexation for MS identification
Cystamine addition to phosphate groups for solid-phase capture

References are given in alphabetical order.

and simultaneously removes the N-terminal tBoc-protection Thr and a subsequent addition of various tags to the dou-

group.

ble bond that is created (see alBable 1. Oda et al. were

Despite the multi-step tagging and extraction procedure the first to report such a procedund 6], Fig. 18, con-
and the partially extremely harsh reaction conditions, the iso- sisting of a base-catalyzed dephosphorylation step, followed
lation and successful sequencing of a number of phosphopepby a Michael-type addition of ethanedithiol (EDT). The

tides from aS. cerevisiadysate was reported following this

protocol.

remaining free thiol group then reacts with an activated
biotin linker. This way, phosphopeptides can be enriched

Other approaches, by contrast, typically involve the base- by biotin—avidin affinity chromatography in the same way
catalyzed3-elimination of the phosphate groups of Ser and as ICAT-peptides. For this step, the same advantages and

HaN——COOH
X

|
OPO4
l N-terminal t-Boc protection

t-Eloc-NH—I—COOH
X

1
OPO,

condensation with ethanolamine

l (carbodiimide catalysis)

il
t-Boc-NH—T—C—NHC;H,OH
X

1
OPO,
NHC,H,OH

phosphate-specific cleavage
of protection group (10% TFA)

1
+-Boc-NH—T—C—NHCH,OH
X

I
OPO,

condensation of phosphate group
with cystamine (carbodiimide cat.)
i
t-Boc-NH——C—NHC,H,OH
X
OPO,
NHC,H,SH
solid-phase capture on iodoacetyl
beads (at pH ~8)
q
t-Boc-NH——C—NHC,H,OH
X
1

OPO,
NHC,H,4S-Beads

simultaneous cleavage from beads and
removal of t-Boc group with concentrated TFA

o
I
HaN—— C—NHCH, OH
X

|
OPO4

Fig.17. Reaction scheme of the phosphopeptide tagging approach presented by Zfip6&t Alphosphopeptide is shown in a simplified version highlighting
its N- and C-terminus and the phosphate group of a phosphorylated residue within the peptide chain. For details, see text.
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JPFOs performic acid oxidation of Cys, Met, Trp, Tyr
RHC, H residues in intact proteins
MY
H l
o]
base-catalyzed B-elimination of phosphate group
from pSer (R= H) and pThr (R= CH;) tryptic digestion

%HJCJ;}“\g l

base-catalyzed p-elimination step
and addition of DTT (at peptide level)

base-catalyzed addition of ethanedithiol
(HS-CX,-CX,-SH, X=H or D) l
SH
sz( reversed-phase clean-up
s’CX2
H \CHHH
M v
0 disulfide exchange chromatography
addition of iodoacetyl-biotin affinity tag
v
elution with excess DTT
Tag
s
/
XaC
CX
s( i v
H_FHRy MALDI-MS analysis
MO
H
o Fig. 19. Phosphopeptide tagging procedure of McLachlin and Chiz,
including ap-elimination step and disulfide exchange chromatography to
Fig. 18. Conecptof phosphopeptide tagging ugirglimination of the phos- isolate DTT-labeled peptides. For details, see text.

phate group from pSer and pThr and attachment of various affinity tags.

instead oftH/2H, therefore avoiding chromatographic sepa-
shortcomings apply as for all other biotin tagging schemes ration of light and heavy forms of the labeled peptides.
(see Sectior8.2). The group of Smith described an almost The authors claim that their improved approach over-
identical method shortly thereafter, which they called PhIAT, comes the weaknesses of the other techniques presented
for phosphoprotein isotope-coded affiniags[171-172] In here. In particular, non-specific binding to avidin columns
additionto Oda’s protocol, they also included a stable-isotope is avoided because no biotin labeling is performed, the pro-
labeling step by using two isotopic versions of ethanedithiol, tocol involves less manipulation steps therefore avoiding sig-
EDT-dp and EDT-d. Both groups initially demonstrated the nificant sample loss as reported for Zhou et al.'s mefth6d]
isolation of phosphorylated peptides from the model protein and overall specificity of the enrichment is improved because
B-casein and from complex mixtures. of the more stringent washing conditions possible on solid-

Recently, Smith and co-workdikr7]alsoreportedthede-  phase.

velopment of a solid-phase-based version of PhIAT termed  Another interesting variation based prelimination was
PhIST (for phosphoprotein isotope-coded solid-phase tag).recently presented by McLachlin and Chdi75] (Fig. 19.
This tagging strategy combines the chemistries of the solid- Instead of attaching a biotin affinity tag after the addition of
phase ICAT (see above) and the original PhIAT methodology. a thiol compound, they used covalent chromatography based
B-Elimination of the phosphate group and addition of EDT on disulfide exchange to capture phosphorylated peptides on
are performed as previously described, although no stable-solid-phase. A sensitive protocol was developed consisting of
isotope-labeled EDT is used. Instead, the isotope tag is in-the oxidation of proteins with performic acid vapor to oxidize
troduced during a solid-phase capture step using the sameysteine to cysteic acid as a first step, so that immobilization
photocleavable linker design as the solid-phase ICAT from via cysteines does no longer occur (Met and Trp residues are
the Aebersold grou69]. The only difference are the iso- also oxidized at this stage). After that, oxidized proteins are
tope pairs introduced, becau$€/13C and*N/1°N areused  digested and the elimination step is performed in the presence
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of dithiothreitol (DTT). DTT is used as the dithiol compound years, several methods have been described that used dif-
to label the previously phosphorylated site. After a reversed- ferent methodologies to identify which positions in proteins
phase clean-up to remove the reagents, the dephosphorylatedre involved in glycosylatior-ig. 20illustrates the various
peptides are applied to a thiol affinity resin, where covalent methods.
linkage via the DTT moiety occurs. After a washing proce- A classical approach to enrich glycosylated peptides is
dure to remove unbound peptides, the immobilized fraction by using lectin affinity chromatograph82]. Lectins are
is eluted using an excess of DTT and mass spectrometrica group of plant proteins binding to glycan motifs in gly-
characterization is then possible. cosylated peptides or proteifis83]. A number of different
Inthe article, the authors discuss the problem that sensitiv- lectins are available that allow the specific selection of gly-
ity is often limited when such complex schemes are applied cosylation patterns, but there are also less specific lectins
(in this case, taking about two days to complete). Itis usually that allow the isolation of a variety of glycoforms, like the
necessary to use amounts aboyeglof starting material to  widely used concanavalin A (Con A). In combination with
obtain satisfying results. Such an amount might not always global isotope labeling strategies, lectin affinity chromatog-
be available, especially when taking into account that at any raphy allows the enrichment of glycosylated proteins and si-
given time, only a small fraction of a protein will be present multaneously their relative quantitation. Examples are studies
in its phosphorylated state. from Regnier’s grou125-126,130,184-18%nd the work
Marino and co-worker§l70] describe a similar strategy  of Kaji et al. [186]. Regnier and co-workers used different
(cysteine oxidationg-elimination, addition of DTT and en-  variations of their N-terminal isotope coding strategy (as out-
richment by covalent chromatography), but introduce differ- lined in Sectior.1) after specifically selecting glycosylated
ential quantitation by usinggdand ¢-DTT for isotope cod- peptides with different glycan structures (e.g. Con Afor broad
ing. specificity[125—-126,184pr Lotus tetragolonobsiagglutinin
Although possible side-reactions have been mentioned infor fucosylated peptide€d.85]).
other articles as well, McLachlin and Chaitare the firsttogive ~ Kaji et al. combined a lectin affinity isolation step
a detailed description about the most likely problem with the with digestion in B60/H,180 (see Sectiort.?) for rela-
elimination step, namely the inadvertent tagging of unmodi- tive quantitation in an approach they called isotope-coded
fied serine residues. This, of course, might lead to false pos-glycosylation-site-specific tagging (IGOT). Two batches of
itives and can distort the results of a study. Although it was protein mixtures fromCaenorhabditis elegansvere pre-
found that the extent of serine labeling is typically below 1% pared. In the first step, glycoproteins with high-mannose and
for any given peptide, this still can be significant consider- hybrid-typeN-glycans were isolated by Con A lectin affinity
ing that the relative abundances in a sample can span severathromatography, and the enriched fraction was subjected to
orders of magnitudeO-Glycosylated serine and threonine proteolytic digestion by trypsin. The resultant mixture of non-
residues are also known to be susceptibl@telimination glycosylated and glycosylated peptides was then purified by
under the conditions used (see also below). Finally, methodsa second affinity step, again using Con A. After this tandem
based on phosphageelimination are only applicable forthe  enrichment step, N-linked glycans were removed by PNGase
study of phosphorylation on serine and threonine but not ty- F (a glucosidase specifically cleaving N-linked glycans) ei-
rosine. ther in %0 or in H,180. This way, differential labeling
Despite the above-mentioned problems, these novel chem-was obtained on the former glycosylation position, similar to
ical tagging strategies are emerging as alternatives to thea method reported earlier bylister and Man187]. After
immunoaffinity- or IMAC-based techniques and it can be ex- mixing the two isotope-labeled mixtures, peptides were ana-
pected that more such labeling approaches will be presentedyzed by multidimensional HPLC and identified by MS; 400

in the near future. glycosylation sites were identified in this study.
A similar protocol based on tandem lectin affinity chro-
5.2. Glycosylation matography both on the protein and peptide level has been

recently described by Bunkenborg et [@l88], although no

In contrast to phosphorylation, glycosylation as a post- isotope coding step was involved in this case. Furthermore,
translational modification is much more complex to deal with Pandey and co-workef$89] recently used a combination of
in terms of the modification itself because of the enormous lectin affinity chromatography (for enrichment) and PNGase
structural variation of the glycans. While the exact elucida- F digestin B8O (for labelingN-glycosylation sites) to ana-
tion of the carbohydrate moieties is very demanding (and lyze the proteome of human bile, identifying 87 proteins and
beyond the scope of this review), it might be sufficient at the 33 glycosylation sites.
initial stage of a “glycoproteomic” study to identify only the Apart from their general isotope labeling concept (ICAT,
glycosylationsitesin proteins. Two types of carbohydrate [47]) and their phosphopeptide enrichment stratEfy7],
attachments are usually dominant, namely N-linked glyco- Aebersold and co-workeld 90] described the isolation of
sylation on asparagine (in consensus sequences of the —Asnglycoproteins using solid-phase capture: In their approach,
Xxx-Ser/Thr-type, where Xxx is any amino acid residue) or cis-diol groups in carbohydrate residues are oxidized with pe-
O-linked glycosylation via serine or threonine. In the last riodate and the glycoproteins are coupled to hydrazine beads
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with d, and d, succinic anhydride elution
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separation and MS detection

Fig. 20. Identification strategies for N-linked glycoproteins in complex mixtures using solid-phase capture and hydrazide qa86iigkeft) or tandem
lectin affinity chromatographji86] (right), both in combination with differential isotope coding for relative quantitation.

via the aldehyde groups that are form&ay( 21). An enzy- modified sites in various proteitji$91]. In their method, O-
matic digestion step is then performed so that only the pep- linked N-acetylglucosamine moieties were cleaved off serine
tides bearing the glycosylation remain while all others are and threonine residues by base-catalygeslimination, fol-
washed away. While still being immobilized, glycopeptides lowed by the addition of DTT or biotin pentylamine. DTT-
are differentially labeled withgd or ds-succinicanhydride,so  labeled peptides could be enriched by covalent chromatogra-
that relative quantitation of two populations (captured ontwo phy on thiol-Sepharose, while the latter reagent allowed the
separate batches of beads) is possible. After the isotope codisolation of deglycosylated peptides by biotin—avidin affinity
ing step, peptides are released in their deglycosylated formchromatography prior to further mass spectrometric charac-
after treatment with PNGase F. Analysis was performed by terization by MALDI-MS or LC-ESI-MS/MS.
on-line uLC-ESI-MS/MS or off-lineu.LC-MALDI-MS af- As was shown in this section, in the case of glycosylation,
ter combining the two batches. The method allowed the iden- most methods currently rely on established affinity enrich-
tification of 145 glycosylation sites in human serum proteins. ment using lectins, sometimes in combination with stable-

As already mentioned previously, O-linked glycosides can isotope labeling. Nevertheless, chemical tagging concepts
be removed under basic conditions similar to the dephospho-like the two examples given here demonstrate that they can
rylation technique used for analysis of protein phosphoryla- be complementary tools.
tion. Wells et al. used this reaction to identi®GIlcNAc-

5.3. Tyrosine nitration

OH OH OH
@ NalOg <—o Hyrazide beads o, Nitration on tyrosine, a less frequent, but also biologi-

al —_— 2 E—— 2 cally relevant post-translational modificatifi92], has been
OH C"},{ OHL | Or\r{ OHJl i C:;,I 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 §$a0,), followed
Fig. 21. Periodate oxidation afs-diol moieties in carbohydrates and cou- DY the aminotyrosine-specific attachment of a cleavable bi-
pling to hydrazine bead490]. otin tag. The lower K value of aminotyrosine (relative to

HNH

*—=z—=
*—=—=
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Fig. 23. N-terminal charge derivatization reagents for the modification of
peptide fragmentation.

A number of strategies for charge derivatization have been

enrlchment step, cleavage of tag presented in the literature and the developments until the

U"de' reducing conditions end of the 1990s have been reviewed in detail by Roth et

al. [194]. Since then, two techniques have been most promi-

o HQ nentin the literature: N-terminal sulfonation and attachment
HS/\)I\H—% of phosphonium groups to the N-terminus of peptides (see

alsoFig. 23.

6.1. Addition of a negative charge by sulfonation

Fig. 22. Strategy for the affinity enrichment of nitrotyrosine-containing pep- In 1999, Keough and co-workefd95] first presented
tides[193]. For details, see text. a strategy to introduce a permanently negatively charged
sulfonic acid moiety on the N-terminal amino group. The
N-termini or the amino group of lysine) causes the succin- initial method was based on derivatization with either 2-
imide moiety of the biotin tag to react with this amino group  sulfobenzoic acid cyclic anhydride or chlorosulfonyl acetyl
exclusively at a solution pH of 5.0. Following a biotin—avidin  chloride. Later, 3-sulfopropionic ac-hydroxysuccinimde
affinity chromatography step, the tag is cleaved by reduc- ester was used for modificatioi96]. This reagent was
ing the disulfide bond, thereby avoiding interferences during found more suitable because of the possibility of perform-
the mass spectrometric detection step. Using this procedureing the reaction in aqueous solution and even while the pep-
NO_Tyr-containing peptides could be successfully isolated tides are adsorbed to solid-phase extraction tips. A reaction
from digests of nitrated human serum albumin, although it kit based on the latter reagent is now commercially avail-
has not yet been shown how well this procedure can be ap-able from Amersham Biosciences under the name Ettan
plied to more complex samples. CAF™ MALDI sequencing kif197], where CAF stands for
“chemically assisted fragmentation”. Various applications
have demonstrated that this sulfonation procedure is rou-
6. Tandem MS tagging tinely applicable to derivatize small amounts of peptides such
as those recovered from two-dimensional gel electrophoresis
As was already pointed out above, tagging strategies for [198—200]
MS-based proteomics are not restricted to affinity labeling  The attachment of the negatively charged group effectively
for sample prefractionation and stable-isotope labeling for suppresses the N-terminal fragment ions, so that only y-ions
comparative quantitation. Sometimes, it is also desirable to are observed. Consequently, MALDI-PSD spectra are dras-
label peptides to improve mass spectrometric sequencing. tically simplified although the approach is not limited to this
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Fig. 24. Madification of the arginine side-chain by the butanedione—phenylboronic a2iltig

type of instrument, since the derivative is also reasonably Fig. 23 to attach the positive charge, but other approaches
stable during CID as shown [201]. have also been report§2{10].

A different sulfonation protocol is based on the reaction  Although applications for peptide sequencing have been
of the N-terminal amino group with 4-sulfophenylisothiocy- shown[211-213] this strategy has not been used widely so
anate (SPITC). This reaction was first applied to peptide far. However, Czeszak et §214] have shown that TMPP-
analysis by Gevaert et dR02] although they reported only = maodification can be used to analy@eglycosylated peptides
limited fragmentation efficiency in MALDI-PSD experi- by MALDI-PSD. In contrast to fragmentation by collision-
ments compared to Keough'’s original approach. In addition, induced dissociation, the glycan moiety is not cleaved off
they stated that the large amounts of sample necessary to pemnder PSD conditions, therefore, this strategy allows the lo-
form the reaction were limiting routine application. However, calization ofO-glycosylation sites. The TMPP-Ac reagent is
in 2003, Marekov and Stein€203] presented an improved  also commercially available (Fluka, Buchs, Switzerland).
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-

6.3. Significance of charge derivatization reactions

Roth et al.[194] summarized in their review that to

tion conditions and reported a further increase in sensitivity, be _useful, Sl.JCh. charge dgrlvatlzatlon reactpns shou_ld be
rapid, quantitative and without unwanted side-reactions.

while Chen et al[205] developed a protocol to tag peptides .Even if these criteria are fulfilled, such methods are not as

while adsorbed on reversed-phase solid-phase extraction mi-—. . - -
crocolumns P P widespread, in part due to limited availability of reagents or a

Regardless of the actual reagent or protocol used for Sul_reduction in detection sensitivity. Still, the CAF reagent ha_s
fonation, it has been necessary to modify lysine residues _shovyn t.hat the strategy can be a useful tool for proteomic
typically by guanidination — prior to performing the charge applications, when_these drawbacks are abjS@#-200]
derivatization step. Attachment of a second negatively When one considers that a large number of tgndem MS
charged moiety in the peptide would drastically reduce ion- spectra pbtameq from LC-MS runs does not yield inter-
ization sensitivity, especially in the case of tryptic peptides p_retablelnformatlon,thedevelopmentof complementary tag-
where lysine is located on the C-terminal end. Lee and co- ging reagents could be valuab_le. Fo_r example, another, more
workers[206], however, noted that under their conditions, ly- challenging target for the manipulation of the fragmentation

sine residues were not modified by SPITC. In addition, they behaviour of peptides is the guanidino group in the side chain

have used LC-ESI-MS/MS to study the sulfonated peptides. .Of arginine. Especially when multiple arginines are present

Doubly charged peptides (which are predominantly formed na p_eptlde, the number of_lnformatlve fragment lons can be

duri i . .~ drastically reduced so that it is not possible to extract enough
uring ESI) mainly showed a loss of the N-terminal amino sequence information for successful database searches

acid or the tag itself while other y-ions were strongly reduced q :

in their relative abundance. As expected, no b-ions were ob- Ogr.group is dealing W'th dgrlvatlzatlon reac_tpps for the
guanidino group to alleviate this problem, and initial results

served. have shown that the fragmentation behaviour of arginine-
containing peptides can indeed be altered to some degree.

6.2. Addition of a positive charge using phosphorous Attachment of the butanedione-phenylboronic acid tag de-

compounds veloped in our laboratoryHig. 24) [215], for example, was

found to suppress cleavage C-terminal to acidic residues in

While sulfonation suppresses fragment ions originating arginine-containing peptid¢216].
from the N-terminus, the opposite can be achieved by at-
taching a permanent positive charge on the N-terminus,
thereby causing the preferential formation of N-terminal 7. Conclusion and outlook
fragments (a- and b-ions). Several strategies have been pre-
sented that typically involve derivatization with phosphines ~ The numerous examples in the previous sections have
or phosphonium salts. Watson and co-workg87,208] shown the impact that chemical tagging strategies already
as well as Strahler et a[209] have used an activated have for proteome analysis by mass spectrometry. Various
tris(trimethoxyphenyl)phosphonium acetate (TMPP-Ac, see types of tags allow the reduction of sample complexity,
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Table2 _ _ _ _ _ ~atthe earliest possible time. Still, from the results reported
Some decision-making points for the choice of chemical tagging strategies n the literature it can be inferred that instrumental variation
Stage of the introduction of thetag _ during mass spectrometry seems to be another important
Isotopic labeling alone or in combination with affinity tagging factor influencing the accuracy of the results. In addition,

Labeling conditions . L . .
Influence on chromatographic separation and mass spectrometric detectionmetabOIIC Iabellng is still not pOSSIble forall types of samples

Commercial availability and cost of reagents despite the fact that is has been successfully demonstrated
Software support for data analysis even for mammals nof221].

enable relative quantitation of protein amounts between two ~ Use of affinity tagsWhether a specific method for the
samples and aid in de novo sequencing and interpretationreduction of sample complexity is necessary or a more
of tandem MS spectra. New tagging concepts are emerginggeneral fractionation will suffice very much depends on the
rapidly and already established ones are used for more variedjuestion that has to be answered. The use of amino-acid
applications. To name just a few, isotope-coded affinity tags Specific affinity tags will inevitably lead to a loss of peptides
have been used to study protein interaction networks on anot containing these particular residues, which is on the
quantitative leve[217—218] to identify oxidation-sensitive ~ One hand desired, but prohibits the detection of most
cysteine residuef219] or to investigate the localization of ~ Post-translational modifications. Affinity tags are therefore
organelle protein§220]. more suitable for general protein profiling, or PTM-specific
However, there are still some general limitations of the tags have to be chosen. Non-specific and/or irreversible
various methods published until now. For one, many of the binding for some technigues has to be also considered.
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  Labeling conditions Some methods described here
need for methods directed at post-translational modifications require lengthy sample preparation, sometimes even taking
other than phosphorylation and glycosylation, and probably Several days. Whether this is acceptable can only be judged
for more tags that attach to amino acids other than cysteineOn a case-by-case basis. Typically, there is only little
as well. The development of new tagging chemistries will information in the original papers on important aspects like
therefore be of interest to researchers in proteomics for yearsspecificity or completeness of the tagging reaction, either
to come. because it has only be used on samples of limited complexity
Despite being beyond the scope of a review focusing on SO that potential limitations were not detected or because
chemical tagging strategies, one should not forget that thereSuch problems were simply not considered during data
are also alternative workflows to achieve the same goals like @2nalysis. A possible instability of various post-translational
by using tagging schemes. Simplification of complex mix- Mmodifications has also to be taken into account.
tures is possible by multidimensional fractionation proto-
cols based on chromatography (e.g. by cation exchange plus
reversed-phase LC) or gel-based procedures or combinations Influence on chromatography and mass spectrometry
thereof. High-end mass spectrometers, especially FTICR-MSFor stable-isotope labeling, chromatographic separation of
instruments, can deal with more complex mixtures due to ex- light and heavy forms of peptides labeled with hydrogen-
tremely high resolution, dynamic range and sensitivity. We and deuterium-containing tags is possible, so this has to
feel that today there is no single strategy that by itself is be considered during data analysis. Alternatively, labeling
perfectly suitable for all “proteomic” problems and that ap- With *3C and/or!*N can be performed although usually
proaches based on chemical tagging and those based on sdhe reagents are more expensive and the synthesis is more
phisticated instrumentation complement each other. challenging. The attachment of large labels can significantly
For those researchers who have to choose the mostlter the chromatographic behavior, especially when po-
appropriate method to solve their specific problem, the lar groups are replaced by more hydrophobic ones or vice
variety of available techniques makes it difficult to find the Vversa.
right one. Many points have to be considered in the process As already mentioned above, some tags generate abundant
and we have listed some of themTable 2 fragment ions in MS/MS experiments thus possibly compli-
cating data analysis. Replacement of polar groups with less
polar ones also tends to reduce detection sensitivity, particu-
Stage of introduction This is particularly important larly in ESI-MS. Finally, the mass shift for relative quantita-
for relative quantitation purposes. An early introduction tion experiments has to be sufficiently high to avoid an over-
of the isotope tag during the workflow minimizes errors lap of the isotope patterns of light and heavy forms, which is
during further preparation steps and it is often argued that of increasing importance for higher mass peptides where the
in this aspect metabolic labeling is superior to chemical contribution of naturally abundadfC is more significant,
approaches since the incorporation of the tag takes placedeading to broader isotope distributions.
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Commercial availability and costCommercial 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-worker$222—-223] In their approach, free Cys-thiol
groups are reacted wigrbenzoquinone which is formed in
situ on the chip via the electrooxidation pfhydroquinone
that is added to the sample solution.

Another very interesting approach is gas-phase tagging to
identify phosphorylation sites in peptides, as shown recently
by Gronert et al[224]. In this case, trimethyl borate was
added to the helium buffer gas in an ion trap instrument,
resulting in the gas-phase reaction with phosphate groups.

While these techniques are not yet suitable for routine
analysis of complex mixtures, they may give a hint at how
creative chemistry can be further introduced and developed
to broaden the array of analytical methodologies to reach
the goal of unambiguously identifying and quantifying target
compounds out of a complex matrix.
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