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This article highlights the emerging field of chemical proteomics, a powerful technology for the study of
post- and co-translational modification of proteins. Genome mapping and the study of protein
post-translational modifications have revealed the astounding chemical complexity present in the
proteome of even the simplest organisms. The identification and characterisation of the modifications
present on specific proteins in such complex mixtures has become a central challenge for post-genomic
functional studies in cell and systems biology. In the chemical proteomic approach to this problem,
protein-modifying enzymes and bioorthogonal chemoselective elaboration are exploited to deliver
chemical tags to specific modified residues, enabling new advances in our understanding of protein
modification.

Introduction

Gene sequencing and the elucidation of a growing variety of
pathways for co- and post-translational modification (PTM) have
revealed a staggering combinatorial chemical complexity in the
proteome of all organisms. Classically, protein populations have
been mapped using global methods such as 2D gel electrophoresis.
More recent high-throughput techniques can enable identifica-
tion and quantification of thousands of proteins in a single
experiment.1–3 Protein labelling techniques have greatly enhanced

Department of Chemistry and Chemical Biology Centre, South Kensington
Campus, Imperial College, London, UK SW7 2AZ. E-mail: e.tate@
imperial.ac.uk; Fax: +44 (0)20 75941139; Tel: +44 (0)20 75943752
† This paper is part of an Organic & Biomolecular Chemistry web theme
issue on protein labelling and chemical proteomics. Guest editors: Ed Tate
and Matthew Bogyo.

William P. Heal

William Heal received a BSc
with honours in chemistry in
1998, and an MSc in chemical
process R&D the following year
from the University of Liverpool
(UK). He stayed in Liverpool to
complete a PhD in 2003, study-
ing asymmetric synthesis under
the supervision of Professor Stan
Roberts, followed by postdoc-
toral research in medicinal chem-
istry (prion disease) at the Uni-
versity of Sheffield (UK). He
is presently at Imperial College

London (UK), undertaking postdoctoral research in the Tate group
in the field of chemical biology. He is particularly interested in the
design and synthesis of chemical tools for use in studying biological
systems.

Edward W. Tate

Dr Tate received his PhD in the
group of Prof. Steve Ley FRS at
the University of Cambridge, and
then worked with Prof. Sam Zard
at Ecole Polytechnique (Paris)
as an 1851 Research Fellow. Fol-
lowing postdoctoral research in
molecular microbiology at the
Pasteur Institute in Paris and
in chemical biology at Imperial
College London, he was awarded
a BBSRC David Phillips Re-
search Fellowship in 2006, and
in 2008 he was appointed to a

Lectureship in Chemical Biology in the Department of Chemistry,
Imperial College London. His research group currently comprises
over 20 researchers engaged in multiple aspects of the design and
application of novel chemical approaches to understanding living
systems, with an emphasis on the roles of protein modification in
disease.

our ability to add handles such as fluorophores, isotope labels
and affinity tags to enhance mass spectrometry-based proteomics,
but the study of PTM specifically remains a significant challenge.
Recently, techniques have emerged from the fields of chemical
biology and chemical proteomics that allow the introduction of
small, unobtrusive, site specific tags, offering a much more selective
means of probing specific PTMs.4–8

Chemical proteomics

As illustrated in Fig. 1, tagging of a target protein with a small-
molecule at the site of modification is common to all chemical
proteomic approaches to PTM. This is typically accomplished by
the introduction of a chemically-tagged analogue of the natural
substrate for the enzyme (e.g. a transferase) that catalyses PTM
of the target protein(s). The tag is designed to be as close to

This journal is © The Royal Society of Chemistry 2010 Org. Biomol. Chem., 2010, 8, 731–738 | 731

D
ow

nl
oa

de
d 

by
 I

ns
tit

ut
e 

of
 O

rg
an

ic
 C

he
m

is
tr

y 
of

 th
e 

SB
 R

A
S 

on
 1

9 
A

ug
us

t 2
01

0
Pu

bl
is

he
d 

on
 0

3 
D

ec
em

be
r 

20
09

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

91
78

94
E

View Online

http://dx.doi.org/10.1039/B917894E


Fig. 1 Cartoon representation of the technique of ‘tagging via substrate’.
The transferase-mediated step can be carried out in vivo or in vitro, as
can the bioorthogonal ligation. Down-stream options include affinity
purification and in-gel fluorescence to detect and identify modified
proteins.

biologically imperceptible as possible, such that tagging can be
carried out in vivo using the native cellular machinery. However,
in vitro tagging is also possible using purified recombinant
enzymes or chemoselective reactions. Once the target proteins
have been tagged, a highly selective bioorthogonal ligation is
performed between the tag and another chemical entity (or
capture reagent) bearing one or more secondary labels. In the
large majority of studies reported to date this step has been
based on ‘click-chemistry’, a set of reactions chosen for their

extremely high chemoselectivity in a biological environment (often
termed bioorthogonality), efficiency and mild, aqueous compatible
reaction conditions.9–14 The design of capture reagents can exploit
the full range of modern synthetic organic chemistry resulting
in a plethora of powerful chemical tools. These include such
features as affinity groups (biotin, histidine tags, FLAG peptides,
etc. allowing enrichment), fluorophores (for applications from
direct in-gel visualisation to live cell imaging), oligonucleotide tags,
radiolabels and/or stable isotope labels.

These components are typically separated from the clickable
moiety by a flexible hydrophilic linker (such as PEG), improving
aqueous solubility and facilitating interaction with a binding
partner (e.g. biotin/avidin). The use of such affinity interactions
for target enrichment can be confounded by nonspecific binding to
both the binding partner and the solid support. The introduction
of cleavable linkers has greatly expedited selectivity, allowing
liberation of targets from the background (Scheme 1). These
groups can be sundered by mild chemistry in the case of acetals,15

1,2-diols,16 disulfides,17 acylhydrazones18 and diazo groups,19 or
by proteolysis (e.g. a TEV cleavage site20). Due to the range of
chemistries available, mutually compatible methods can be found
so that multiple features can be combined in a single reagent,
specifically tailored to the system of interest.

A key advantage of this ‘tagging-via-substrate’ approach over
genetic approaches, such as fusion to a reporter protein (e.g.
EGFP), is the reduced chance of interference with biological
function. Fusion proteins are large, typically >10 kDa, and
there is no temporal control over the labelling event; in contrast,
chemical tags are typically <50 Da, and the subsequent labelling

Scheme 1 Chemically-cleavable moieties that have proven value in the linker region of capture reagents. A, Dithiol cleavage, carried out under mildly
reducing conditions. B, Diol cleavage, carried out in the presence of periodate. C, Diazo linker cleavage, by addition of sodium dithionite. D, Acid cleavable
acetal. E, acylhydrazone exchange.
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step can be performed at any stage of analysis. An important
variant, termed orthogonal chemical proteomics, allows the study
of a specific enzyme’s activity discreet from any isozymes. This
may be accomplished by modifying the enzyme to tolerate a
tagged analogue of the natural substrate that would otherwise
not be recognised. This approach is well-suited to the study of
protein kinases, for example, where it is becoming an established
technique.21,22

Currently, a number of research groups are engaged in develop-
ing chemical proteomics techniques, expanding the range of PTMs
open to study. In addition, the toxicity and biocompatibility (sol-
ubility, off-target effects, etc.) of the reagents are under constant
improvement, such that in vivo experiments inside living cells, and
even whole organisms, are now possible.12,23–26 This article will
discuss significant recent developments in chemical proteomics,
and their application to the study of four of the key PTMs:
glycosylation, prenylation, acylation, and phosphorylation.27

Glycosylation

Protein glycosylation is one of the most abundant and diverse
PTMs in mammalian cells, and plays an important role in many
cellular processes, particularly cell–cell recognition, adhesion and
signalling. Yet the considerable complexity of glycosylation and
the difficulty of differentiating individual glycosides from complex
mixtures of other polysaccharides has made this a challenging
area of study using conventional techniques (mass spectrometry,
antibody-based purification etc.). This fact, in combination with
access to tagged sugars, meant that the study of glycosylation was
one of the earliest developments in chemical proteomics of PTM,28

and subsequent work has greatly increased our understanding of
certain types of N- and O-linked glycosylation (Fig. 2). The first
method (Fig. 2A), whereby azide tagged monosaccarides were fed
to living cells, was pioneered by Bertozzi and co-workers.28–30 This
makes use of the cell’s native machinery to incorporate tagged
sugars into proteins in vivo. Subsequent capture via bioorthogonal
ligation allows inclusion of an affinity group, making selective
enrichment of the modified proteins of interest. This versatile
technology has also been applied to the labelling of cell surface

Fig. 2 Tagging-via-substrate applied to glycomics: A, Tagged glycoside
(e.g. GalNAc, fucose and ManAc) fed to cells. B, Enzymatic addition
(post-lysis) of tagged Gal analogues at O-GlcNAc sites by use of an
engineered Gal transferase.

proteins, allowing surface re-functionalisation, and even to the
tagging of glycosylated proteins in whole animals. The metabolic
incorporation of N-azidoacetylmannosamine (ManNAz), N-
azidoacetylgalactosamine (GalNAz), N-azidoacetylglucosamine
(GlcNAz) and 6-azidofucose (6AzFuc) have all been studied, using
capture reagents incorporating features such as FLAG peptides,
polyhistidine tags and biotin for detection/enrichment.31–38

The second method (Fig. 2B), developed by Hsieh-Wilson
and colleagues, focuses on b-N-acetylglucosamine (O-GlcNAc)
modification of serine and threonine residues. This PTM is
present in all higher eukaryotic organisms, and has been shown
to be inducible and highly dynamic. It shares certain features
with phosphorylation, and so-called ying/yang sites have been
found to be alternately O-GlcNAc-ylated or phosphorylated as
a regulatory switch. However, the nature of the modification
(i.e. dynamic and often present at low cellular abundance) also
represents a significant challenge for its detection and study.
An engineered b-1,4-galactosyltransferase enabled post-lysis site-
specific incorporation of a ketone tag that was ligated readily and
selectively with aminooxy biotin derivatives, allowing downstream
investigation.39,40 This technology has since been extended and
commercialised, and has found application in the identification of
potential biomarkers and imaging.41–45

Protein lipidation

Lipid-based PTM, whilst a key feature of the regulation of
cellular processes such as trafficking and signalling, poses a
challenge for proteomics. This is chiefly due to the difficulty of
detecting the lipid moiety, and a lack of effective antibody-based
recognition. However, these obstacles have been overcome by the
post-translational inclusion, via synthetic organic chemistry, of
novel chemical tags.

Acylation

Protein acylation with long chain fatty acids is found in all
eukaryotic cells, and is central to membrane localistion and other
hydrophobic interactions (formation of lipid rafts or membrane
micro domains, protein–protein interactions, signalling pathways,
etc.). The addition of C14 and C16 unbranched saturated alkyl
chains (myristate and palmitate respectively) are the most widely
studied. However, the paucity of methods for biochemical analysis
have rendered this a challenge.

Myristoylation. N-Myristoylation, the covalent attachment
of myristate to the N-terminal glycine of a target protein,
is catalysed by the enzyme Myristoyl-CoA:protein N-myristoyl
transferase (NMT).46–48 NMT has been characterised in a wide
range of organisms from yeast to humans, and is a prominent
drug target in several maladies and infections including the
protozoan parasites49–51 and cancer.52,53 Furthermore, a severe
heritable condition termed ‘Noonan-like syndrome with loose
anagen hair’ was recently traced to a Ser2Gly mutation of the
protein SHOC2, the first instance of a genetic disease resulting
from an acquired N-terminal lipidation event.54

The ability to investigate the population of myristoylated
proteins in a given system is highly significant in both answering
basic questions in functional biology and the validation of NMT
as a drug target. Despite being an essential PTM, myristic acid is
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a relatively rare entity in vivo and in humans, for example, <3%
of the proteome is myristoylated. This necessitates sensitive and
selective methods for study. Classically, radiolabelled analogues
of myristate were used, but low specific activity and the hazards
involved in handling such reagents, along with a lack of technique
for affinity enrichment, mean that there is a demand for alternative
approaches.

In the early 1990s Gordon et al. demonstrated that Saccha-
romyces cerevisiae NMT (ScNMT) tolerates fatty acylcoenzyme A
(CoA) analogues that closely mimic myristoyl-CoA, particularly
regarding chain length and flexibility.55,56 Building on this, our
group57,58 and others59,60 have developed a method for the introduc-
tion of small unobtrusive ‘tags’, via synthetic analogues of myristic
acid (Fig. 3). Tag groups, such as azide or alkyne, that are tolerated
by the transferase NMT are selectively and site-specifically added
to the N-terminus of target proteins, allowing subsequent ‘cap-
ture’ by bioorthogonal ligation. Like the work on glycosylation
described above, this ligation chemistry exploits ‘click’ reactions.
Reactions of this type are rapid, highly chemoselective, efficient
and, importantly, may be performed under mild conditions.61 They
are compatible with biological media such as buffered protein
solutions, cell lysates, and even, in some cases, tissue culture.
The tags are reacted with capture reagents bearing the reciprocal
component of the ligation reaction, and additional functionality
for down-stream processing. Capture reagents bearing affinity tags
(e.g. biotin for detection and affinity purification) and fluorophores
(allowing ready detection) have been investigated by several
groups. The versatility of this approach as a general labelling tool
has recently been demonstrated on purified recombinant proteins,
in vitro and in vivo, in an E. coli co-expression system.57,58 The
latter makes use of E. coli, which like all prokaryotes has no
endogenous NMT, to synthesise the transferase (Candida albicans
NMT, CaNMT) and a target protein (Plasmodium falciparum
ARF1, Pf ARF1) by use of a dual plasmid approach. After
growing the bacteria supplemented with tagged myristic acid and
induced with IPTG, lysis and subsequent bioorthogonal ligation

Fig. 3 Examples of tagging proteins at sites of fatty acid acylation.
A, Tagged lipid is fed to cells, the cellular machinery processes the
analogue as for the natural fatty acid, and the target protein is tagged in
a site specific manner. Subsequent elaboration by bioorthogonal chemical
ligation allows attachment of labels. B, All available cysteine thiols are
reduced and blocked, before chemoselective cleavage of thioester bonds.
The newly revealed thiols, previously sites of palmitoylation, are labelled
selectively.

resulted in biotinylated Pf ARF1, which was identified by Western
blotting. The site-specific nature of this tagging-via-myristate was
demonstrated by use, in vitro and in vivo, of the G2A mutant of
Pf ARF1, which was not myristoylated, and thus did not undergo
subsequent biotinylation. In this work, both [3 + 2] copper-
catalysed cycloaddition and the Staudinger–Bertozzi ligation were
employed.

The same technology has also been applied to the study of
myristoylation in mammalian cells. For example, Hang et al.
were able to detect the well-characterised fatty-acylated protein
Lck, a Src-family protein kinase essential for T cell activation,
by similar metabolic labelling of Jurkat cells, lysis and subse-
quent capture by Staudinger ligation using phosphine–biotin.60

Berthiaume et al. have studied the myristoylation in Jurkat T
cell apoptosis, demonstrating that at least 15 proteins undergo
this post-translational lipidation.62 This work made use of the
Staudinger ligation to attach biotin or the FLAG peptide. Across
all these studies, metabolic chemical labelling has been shown to
result in a >107-fold increase in signal compared to radiolabelling
and with detection (in-gel or by Western blotting) in seconds rather
than days or weeks.57,58,60,62,63

Palmitoylation. Palmitoylation, the addition of the unsatu-
rated C16 palmitoyl group to the cysteine thiols of a target
protein, is more prevalent than myristoylation. It promotes
hydrophobic interactions in a similar way to the other co- and
post-translational lipidations, but differs in its reversibility.64 This
commutability was exploited by Davis et al. to study palmi-
toylation in the yeast Saccharomyces cerevisiae.65 Purification of
palmitoylated proteins was accomplished by capping free cysteine
thiols with N-ethyl maleimide, removal of palmitoyl groups by
treatment with hydroxylamine, followed by biotinylation of the
newly exposed thiols. In this manner, 35 new palmitoylation
targets were identified after binding to streptavidin and MudPIT
(multi-dimensional protein identification technology)66 analysis.
Interestingly, the biotinylating reagent (N-(6-(biotinamido)hexyl)-
3¢-(2¢-pyridyldithio)-propionamide (biotin-HPDP) was used to
link the affinity group via a disulfide bond, allowing later
cleavage. This landmark study of palmitoylation was followed by
a comprehensive assessment of synaptic palmitoylation using the
same technique.67

In a similar manner, Zacharias and co-workers (who have
recently reviewed palmitoyl acyltransferases, known substrates
and methods for their assay68) were able to identify CKAP4/p63
(a putative tumour suppressor) as a major substrate of palmitoyl
acyltransferase DHHC2.69 They used S-methyl methanethio-
sulfonate (MMTS) as the thiol capping reagent, followed by
hydroxylamine treatment to remove palmitoyl groups, and lastly,
isotope coded affinity tag (ICAT, for tandem MS experiments)
labelling of the newly revealed cysteine thiols.

However, this acyl-biotinyl exchange (ABE) methodology suf-
fers from a relatively high false positive rate due to the multiple
chemical manipulations required. A complementary approach was
recently reported by Cravatt and Martin, who used the tagging
via substrate approach to identify 125 predicted palmitoylated
proteins in Jurkat T cells.70 Like the myristoylation studies (v.s.),
an azido–biotin species was used to affinity tag proteins bearing
an alkynyl palmitate. Once isolated from the membrane fractions
of lysed cells, palmitoylated proteins were identified by MudPIT.

734 | Org. Biomol. Chem., 2010, 8, 731–738 This journal is © The Royal Society of Chemistry 2010

D
ow

nl
oa

de
d 

by
 I

ns
tit

ut
e 

of
 O

rg
an

ic
 C

he
m

is
tr

y 
of

 th
e 

SB
 R

A
S 

on
 1

9 
A

ug
us

t 2
01

0
Pu

bl
is

he
d 

on
 0

3 
D

ec
em

be
r 

20
09

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

91
78

94
E

View Online

http://dx.doi.org/10.1039/B917894E


Prenylation

Prenylation involves the covalent attachment of a polyisoprene
lipid (e.g. farnesyl, geranylgeranyl) to a cysteine residue, typically
in the C-terminal part of the target protein. Analogous to acyla-
tion, prenylation is central to cellular processes involving protein–
protein interactions, trafficking and membrane localisation.71

Most notably, incorrect prenylation of the Ras and Rab super
families of proteins has been implicated in the etiology of infectious
diseases, heritable conditions and cancer,72–76 and the transferases
responsible are therefore under investigation as potential drug
targets. The geranylgeranylation of Rab GTPases is exclusively
performed by Rab geranylgeranyl transferase (RGGTase), and
has been reviewed extensively by Seabra et al.75,77 and Waldman
et al.,78 who also provided the first crystal structure of RGGTase,
and of RGGTase in complex with an inhibitor.79,80 However,
for similar reasons to those discussed for acylation, the study
of protein prenylation has proved challenging, compounded by
difficulties encountered in the mass analysis of very hydrophobic
prenylated peptides.3 Thus, less selective or sensitive methods such
as hydrophobic affinity chromatography or radioisotope labelling
have been relied upon.

As early as 1997, Edelstein and Distefano showed that protein
farnesyl transferase (PFTase) tolerates some chemical modifica-
tion of the prenyl pyrophosphate unit81 and later work showed that
a considerably wider range of functionalities, including ketones,
ethers, esters and amides, could be accepted in the prenyl sub-
strates, which could thus be added to substrate peptides and intact
proteins.82 The inclusion of bioorthogonal tags and subsequent
chemical elaboration, in the same manner as outlined above
for acylation, was therefore a natural development. Indeed, site
specific labelling of recombinant proteins has been reported using
azidofarnesyl pyrophosphates,37,83 including the enrichment of the
resultant prenylated entities from cells in culture. Although not as
developed as chemical glycomics, the significance of prenylation
in various diseases is driving many research efforts in this field.84,85

In a very recent study of Hutchinson-Gilford progeria syndrome,
azidogeranylgeranyl alcohol, a reagent recently commercialised
for non-radioactive metabolic labelling, was used with subsequent
ligation to a TAMRA-containing molecule to study the prenyla-
tion of progerin in fibroblasts.86

Rab prenylation is carried out by a complex of RGGTase and
a Rab escort protein (REP). Mutation of REP-1 is known to
cause the X-linked retinal degenerative disease Choroideremia.
The Rab proteins in the choroid and retinal pigment epithelium of
the eye are incorrectly prenylated and thus not transported to the
correct membranes, resulting in blindness.87,88 Work is underway
in our labs to use a combination of enzyme-ligand engineering
and bioorthogonal ligation chemistry to attach labels to Rab
proteins, to identify those that are inefficiently prenylated, with
the aim of improving our understanding of the biology of the
disease and identifying novel targets for therapeutic intervention.
In a somewhat different approach, Alexandrov et al. were able
to apply a simple synthetic biotin geranylpyrophosphate that
resembles geranylgeranylpyrophosphate in terms of length, by
structure-guided engineering of protein prenyltransferases.89 The
researchers used these tools to study the effects of protein
prenyltransferase inhibitors by following the mis-prenylation of
RabGTPases throughout the proteome.

Phosphorylation

Although one of the most widely studied protein PTMs, phospho-
rylation still poses many challenges in the field of proteomics.90

Although many methods have been developed for the isolation of
phosphorylated proteins, mainly involving types of metal affinity
chromatography, they are frequently blighted by poor specificity,
particularly when acidic peptides/proteins are present, and tend
to favour polyphosphorylated entities.3 Despite the more recent
development of monoclonal anti-phosphotyrosine antibodies,91,92

which allow for the specific enrichment of phosphotyrosine-
containing proteins, non-sequence specific antibodies towards
PTMs have remained elusive. For example, a recent attempt em-
ploying phage display to identify sequence-independent antibodies
specific for sulfyltyrosine-modified proteins managed to find only
one hit from a screening of nearly 8000 selected clones.93

As an alternative and complementary approach, the site-
specific modification of residues bearing phosphoseryl or phos-
phothreonyl modifications can be accomplished by exploiting the
tendency of the phosphate moiety to undergo b-elimination under
strongly basic conditions.90,94–96 This chemistry results in a reactive
dehydroalanine (i.e. a Michael acceptor), which is susceptible
to nucleophilic attack (Fig. 4A). Ethanedithiol was used to
establish a nucleophile at the site of phosphorylation (necessitating
prior capping of the cysteine thiols), before treatment with an
electrophilic biotinylated entity. Issues with the efficiency of the
chemistry (O-glycans can also eliminate under these conditions)
and sample recovery notwithstanding, this approach allowed
a limited analysis of the phosphoproteome from Arabidopsis
thaliana, with some 30 or so proteins being characterised.94

Fig. 4 Approaches to protein tagging at the site of phosphorylation. A,
After oxidation of free thiols (to prevent unwanted nucleophilic addition),
base-mediated b-elimination of the phosphates from serine results in the
formation of a Michael acceptor. A thiol-containing source of biotin is
then added for site specific derivatisation. B, Alternatively, all phosphates
undergo phosphoramidate formation, followed by thiol-specific labelling.

In a related method for mapping the phosphorylome, the
proteins are reversibly immobilised on a solid support or den-
drimer via a short sequence of reactions.97–99 After removal
of the non-phosphorylated entities, the bound proteins are
released for analysis. One of the advantages of this approach
over that described previously is that under the conditions of
phosphoramidate chemistry used, the phosphate remains attached
to the protein. This allows the site of phosphorylation to be
determined during the subsequent analysis. This advantage was

This journal is © The Royal Society of Chemistry 2010 Org. Biomol. Chem., 2010, 8, 731–738 | 735
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demonstrated elegantly in the discovery of a large number of
phosphorylation sites on the protein dFOXO, from the cytosolic
fraction of Drosophila melanogaster Kc167 cells.97 Additionally,
selective enrichment of thiophosphorylated polypeptides has been
accomplished by chemoselective alkylation.100 Exploiting the en-
hanced nucleophilicity of the thiophosphate sulfur at low pH (over
other nucleophilic amino acid features), selective attachment of a
biotinylated (or solid supported) alkylating reagent was possible
(Fig. 4B). Interestingly, these researchers made use of a photo-
cleavable linker to facilitate separation of the thiophosphorylated
entities.

Pioneered by Shokat et al.,21 a chemical genetics approach to
the study of protein phosphorylation is among the exciting recent
developments in the area. Essentially, an unnatural base-modified
ATP analogue is used, which can only be tolerated by a kinase
possessing a mutationally enlarged ATP binding site (the so-called
‘bump-hole’ approach). In this way, only the substrates of the
(modified) kinase of interest are derivatised with the bulkier ATP
analogue. The inclusion of a chemical tag allows, via transfer of
the analogue, site-specific tagging of the kinase substrates, and
subsequent elucidation. In a recent example, the synthesis of
several enlarged/tagged ATP analogues is described, along with a
screen of these with protein kinase cdk2, and its known substrate
p27kip1.101 Subsequent work by Green and Pflum has shown that,
in selected cases, it is possible to transfer a labelled g-phosphate
moiety from an ATP analogue, to generate a biotinylated or
dansylated kinase substrate. This approach has so far only been
shown to work for kinases in which the g-phosphate is solvent
exposed in the ATP binding site, which is a relative rarity amongst
kinases characterised to date.102,103 Nevertheless, this very direct
approach is clearly an attractive prospect for screening kinase
activity in cell-free systems, and merits further exploration in the
future.

Other PTMs

PTM is an incredibly rich area for the development and application
of new techniques in chemical biology. Many dozens of PTMs
are known with more examples identified on a monthly basis,
offering a wealth of opportunities to apply chemical approaches
to further our understanding of these diverse and fascinating
phenomena. For example, the addition of small polypeptides such
as ubiquitin or SUMO (small ubiquitin-related modifier); whilst
the destructive role of ubiquitination has been understood for
some time (marking proteins for recognition by the proteosome
prior to degradation), it is now also known that the modification
has a role in regulating gene expression, signal transduction
and intracellular transport.104 Less is known about sumoylation,
although it has been implicated in several regulatory functions
including the regulation of chromatin substructure, transcription
factor activity, subcellular compartmentalisation, protein complex
assembly and DNA binding.105–107 Zhao and co-workers reported
the use of affinity chromatography-coupled HPLC/MS/MS
analysis for identification of sumoylated entities from HEK-293
cells. The approach made use of HA-tagged SUMOs (HA tag
sequence: YPYDVPDYA), which allowed immunopurification
prior to protein identification. By this approach, 21 candidate
sumoylated targets were identified from whole cell lysates.108 A
related approach was previously applied with great success to the

identification of ubiquitinated proteins in a strain of the yeast
Saccharomyces cerevisiae that expresses a His6-tagged ubiquitin
analogue.109 In another recent development, Lin et al. were able to
use an alkyne-tagged nicotinamide adenine dinucleotide (NAD) to
investigate the protein ADP-ribosyltransferase-catalysed transfer
of ADP-ribose from NAD to target proteins, promising the
future identification of the many potential targets of poly- and
mono-ADP-ribosylation, both of which are important PTMs in
regulating gene expression.110

Conclusions

Whilst the information provided by genome sequencing has
revolutionised research in biology, RNA splicing and the myriad
pathways of protein maturation/modification mean that the gene
sequence only scratches the surface of the complexity of the
proteome. Genetic information is relatively static, whilst the
proteome undergoes a staggering range of modifications, many
highly dynamic, in a constant state of flux as part of signalling,
intracellular transport, gene regulation, shock response, disease
progression, etc. Furthermore, epigenetic modifications represent
an additional level of genomic complexity that is not fixed at
the DNA sequence level, and is partly mediated and encoded
by protein PTMs. It is the vibrant field at the chemistry/biology
interface that is proving the most fertile ground for cultivation of
new technologies for studying PTM. As the power of emerging
techniques is realised research efforts in the field have grown,
widening the scope both in terms of the biological questions
to which chemical proteomics can be applied, and in terms
of the diversity of the chemical tool box available. The recent
development of commercial kits for metabolic bioorthogonal
tagging (Invitrogen111) bodes well for the future of chemical
proteomics. The approach will be at its most effective when paired
with complementary techniques such as chemical genetics or RNA
interference that manipulate specific aspects of the system in
a temporally-defined manner. Under these conditions, chemical
proteomic analysis can provide a unique window onto changes in
post-translational modification that serve to mediate downstream
processes.

In the near future, it may be anticipated that this powerful
method of chemical tagging will be extended to the study of PTMs
as biomarkers of disease,112,113 and permit the effects of transferase
inhibitors to be elucidated, with collateral applications in enzyme
assays and target validation studies. The paramount importance of
PTMs such as methylation and acetylation, and of DNA modifica-
tion in transcriptional regulation and epigenetic control presents
a strikingly significant opportunity for the development and
application of chemical tagging methodologies that has yet to be
explored in depth. It is also worth noting that the elegant chemistry
first exploited for bioorthogonal ligation in chemical proteomics
has found many applications outside of the remit of this review.
For example, DNA modification114–117 and activity-based protein
profiling (ABPP)118–122 both utilise such reactions. Indeed, the
activities of several enzymes discussed in this manuscript have
been studied using the complementary approach of ABPP,123–125

and in concert these methods have the potential to provide a
comprehensive picture of the regulation of PTM. Tagging-via-
substrate is also able to provide a general method for the site-
specific transferase-mediated labelling of recombinant proteins,
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both in vitro and in vivo, and in this biotechnological guise it has
already resulted in many varied applications.126

Perhaps the main challenge for researchers in this field is
the high level of expertise required in biochemistry, cell and
molecular biology, as well as in synthetic chemistry. Nevertheless,
in the modern research climate it is necessary and desirable for
synthetic chemists to apply their skills to problems of importance
to the wider scientific community. Chemistry has a fundamental
and leading role to play in the future of biology and medicine,
and chemical proteomics is emerging as an integral part of this
multidisciplinary landscape.
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