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Abstract Identification and quantification of multiple pro-
teins from complex mixtures is a central theme in post-
genomic biology. Despite recent progress in high-throughput
proteomics, proteomic analysis of post-translationally mod-
ified (PTM) proteins remains particularly challenging. This
mini-review introduces the emerging field of chemical
proteomics and reviews recent advances in chemical proteo-
mic technology that are offering striking new insights into
the functional biology of post-translational modification.
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Introduction

Identification and quantification of multiple proteins from
complex mixtures is a central theme in post-genomic
biology. Whilst high-throughput proteomics now enables
identification and relative quantification of hundreds to
thousands of proteins in a single experiment, significant
barriers remain for the analysis of specific protein families
of central importance in biology and medicine [1-3].
Proteomic analysis of post-translationally modified (PTM)
proteins has proven particularly challenging due to the
problems of identifying modified peptides by mass spec-
trometry and interference from the high background of
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unmodified material. Recent developments in the emerging
fields of chemical biology and chemical proteomics [4—8]
have resulted in techniques that either take advantage of the
cell’s post-translational machinery or exploit subtle differ-
ences in the chemical or enzymatic reactivity of specific
PTMs to incorporate a small chemical tag specifically at the
site of modification. Exquisitely selective chemical reac-
tions can then be used to introduce any combination of
secondary labels that enable detection, manipulation and
enrichment of proteins bearing a specific PTM [9, 10].
These unique applications of metabolic and protein engi-
neering have opened up a wide range of applications in
protein labelling, basic biology, biomarker discovery and
drug discovery. This mini-review provides an overview of
the techniques available for post-translational chemical
proteomics and reviews a selection of key recent advances
and applications.

Chemical proteomics: an overview

The principle technologies underlying post-translational
chemical proteomics are shown in Fig. 1. The key unifying
step is the generation of a protein labelled with a small
chemical tag at the site of post-translational modification. A
highly selective chemical reaction, termed a bioorthogonal
ligation, is then performed between the chemical tag and a
capture reagent to introduce one or more secondary label(s).

The methodology for the initial introduction of the
chemical tag is tailored to the PTM of interest, exploiting
either in vivo metabolic labelling with a tagged analogue of
the PTM or selective (usually post-lysis) modification of a
PTM by chemical or enzymatic means. During metabolic
incorporation, the small and biologically inert chemical tag
remains functionally silent, enabling transfer to the targets
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techniques used for the explora-
tion of PTM using chemical
proteomics, and some examples
of the downstream applications
they enable

Fig. 1 An overview of the v
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and maintaining the wild-type activity of modified proteins.
The downstream bioorthogonal ligation technology is
generic and remarkably robust, being based largely on the
concept of the so-called click chemistry [9-14], a term for
reactions between two biologically compatible functional
groups that can occur under mild aqueous conditions that
do not affect biomolecules. By taking full advantage of the
power of organic synthesis, custom capture reagents have
been created bearing affinity labels (biotin, Hiss, FLAG,
etc.), reporter dyes, oligonucleotide tags, radiolabels and
stable isotope labels. Typically, these labels are organised
and separated by the strategic placement of flexible
hydrophilic linkers to enhance aqueous solubility and
accessibility towards avidin or antibodies. To enable facile
and highly selective release after affinity purification,
linkers have also been designed bearing an orthogonally
cleavable moiety such as a protease cleavage site [15],
periodate-cleavable cis-diol [16], reductively cleavable
disulphide [17] or diazo-linker [18], or an acid-cleavable
acetal [19]. With due regard to the mutual chemical
compatibility of each of these functional groups, capture
reagents may be designed that couple the advantages of
multiple commonly used reporter and affinity purification
technologies in a single system.
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This chemical approach to post-translational proteomics
leads to a unique combination of advantages and applications:

1. The underlying technology is post-genomic and, thus,
is portable between different classes of organism, and it
may be applied to profile PTMs both in cells in culture
and in live animals [10, 20-23].

2. The introduction of a fluorescent label can permit direct
fixed or live cell imaging of post-translational modifi-
cation [24-26].

3. In contrast to traditional metabolic radiolabelling,
chemical tagging can result in improvement in signal
over background of approximately six orders of
magnitude [27] and can provide a versatile handle with
which to manipulate the modified proteins.

4. By modifying a specific member of a large kinase or
transferase family so that it will accept a tagged
analogue as substrate (also known as orthogonal
chemical genetics), the activity and substrate profile
of this enzyme may be monitored independently from
its isozymes [28]. This approach is evolving into a
standard technique in kinase biology [29].

5. The site of modification may be readily determined in
concert with protein identification by virtue of the
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distinctive mass fingerprint of the tag or secondary
label.

6. Chemical tagging offers superior selectivity and efficien-
cy for the enrichment of PTM proteins when compared to
the limited range of existing antibody or affinity column-
based enrichment techniques.

Research programmes in a number of chemical biology
research groups are aimed at improving and expanding the
scope of chemical proteomics to encompass all of the
features mentioned above and extending the range of PTMs
that are amenable to study. For in vivo applications that
involve metabolic engineering, research is ongoing to
improve uptake and incorporation of tagged analogues
and to enable facile application of bioorthogonal ligation
inside living cells. In common with all metabolic labelling
techniques, there are potential issues of toxicity and off-
target effects that may be elicited by these compounds,
although tagged analogues are generally very well tolerated
by cells and whole organisms.

In the following sections, key advances in chemical
proteomic technology for the analysis of glycosylation,
prenylation, acylation and phosphorylation are reviewed.
The reader is also referred to related chemical proteomic
studies on post-translational sulphenation [30], S-nitrosation
[31] and sumoylation [32, 33] that are not covered in detail
in this mini-review.

Exploring the post-translational proteome
Glycosylation

Glycosylation was the first PTM to be studied by chemical
proteomics [34]. Protein glycosylation plays a role in
myriad cellular processes, most notably cellular recogni-
tion and signalling, but the enormous complexity and
heterogeneity of glycosylation has made the comprehen-
sive analysis of glycoproteins one of the most difficult
challenges in post-translational proteomics. Although
recent advances in tandem mass spectrometry have
enabled the structure of complex polysaccharides to be
determined [35], traditional approaches such as lectin or
antibody-based affinity purification have met with limited
success for the selective enrichment of proteins bearing a
specific glycoside and do not assist PTM site identifica-
tion [36-39]. The development of novel chemical
approaches to this problem has, therefore, had a signifi-
cant impact on our understanding of the functional biology
of glycosylation, particularly for O-linked monosaccharide
modification. Two distinct approaches have been used to
date for the chemical proteomic study of glycosylation

(Fig. 2).

In the first approach, pioneered by the group of Carolyn
Bertozzi [34, 40, 41], azide- or alkyne-tagged monosac-
charides are fed to cells in culture and metabolically
incorporated into proteins via a series of in vivo trans-
formations; these chemical tags may then be captured as
described above to enable selective enrichment of proteins
bearing the target glycoside. Remarkably, this technique
may also be applied for the metabolic labelling of cell-
surface proteins for engineered cell-surface remodelling and
to the labelling of glycosylated proteins in living animals.
O-linked glycans studied to date by this approach include
those containing sialic acid via metabolism of a tagged N-
acetylmannosamine (ManNAc) analogue [42-45], N-
acetylgalactosamine (GalNAc) [46], N-acetylglucosamine
(GlcNAc) [47-49] and fucose (Fuc) [45]. In the second
approach, first reported by the group of Hsieh-Wilson [50,
51], an engineered galactosyltransferase is used to add a
tagged glycoside to proteins bearing an O-linked N-
acetylglucosamine (O-GIcNAc) PTM at Ser or Thr resi-
dues. The tag, a methyl ketone in this instance, can also be
captured by bioorthogonal ligation chemistry to install a
secondary label for downstream enrichment and analysis.
Whilst this latter approach is currently limited to the
analysis of O-GlcNAc modifications, it is performed
directly on unmodified cell or tissue extracts, and so avoids
any interference in the system due to metabolic labelling.

O-GlcNAc modification is modulated by glycosyl trans-
ferase and glycosidase activity in much the same way as
phosphorylation is controlled by kinases and phosphatases
and may play a similarly important role in signal transduc-
tion [52—57]. Indeed, phosphorylation of certain proteins can
act as a negative regulator of glycosylation, and the protein
glycoconjugate plays the biologically active role. Chemical
proteomic studies have helped to reveal the role of O-linked
GlcNAc, ManNAc and GalNAc mucin-like glycosylation in
signalling [58-60] and have shown that chemical proteomic
techniques may be used to detect dynamic changes in the
glycosylation state of target proteins. Elegant applications of
this technology for the direct visualisation of glycosylation in
fixed and living cells by fluorescence microscopy also
promise to shed light on glycosyl transferase activity and
trafficking processes mediated by glycosylation [24-26].

Protein lipidation

Protein lipidation presents a challenge for proteomic
analysis because these modifications are difficult to detect
using traditional methods and carry limited functionality
that could act as a handle for antibody-based recognition or
for chemoselective or enzymatic tagging. However, signif-
icant progress has been made in the development of novel
chemical tagging protocols, in particular for long-chain
acylation and prenylation.
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Fig. 2 Tagging/bioorthogonal
labelling approach to chemical
glycomics. Top metabolic engi-
neering with tagged glycoside
analogues, which may also in-
clude GalNAc, fucose and
ManAc (see text). Bottom post-
lysis enzymatic addition of a
tagged Gal analogue at O-
GlcNac sites using an engi-
neered Gal transferase
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Protein acylation with long-chain fatty acids plays an
important role in mediating membrane association and is
involved in the formation of lipid rafts and in signalling and
trafficking processes in all eukaryotic cells [61-63]. The
two best-studied forms of protein acylation are irreversible
co-translational N-myristoylation at an N-terminal glycine
residue and reversible post-translational S-palmitoylation at
internal cysteine residues. N-myristoyltransferase (NMT) is
a prominent drug target in a range of infectious diseases
[64-66], and there is increasing evidence that NMT is also
implicated in cancer [67, 68]. Palmitoyl transferases have
only recently been identified in yeast and mammalian cells,
being less amenable to study than NMT as a result of their
membrane association and multiple overlapping specific-
ities [69—74]. Techniques for studying the targets of long-
chain protein acylation have previously been limited to
radiolabelling and hydrophobic affinity chromatography,
and it has proven impossible to raise reliable generic
antibodies against these non-immunogenic motifs. The
pressing need for new techniques in this area has
galvanised research in several chemical biology groups,
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enable whole-proteome isolation and identification of
acylated proteins (Fig. 3).

In an analogous manner to chemical glycomics, two
approaches have been pioneered for chemical acylomics. In
the first, tagged myristic acid or palmitic acid analogues are
fed to cells in culture where they are converted to their
active acyl-CoA form by endogenous acyl-CoA synthase
activity; metabolic incorporation enables subsequent cap-
ture for downstream enrichment and identification. One
million-fold enhancement in signal is observed over
comparable experiments with radiolabelled acids, and
visualisation of acylated proteins on a membrane is possible
in a matter of minutes as opposed to days or months with
radiolabelling [27, 75-77]. Recent work in our laboratories
has also shown for the first time that the activity and
localisation of key downstream targets of NMT remains
unaltered during metabolic labelling (Tate et al., unpub-
lished observations). The second approach, applicable only
to S-palmitoylation, the cysteine thioester to which the
palmitate is attached acts as a latent tag. Performing a
‘biotin exchange’ protocol allows the introduction of a
cysteine-linked biotinylated probe at sites formerly occu-
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Fig. 3 Chemical proteomic
techniques for the analysis of
post-translational and co-
translational myristoylation and
palmitoylation. 7op metabolic
labelling with tagged myristic
and palmitic acid analogues; in
the case of myristoylation, the
probe is linked via an amide to
the N-terminal glycine (X=N,
n=10 or 11), whilst palmitate
probes are linked via a thioester
to an internal cysteine (X=S, n=
13). An analogous approach has
been developed for prenylomics
(see ‘Prenylation’). Bottom a
universally applicable method
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pied by an S-palmitate group [78, 79]. By taking advantage
of an orthogonally cleavable linker, this technique permit-
ted the proteome-wide identification of dozens of novel
post-translationally palmitoylated proteins in yeast and
should be equally applicable to cells isolated from any
organism. In combination with mutant yeast strains, the
substrate specificity of several newly identified palmitoyl
transferases could also be determined [78]. Although this
exchange technique suffers from a relatively high back-
ground compared with metabolic labelling approaches [79],
it is performed on cell isolates and, thus, there is no danger
of affecting the system under study.

We have also demonstrated that chemical tagging of
recombinant proteins can be a highly effective technique for
site-specific N-terminal labelling with an efficiency that
outstrips most currently available techniques [75]. Further-
more, we have shown that protein overexpression and
tagging can be performed in a single procedure using readily
available chemical tools (Fig. 4). This technology can be
expected to have widespread applicability in a range of
labelling and protein immobilisation/microarray applications.

for palmitomics of proteins
bearing S-linked palmitoyl
cysteine residues
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Prenylation, the process of PTM of proteins with lipids of
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geranyl), occurs predominantly at C-terminal cysteine
residues and plays a central role in trafficking, membrane
association and signalling, particularly in the Ras and Rab
superfamilies [61, 80, 81]. Many of the transferases that
catalyse protein prenylation in vivo are also under active
development as drug targets in cancer and infectious
disease [82—84]. Despite the importance of these PTMs,
analysis of prenylation, like acylation, has been limited by
low-specificity or low-efficiency techniques such as hydro-
phobic affinity chromatography and radiolabelling; further-
more, the site-specific identification of prenylation has been
difficult to achieve due to the poor mass spectrometric
characteristics of hydrophobic peptides [3]. Prenyl trans-
ferases are remarkably tolerant towards modifications in the
prenyl pyrophosphate substrate [85, 86], and the develop-
ment of chemical proteomic analysis for this PTM using
tagged prenyl analogues was, therefore, a logical extension
of the metabolic engineering approaches described above.
Simply incorporating an azide moiety at the lipid terminus
of farnesyl or geranylgeranyl alcohol provides a tagged
analogue for metabolic labelling that is readily converted to
the activated pyrophosphate form in vivo and subsequently
transferred with high efficiency to target proteins without
affecting cell viability in culture. To date, several groups
have applied this concept for site-specific labelling of
recombinant proteins [85, 87-89] and the Zhao group has
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Fig. 4 In vivo tagging and N-terminal labelling of a recombinant
protein by NMT in a bacterial coexpression system: a general method
for the preparation of labelled proteins

also reported tagging and subsequent enrichment and analysis
of farnesylated and geranylgeranylated proteins from cells in
culture [90, 91]. Although chemical ‘prenylomics’ is
currently not so developed as chemical glycomics, the
pressing need to understand the substrate specificity of the
various transferases at the whole-proteome level and how
this may be altered by the action of inhibitors will
undoubtedly spur further research in this area. For example,
such an approach may enable the determination of selectivity
and mode of action of putative drugs intended to target
specific prenyl transferases and serve to elucidate disease
pathways in hereditary retinal diseases involving defective
prenyl transferase activity [92].

Phosphorylation

Protein phosphorylation is the most widely studied post-
translational modification and yet it remains a challenging
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system for proteomic study [93]. Current techniques for the
enrichment of phosphorylated peptides and proteins are
relatively well-developed and are mainly based on various
flavours of metal affinity chromatography. However, this
system is plagued by non-specific binding, particularly by
acidic proteins and peptides, and tends to favour enrich-
ment of poly-phosphorylated species [3]. Enrichment of
phosphotyrosine-containing proteins via monoclonal anti-
phosphotyrosine antibodies has been a notable recent
success in this area [94, 95]. However, non-sequence-
specific antibodies towards small PTMs are extremely rare,
as demonstrated in a recent study that isolated only a single
anti-sulphotyrosine antibody from a large phage antibody
library [96].

With a view to overcoming some of these limitations,
several chemical proteomic strategies have been developed
for phosphoproteomics, the most successful of which
involve chemical modification of existing phosphorylated
residues (Fig. 5).

In the first of these, base-mediated [-elimination of
phosphate from phospho-Ser or Thr residues permits
subsequent Michael addition of biotinylated probes at sites
that were formerly phosphorylated [93, 97-99]. Although
not applicable to tyrosine phosphorylation, this method has
seen some success for the global analysis of phosphorylated
proteins from Arabidopsis [97], although it suffers from a
low but significant background of [-elimination from
glycosylated and free Ser residues. In the second reported
approach, a short series of reactions based on reversible
phosphoramidate chemistry may be used to introduce a
thiol at phosphorylated sites, which can then be used as a
handle to introduce secondary labels [100—102]. This
method has recently been elaborated for the identification
of phosphorylated proteins in Drosophila melanogaster
Kc167 cells [100] and has shown great promise for use in
general chemical phosphoproteomics. In addition to these
two methods, tentative progress has been reported in the
analysis of phosphorylated proteins tagged metabolically
with a y-thiophosphate ATP analogue [103].

Perhaps the most exciting potential application for
chemical phosphoproteomics is in combination with
enzyme-substrate engineering. In this approach, the ATP
binding site of a specific kinase is mutated such that it will
additionally accept a bulky ATP analogue [28]. If a
chemical tag is incorporated into this analogue at the
gamma phosphate the protein substrates of the kinase will
be tagged at the site of modification, enabling their
enrichment and identification [29]. This metabolic/chemical
genetic engineering technology would be a potent tool for
the analysis of kinase networks because there is no
alternative de novo method available to determine the
targets of a single kinase against its homologues without
resorting to pleiotropic kinase knockouts.
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Fig. 5 Chemical proteomic
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Outlook and future applications

As the numerous examples outlined above illustrate,
chemical proteomics is a vibrant and fertile area of research
at the interface between chemistry and biology. Recent
applications of these technologies to real-world challenges
in post-translational proteomics have helped to raise
awareness amongst biologists of the potential power of
chemical proteomics to enable the study of otherwise
intractable systems. Research continues in a growing
number of chemical biology groups to improve and widen
the scope of chemical proteomics, in particular, recent and
current work focuses on:

1. Application of chemical tagging via PTM as a general
and site-specific method for labelling of recombinant
proteins.

2. Overcoming the limitations imposed by the conditions
for bioorthogonal ligation to enable general application
for labelling in vivo [20, 104].

3. Improving the uptake and biocompatibility of tagged
analogues for metabolic engineering.

4. Simplification and commercialisation of the requisite
chemical reagents to promote increased availability of
techniques.

5. Broadening the range of PTMs that may be studied, in
particular to include smaller or less chemically accessible
site-specific modifications such as methylation, acetyla-
tion, sulphation, oxidation and processing by proteases.
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Potentially powerful application of these technologies
that are likely to see further development in the near future
include the use of chemical tagging for analysis of PTMs as
biomarkers [4, 105, 106], determining the effects of
transferase inhibitors on downstream target profiles in drug
mode-of-action studies and as the basis for enzyme activity
assays and screening programmes. Whilst this mini-review
has focussed on PTM of proteins, it is worth noting that
bioorthogonal ligation technology has also been used for
the study of DNA modification [107-110] and activity-
based protein profiling (ABPP) [111-113]. In particular,
ABPP is a powerful counterpart to the methods described in
this mini-review because it can be used to study the activity
of enzymes involved in PTM of proteins [114, 115]. In
combination, these techniques have the potential to present
a full picture of PTM, from transferase to downstream
targets, and enable direct observation of the effect of
inhibitors or genetic modification on both these processes.

Despite the great progress made to date, probably the
most significant barrier to the widespread adoption of
chemical proteomic technologies is the unique combination
of chemical and biological expertise that is required for its
effective application in systems of biomedical importance.
However, an increasing number of traditional biology
groups are starting to use chemical proteomics in their
work through fruitful collaboration with chemists and
chemical biologists, and as methods become more reliable,
we can expect to see the emergence of commercial kit-
based protocols that will result in the acceptance of
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chemical proteomics as a standard tool for the study of
PTMs.
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