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Abstract 
The growing demand for new therapeutic strategies in the medical and pharmaceutic fields has 

resulted in a pressing need for novel druggable targets. Paradoxically, however, the targets of certain 
drugs that are already widely used in clinical practice have largely not been annotated. Because the 
pharmacologic effects of a drug can only be appreciated when its interactions with cellular components are 
clearly delineated, an integrated deconvolution of drug鄄  target interactions for each drug is necessary. The 
emerging field of chemical proteomics represents a powerful mass spectrometry (MS)鄄  based affinity 
chromatography approach for identifying proteome鄄  wide small molecule 鄄  protein interactions and mapping 
these interactions to signaling and metabolic pathways. This technique could comprehensively characterize 
drug targets, profile the toxicity of known drugs, and identify possible off鄄  target activities. With the use of 
this technique, candidate drug molecules could be optimized, and predictable side effects might 
consequently be avoided. Herein, we provide a holistic overview of the major chemical proteomic 
approaches and highlight recent advances in this area as well as its potential applications in drug 
discovery. 
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Review 

Drug discovery is an inherently complex process 
with a history spanning thousands of years. However, the 
elusive mechanisms of action and limited specificity of 
compounds hamper their further application in clinical 
practice. A large number of drugs have been found to 
act upon multiple targets, inevitably resulting in side 
effects and drug resistance during treatment. The most 
notorious drug in history, thalidomide, which was used to 
alleviate morning sickness during pregnancy, was found 
to cause fetal malformations and multiple birth defects [1] . 
In addition, the difficulty in matching numerous 
complicated drugs with the desired physiologic effects is 
best characterized by the endless battle against drug 

resistance in antibiotics as well as in anticancer 
therapies. 

It has been appreciated that the more we grasp the 
molecular mechanisms of potent drugs, the more we 
realize that these drugs are unexpectedly promiscuous to 
their relevant targets and the more we become aware of 
the obstacles lying ahead. However, as a highly efficient 
and highthroughput approach, the wide use of chemical 
proteomics in drug target identification has enhanced our 
confidence in improving our understanding of the 
molecular mechanisms of these drugs. With the aid of 
chemical proteomics, an unprecedented number of 
biological targets have been tested, and various 
technologies emerging today provide us with a superior 
platform to further investigate drug targets. Today, mass 
spectrometry (MS)based global proteomic approaches, 
which analyze proteinprotein interactions under distinct 
circumstances, are also widely used to identify novel 
drug targets in the pharmaceutical industry. More 
recently, two techniques have been developed to 
complement the more global approaches: (1) a 
compoundcentric approach, which concentrates on 
characterizing the properties of drugtarget interactions, 
and (2) activitybased protein profiling (ABPP), which 
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focuses on the enzymatic activity of particular proteins. 
Here, we give an overview of the largescale approaches 
of chemical proteomics as well as the above two 
techniques and their application in novel drug target 
profiling. 

Global Proteomic Approaches 
The 2002 Nobel Prize in Chemistry recognized the 

critical role of MSbased approaches in the analysis of 
complex proteins [2] , especially in screening for novel drug 
targets. Hitherto, this technique had been successfully 
applied in protein analyses such as protein identification, 
posttranslational modifications (PTMs) of proteins of 
interest, and proteinprotein interactions. Generic MS 
based proteomics covers five procedures (Figure 1). In 
addition, microarray technology renders possibly the 
synchronous analysis of multiple parameters through a 
single experiment [3] . Protein microarray is suitable for 
investigating enzymesubstrate as well as proteinprotein 
interactions. Therefore, protein microarray can also be a 
potent tool in appraising drug targets. 

While the majority of existing approaches aim to 
discover new protein targets for a specific drug type, 
novel drug target discovery also has other uses in which 
the proteins identified might be involved in a certain 
disease or pathologic state. One notable advantage of 
global proteomic profiling methods over other methods 
lies in that proteomic approaches require no purification 
and are unbiased because the unmodified drug interacts 
with its endogenous targets. Based on this rationale, 
global proteomic methods have been widely used in the 
pharmaceutic industry. For example, multidimensional 
protein identification technology (MudPIT) is typically 
used to gain more knowledge regarding the mechanisms 
of action between natural products and targets involved 
in the maintenance of a particular phenotype. The MS 
analysis method mentioned above constitutes a powerful 
and universal method for such unbiased studies [4] . 
Currently, it is possible to explore the interactions 
between drugs and their targets using MS [5]  and protein 
microarray [6]  techniques. Other quantitative proteomic 
approaches could be used for the identification of novel 
drug targets, including methods involving differential 
labeling with stable isotopes, such as isotopecoded 

Sample 
fractionation 

Gel 
electrophoresis 

Trypsin digestion 

M/Z 

MS or MS/MS analysis 

Figure 1 

MS鄄  based proteomic 
analysis usually begins 
with sample fractionation 
coupled with subsequent 
gel electrophoresis, which 
allows for the separation 
of different proteins. 
Spots of interest are 
further subjected to 
trypsin digestion, MS 
analysis, and protein 
database mining. 
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affinity tag (ICAT ) [7]  or isobaric tags for absolute and 
relative quantification (iTRAQ) [8] . These techniques are 
usually used to simultaneously quantify alterations in 
protein abundance. In addition, another approach named 
difference in gel electrophoresis (DIGE) can detect 
changes in protein expression levels, and these proteins 
can likewise be labeled with fluorescent probes. For 
example, the expression of urinary proteins was 
analyzed using DIGE and MALDIMS [9] . This study group 
identified meprin1α  as a potential drug target for 
sepsisinduced acute renal failure (ARF) [10] . However, the 
DIGE method could hardly detect lowabundance 
proteins. In addition, membrane proteins cannot be 
easily analyzed by this approach. The histones isolated 
from individual biological replicates can be digested to 
their tryptic peptides, followed by LCFTMS/MS analysis 
during different MS workflow protocols [11] . In addition, 
techniques such as stableisotope labeling by amino 
acids in cell culture (SILAC) [12]  and twodimensional gel 
electrophoresis (2DE)  [13]  are also important tools in 
global proteomic approaches. 

Activity鄄  based Protein Profiling in Drug 
Target Identification 

Although conventional global proteomic methods, 
which comparatively quantify the expression levels of 
transcripts and proteins, have yielded many useful 
insights, these platforms are, nevertheless, limited in 
their capacity to identify changes in protein activity that 
are caused by posttranslational mechanisms. Moreover, 
cancer metabolism studies are further complicated by 

the potential for enzymes to perform distinct metabolic 
activities in tumor cells that might not be mirrored in 
normal physiology. Because of these challenges, novel 
proteomic techniques that will enable the accurate 
assessment of functions of proteins in complex biological 
systems like cancer cells are needed. ABPP has 
emerged as a key tool in the evolution of functional 
proteomics, and its implementation in the discovery and 
functional characterization of deregulated enzymatic 
pathways in cancer has provided us with new insights 
into cancer therapy. 

The core of the activitybased approach is the active 
sitedirected covalent probe. The general structure of 
these probes in their most basic form can be categorized 
into three functionally distinct portions: a reactive 
component that covalently attaches to the active catalytic 
site of the target protein; a linker region that can 
modulate reactivity and specificity, conferring enough 
space for the binding of the reactive group and 
preventing steric hindrance; and a tag for further 
identifying and purifying modified enzymes (Figure 2). 

Architecture of the reactive group 

Obviously, the reactive group is the most important 
part of a probe, and designing a probe that covalently 
modifies the target protein is a great challenge. The 
difficulty lies in the duality of this functional group, as it 
must be both reactive towards a specific residue on a 
protein and inert towards other reactive species within 
the cell or cell extracts [14] . In general, different kinds of 
reactive groups have been developed for the study of 
different protein families. The reactive groups of the 

Reactive group  Linker  Tag 

Figure 2 
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successfully designed chemical probes are based on the 
chemistries of covalent, mechanismbased inhibitors of 
various enzyme families. Usually, the reactive group is 
aimed to effectively target a protein family without 
binding to other proteins. These inhibitors rely on the 
mechanistic differences between individual enzyme 
families for selective targeting. For instance, serine and 
cysteine proteases use a catalytic amino acid 
nucleophile in their active site. Nevertheless, they 
possess distinct nucleophilic residues and different 
catalytic mechanisms. As protease inhibitors include a 
large source of reactive groups that have been designed 
based on subtle differences in reaction mechanisms for 
the major protease families, many chemical probes have 
been designed to target proteolytic enzymes [1519] . 

In total, there are four general types of reactive 
groups that have been used in designing chemical 
probes: (1) mechanismbased probes (type I), in which 
the catalytic residue of the enzyme is normally involved 
in the attack of a substrate as its main nucleophile; (2) 
suicide substrates (type II) that contain a noncoated 
野masked electrophile冶, which becomes activated upon 
cleavage by the enzyme, whereas the unmasked 
electrophile can react with nearby, noncatalytic, 
nucleophilic residues in the active site;  (3)  affinity 
alkylating probes (AFBPs) (type III) that contain 
affinitybased labeling groups, requires only a strong 
nucleophile or electrophile in the vicinity of the activesite 
pocket; (4) general alkylating probes (type IV), which are 
often used for probe design. This category of probes has 
recently been shown to be of great value for bulk 
proteomic analysis using MSbased methods [20] . 

However, under certain circumstances, the enzymes 
do not covalently bind to their targets and thus their 
reactive groups contain a chelator for noncovalent 
binding to the metal atom in the active site and a 
photoinducible chemical crosslinker for covalent binding 
to the enzyme active site upon ultraviolet irradiation [21] . 

Structure of the linker region 

The linker region of a chemical probe connects the 
reactive group to the tag and serves several purposes. 
The primary function of the linker region is to provide 
enough space between the reactive groups. Besides, the 
linker region can prevent steric hindrance that would 
block the accessibility of the reactive group or of the tags 
used for purification. In addition, the linker region 
influences the specificity of the probe. For instance, we 
can now modify a recombinantly expressed ubiquitin with 
an electrophilic reactive group.  , proteases can be 
covalently modified to use the resulting protein probe. 
This technique of making activitybased probes (ABPs) 
from recombinant proteins is useful in the design of 

probes for other enzymes or proteinbinding domains 
that require substantial protein recognition elements for 
specificity. 

Architecture of the tag 

The tag on a chemical probe allows the quick and 
simple identification and purification of probemodified 
proteins. In general, the tag acts as the key element that 
distinguishes an ABP from a standalone mechanism 
based inhibitor, which primarily include biotin, 
fluorescent, and radioactive tags in the ABPP analysis. 
These tags facilitate the detection of probelabeled 
enzyme targets, with similar mechanisms of affinity 
purification, gelbased screening assays, or imaging. In 
addition, they should be compatible with gelbased 
separation methods. The biotinylated tags are most 
frequently used for the enrichment, purification, and 
identification of target enzymes of ABPs [22] . In addition, 
radioactive and fluorescent tags can be visualized by the 
direct scanning of gels with a fluorescent scanner such 
as the Typhoon scanner. Therefore, fluorescent and 
radioactive tags might be more convenient and faster to 
analyze than biotin tags. In addition, during the 
application of fluorescent tags such as the AlexaFluors, 
fluorescent and radioactive tags show higher sensitivity 
and a wider dynamic range than the streptavidinbiotin 
detection method. 

Compound鄄  Centric Chemical Proteomics 
In contrast to ABPP, compoundcentric chemical 

proteomics (CCCP) is largely about target discovery. In 
this context, the mechanism of action of a bioactive 
compound is inferred through the identification of 
interacting components,  most often through affinity 
chromatography and advanced MS techniques. CCCP 
has successfully identified the cellular targets for 
茁  lactones, anticancer agents, and a variety of natural 
products. This method includes classical drug affinity 
chromatography, which has been in use for decades [2326] , 
and statistics or bioinformatics for the subsequent 
identification of binding proteins. Modern scientists 
combine classical drug affinity chromatography with 
modern highresolution MS analysis, leading to more 
precise and efficient profiling. Thus, this approach is 
partially dependent on the huge technical developments 
in the MS field, especially regarding the everincreasing 
sensitivity and throughput seen in recent years. 
Nanoelectrospray ionization (ESI) [27]  and quantification 
methods (for example, stable isotope labeling [7,28,29] ), 
highresolution, highsensitive detection such as 
quadrupole timeofflight or linear ion trap (LTQ), Fourier 
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transform ion cyclotron resonance (FTICR), and 
LTQ/orbitrap mass spectrometers have been developed 
successively. However, it is necessary  for the 
technologies to be accessible to purposefitted laboratory 
information management systems, database 
management, and statistical evaluation. 

Chemical proteomics also builds on the experience 
that the community has gathered through the 
characterization of proteinprotein interactions using 
affinity purification and MS [28] . In general, protein analytical 
strategies are similar after the initial purification steps, 
and proteins detected early (idiotypic peptides, isoforms 
expressed, multiple reaction monitoring) can help identify 
proteins that interact with chemical compounds. 
However, there are still major differences between 
chemical and protein interaction proteomics. When 
complexes are purified after formed within cells, the 
characterization of protein interactions is most 
informative. Nevertheless, protein interaction with the 
chemical bait in chemical proteomics occurs  . As 
a result of this difference, chemical proteomics can use 
tissue extracts acquired from diverse sources, including 
human subjects, which is otherwise only possible in 
those rare cases where one has access to 
highspecificity and highaffinity antibodies. 

A classical chemical proteomic experiment starts 
with immobilizing a bioactive compound such as 
sepharose/agarose on a matrix (Figure 3). Sulfhydryl, 
amino, hydroxyl, and carboxyl groups (and so on) are all 
commonly used activated resins that allow for the 
attachment of specific chemical groups during this step. 
It is necessary to follow up the modification chemistry 
with a befitting biochemical or cellbased assay to ensure 
that activity is retained when a compound is modified for 
immobilization. In addition, cell extracts can be similarly 
prepared from cells or tissues. Secondly, these cell 
lysates are incubated with the affinity matrix and are 
sufficiently washed prior to elution. Nonspecific elution 
can be performed using detergents, salts, or denaturing 
agents. The specific elution can be achieved by 
competition with an excess of soluble compound or via 
the specific cleavage of an engineered linker [30] . A gel 
based or a gelfree method such as 野shotgun 
proteomics冶 processing, followed by protein digestion 
with a protease such as trypsin generates a complex 
peptide mix, which is subsequently analyzed by nano 
HPLC coupled to nanoESIMS/MS. Afterwards, the 
results are searched against an appropriate protein 
database such as SwissProt with a search engine such 
as Mascot or Sequest. 

One can characterize the target profile of a bioactive 
compound by following the CCCP approach. However, 
this method does not offer immediate information on the 
activation state of the identified proteins, in contrast to 

ABPP. Moreover, CCCP, as a more objective method, 
enables the identification of binders of biochemical 
classes that were previously unexpected [3133] , including 
those without enzymatic function. Hence, CCCP allows 
for high throughput and global profiling of novel drug 
targets. However, CCCP is only applicable to small 
molecules that can be chemically modified for 
immobilization and does not distinguish between specific 
versus nonspecific interactions. 

Advan tages and Disadvantages of 
Chemical Proteomics 

The chemical proteomic approach has great 
strengths and is widely used in scientific research. It 
provides a powerful weapon to profile previously 
uncharacterized proteins via identifying drugtarget 
interactions. Besides, this approach is not limited to 
panels of recombinant proteins; it can be used to probe 
the integral proteome or affirmatory subproteomes. It is 
particularly useful when the proteins are encountered by 
small molecules in their natural, unengineered state. 
Moreover, chemical proteomics can be used in any cell 
type, tissue, or species of interest, ranging from humans 
to microorganisms. For this reason, this method renders 
the exploration of relevant disease drug mechanisms 
possible in physiologically and clinically relevant sources 
such as tumor tissues, and it can also be used for 
virulence profiling in clinical samples. 

Like any other technologies, the chemical proteomic 
approach also suffers from certain limitations. One 
limitation is that a large amount of protein is required, 
depending on the specific cell types and protocols used. 
However, a recent research has demonstrated 
remarkable downscaling to 8 mg protein from HEK293 
cells [34] , 2 mg protein from HeLa S3 cells [35] , and even 0.5 
mg protein from K562 cells using this approach, thus 
greatly improving the applicability of this method. Another 
limitation of this method lies in that all proteins cannot be 
recovered after lysis, and determining the specific 
proteins that are lost from an individual lysate 
preparation is difficult. Membrane proteins, particularly 
those with several transmembrane domains, are a great 
challenge for analysis using this technology because it 
requires that proteins remain in their native conformation. 
However, a recent study has successfully identified a 
receptor tyrosine  kinase that is a type I transmembrane 
protein [36] . Additionally, this method results in a high level 
of background because certain proteins are over 
abundant or too prone to interacting with either 
hydrophobic or charged surface. Other strengths and 
limitations are listed in Table 1. 
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Figure 3 

ABPP 
requires the formation of a covalent 
bond between the probe molecule 
and the protein, which is achieved 
either through the attachment of an 
irreversible inhibitor to a moiety in 
the active site of the enzyme or 
through the initial binding of a 
reversible inhibitor conjugated to a 
photo鄄  reactive element and the 
subsequent formation of a covalent 
bond upon irradiation. To facilitate 
affinity chromatography, the 
reactive warhead is connected via a 
linker to a reporter tag such as 
biotin. After the cell lysate of 
interest is incubated with this ABP, 
targeted proteins are captured on 
an affinity matrix and digested with 
trypsin before MS, protein database 
mining, and further bioinformatic 
analysis. For the CCCP approach, 
the compound of interest (typically, 
with a known bioactivity) is 
conjugated chemically to an inert 
and biocompatible matrix in a way 
that does not interfere with its 
activity. The compound matrix is 
then incubated with the biological 
extract of choice. The captured 
proteins are eluted and processed 
by either SDS鄄  PAGE or a gel鄄  free 
method. Subsequent tryptic 
digestion produces a peptide 
mixture that is analyzed as 
described for ABPP. 
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Advantages 

Entire proteome or defined subproteomes 
Natural proteins 
Un鄄  engineered states 
Natural expression levels 
Competitive cellular environment 
Performed with any cell type or tissue 
Disease鄄  relevant cells (such as tumor tissue) 

Disadvantages 

High background 
Active metabolites 
Not associated with IC50 

Protein solubilization 
Immobilization of chemical modification 
No difference between direct and indirect binders 

Application of Chemical Proteomics in 
Drug Target Discovery 

While global proteomic studies have long played an 
important role in assessing protein structure, function, 
and cellular interactions, chemical strategies can lead to 
the efficient detection of specific classes of proteins and 
represent an effective tool for subsequent protein 
isolation from the proteome. The use of chemical 
proteomics has led to the discovery of a variety of 
compound targets (Table 2), in particular, the targets of 
kinase inhibitors and natural products. 

Aberrant phosphorylation of protein kinases cause a 
wide range of diseases, from cancers to autoimmune 
disorders [37,38] . Protein kinases are currently a prevalent 
target of drug development. With a growing  demand for 
potent drugs to fight such widespread and  debilitating 
diseases, dozens of kinase inhibitors have entered 
clinical trials in recent years, and many newly developed 
oral drugs have been used in clinics. As most of these 
inhibitors target the conserved ATPbinding pocket, 
specificity has become a severe bottleneck 
compromising the clinical application of these drugs. 
Chemical proteomics is now widely applied to identify 
possible targets of kinase inhibitors through affinity 
purification from cellular extracts, resulting in the 
identification of the whole spectrum of potential drug 
targets and providing a strong foundation for developing 
novel potent drugs that exert no side effects. 

Although conventional highthroughput approaches 
are informative, they still have several limitations. 
Because of these limitations, chemical proteomics is 
receiving increasing attention recently and has been 
primarily used in the kinase research community. 
Moreover, because chemical proteomics can be applied 
directly to detect diseased cell extracts, the study of 
specific kinase inhibition mechanisms will be more 
straightforward and reliable. For instance, pyrido [2,3d] 

pyrimidine is intensively used to examine related kinase 
targets by chemical proteomics. Wissing  . [39]  devised 
an advanced experimental procedure using chemical 
proteomics to explore the target profile of pyrido [2,3d] 
pyrimidine. In detail, they immobilized pyrido [2,3d] 
pyrimidine as a detector and conclusively identified more 
than 30 human protein kinase targets. In addition to the 
already known targets, including Src, plateletderived 
growth factor receptor (PDGFR) and fibroblast growth 
factor receptor (FGFR)  [40,41] , they found that serine/ 
threonine kinases Riplike interacting caspaselike 
apoptosisregulatory protein kinase (RICK) and p38α 
could also potently interact with pyrido [2,3d]pyrimidine. 
They also investigated SB 203580, another kinase 
inhibitor of p38 [42] . Likewise, they immobilized SB 203580 
in combination with several common approaches, such 
as MS, and identified new targets, including RICK, CK1, 
GAK, protein kinase N茁  (PKN茁  ), and Janus kinase 1 
(JAK1). Their analysis suggested that RICK interacts 
more strongly with SB 203580 than GAK and CK1 do. 

In addition, significant efforts have been exerted on 
identifying the wellknown BCRABL tyrosine kinase 
inhibitor, imatinib, the secondgeneration drugs, nilotinib 
and dasatinib, and the dual SRC/ABL inhibitor, bosutinib, 
which are all used in clinics to treat chronic myeloid 
leukemia. Rix  . [33]  used affinity matrices in 
combination with liquid chromatography electrospray 
ionization tandem MS (LCESIMS/MS) to identify the 
target profiles of imatinib, nilotinib, and dasatinib in K562 
and CML primary cells. The data showed that, in 
addition to the known major targets of imatinib such as 
ABL, KIT, and PDGFR, an unexpected compound 
NAD(P)H:quinone oxidoreductase NQO2 also demons鄄  
trated a prominent interaction with imatinib in both K562 
cells and CML patient samples. Moreover, a recent study 
using ELISA and western blotting showed that 
macrophage colonystimulating factor receptor cfms, 
which is a crucial regulator in the growth and 
differentiation of the monocytemacrophage lineage, 
acted as a novel target of imatinib [43] . Unexpectedly, 
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western blot analysis suggested that imatinib failed to 
influence cfms protein expression but did inhibit cfms 
phosphorylation, leading to inactivation of cfms. Their 
results showed that cABL and BCRABL acted as 
interactors of nilotinib, and they further validated ARG 
(ABL2), NQO2, and the receptor tyrosine kinase DDR1 
(discoidin domain receptor 1) [44]  as significant targets of 
nilotinib. Researchers have previously used chemical 
proteomics to detect partial targets of nilotinib, such as 
BCRABL, cABL, cKIT, and PDGFR [45,46] . However, a 
current study performed by generation of comprehensive 
drugprotein interaction profiles with chemical proteomic 
assays showed that dasatinib targeted a wide range of 
kinases  . Rix  . [33]  identified 24 kinase targets 

of dasatinib and found that cABL, BCRABL, and DDR1 
were significantly interacted with dasatinib, as expected. 
In addition, other potent proteins were found to bind with 
dasatinib. These proteins were confirmed to include the 
TEC family kinases, BTK and TEC, by LCMS/MS using 
total K562 cell lysates [47] . Overall, dasatinib was 
suggested to be much more promiscuous than the 
slightly selective kinase inhibitors imatinib and nilotinib. It 
has been shown that bosutinib, an antileukemia drug 
similar to dasatinib, also has a broad profile of kinase 
targets. Upon immobilizing cbosutinib on Nhydroxyl 
succinimide (NHS)activated Sepharose 4 Fast Flow 
combined with MS, Rix  . [48]  found that cbosutinib not 
only effectively targets the ABL and SRC family kinases 

Drug 

Pyrido[2,3鄄  d] 
pyrimidine 
SB 203580 
Imatinib 

Nilotinib 

Dasatinib 

Bosutinib 

(R)鄄  Roscovitine 

GF109203X 

Bisindolyl鄄  
maleimide鄄  III 

SU6668 

Thalidomide 

Arsenic trioxide 

Involved targets 

Src, PDGFR, FGFR, RICK, p38琢  

RICK, CK1, GAK, PKN茁  , JAK1 
BCR鄄  ABL, ABL, c鄄  KIT, PDGFR, NQO2, 
c鄄  fms 
c鄄  ABL, BCR鄄  ABL, c鄄  KIT, PDGFR, ARG, 
NQO2, DDR1 
c鄄  ABL, BCR鄄  ABL, BCR鄄  ABL, DDR1, 
BTK, TEC 
ABL and SRC family kinases, STE and 
TEC family kinases, CAMK2G 
CDKs, PDXK 

PKC, Ste20鄄  related kinase, adenosine 
kinase, quinine reductase type 2, 
voltage鄄  dependent sodium channels, 
and the 5鄄  HT 3 receptor 
PKC鄄  琢  , GSK3鄄  茁  , CaMKII, adenosine 
kinase, CDK2, quinine reductase type 
2, PKAC鄄  R, prohibitin, VDAC, and 
heme binding proteins 
茁  鄄  PDGFR, VEGFR2, FGFR, Yes and 
Lyn, RSK3, AMPK琢  1, and ULK3 
bFGF, CRBN 

CDK6, cdc2, cyclin A, PML鄄  RARa and 
PML 

Chemical proteomics 

Affinity chromatography, nano鄄  
HPLC MS/MS, LC鄄  MS/MS 
Affinity chromatography, MS 
LC鄄  ESI鄄  MS/MS, HPLC鄄  MS, ELISA, 
western blotting 
LC鄄  ESI鄄  MS/MS, HPLC鄄  MS, 
immunoblotting 
LC鄄  ESI鄄  MS/MS, immunoblotting, 
SDS/PAGE, LC鄄  MS/MS 
Affinity chromatography, MS, 
kinobeads/iTRAQ 
Affinity chromatography, 
electrophoresis, and western 
blotting 
SDS鄄  PAGE separation, MS, 
immunoprecipitation 

Mass spectrometry, affinity 
chromatography 

16鄄  BAC/SDS鄄  PAGE, MS, 
immunofluorescence 
Immunofluorescence, 
immunoblotting, and ELISA 

Western blotting, 
immunoprecipitation 

Disease 

Cancer 

Inflammatory diseases 
Chronic myeloid leukemia 

Chronic myeloid leukemia 

Chronic myeloid leukemia 

Chronic myeloid leukemia 

Cancers, neurodegenerative 
diseases, viral infections, 
and glomerulonephritis 
Cancers, heart failure 

Cancers, heart failure 

Cancer 

Myeloma, erythema 
nodosumleprosum, and 
leprosy 
Acute promyelocytic 
leukemia 

PDGFR, platelet鄄  derived growth factor receptor ; FGFR, fibroblast growth factor receptor; RICK, Rip鄄  like interacting caspase鄄  like apoptosis鄄  
regulatory protein kinase; CK1, Casein kinase 1; GAK, cyclin G鄄  associated kinase; PKN茁  , protein kinase N beta; JAK1, Janus kinase 1; NQO2, 
quinone oxidoreductase 2; DDR1, discoidin domain receptor鄄  1; BTK, Bruton's tyrosine kinase; CAMK2G, calcium/calmodulin鄄  dependent protein 
kinase type II gamma chain; CDKs, cyclin鄄  dependent kinases; PDXK, pyridoxal kinase; PKC, protein kinase C; VDAC, voltage鄄  dependent anion 
channel; AMPK琢  1, the AMP鄄  activated protein kinase 琢  1; ULK3, Unc鄄  51鄄  like kinase 3; bFGF, basic fibroblast growth factor; CRBN, cereblon. 
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but also inhibits the STE and TEC family kinases. 
Interestingly, these researchers also found that 
CAMK2G, a Ca 2+ /calmodulindependent protein kinase 
involved in the proliferation of myeloid leukemia cells [49] , 
was not a kinase target inhibited by dasatinib, but rather 
displays a specific affinity toward the kinase inhibitor, 
bosutinib. Therefore, dasatinib [47] and bosutinib [48,50] , unlike 
nilotinib or imatinib, might cause unpredicted side 
effects, resulting in the limited application of both drugs 
in clinic. 

(R)roscovitine (CYC202), a CDK inhibitor, was 
tested with regard to its kinase target profile by 
combining chemical proteomics with a wide panel of 
purified kinases. As a result of these efforts, its target 
database now includes 151 kinases. Further 
characterization using electrophoresis and western 
blotting demonstrated that instead of selectively inhibiting 
CDKs, (R)roscovitine can target a nonprotein kinase, 
pyridoxal kinase (PDXK), which catalyzes the 
phosphorylation and activation of vitamin B6. The wide 
range of potential targets for CYC202 renders it 
impossible to enter into clinical treatment because of its 
potential side effects, and chemical proteomics should 
be widely used to study the novel targets of CYC202. 

Another frequently targeted kinase family, the 
serine/threonine type protein kinase C (PKC) family [51] , is 
a critical regulator involved in the activation of cellular 
functions and proliferation  [52] . Bisindolylmaleimides, 
especially GF109203X, a commonly used inhibitor of 
PKC, have made a prominent contribution to the study of 
PKC biological activities and its related diseases. 
However, the large number of GF109203X targets is an 
obstacle in PKC research. Recently, Brehmer  . [31] 
performed a study in which they immobilized 
bisindolylmaleimides III, VIII, and X to identify related 
kinase targets in COS7 and HeLa cells. Subsequent 
analysis confirmed that, along with the protein kinases 
CDK and Ste20related kinase, several nonprotein 
kinases, including adenosine kinase and quinone 
reductase type2, act as novel targets of 
bisindolylmaleimide inhibitors. As voltagedependent 
sodium channels and the 5hydroxytryptamine 3 receptor 
have been identified as potent targets of GF109203X [53,54] , 
the study of PKC enters a new era. 

Several receptor tyrosine kinases (RTKs), such as 
vascular endothelial growth factor receptor (VEGFR), 
PDGFR, and FGFR also play a critical role in endothelial 
cell growth and angiogenesis [55,56] . An antiangiogenic 
small molecule drug, SU6668, has been used to study 
the mechanism of vascularization, but its wide range of 
targets makes these investigations difficult. SU6668 
shows a high affinity towards 茁  PDGFR and VEGFR2 but 
a low level of inhibition of FGFR [57] . More recently, Godl 

.  [58]  immobilized SU6668 in combination with 
chemical proteomic methods and discovered several 

significant targets. Interestingly, in addition to tyrosine 
kinases such as the Srcfamily members Yes and Lyn, 
these researchers unexpectedly identified various 
Ser/Thr kinase targets, including TBK1, two Aurora 
kinases (RSK3, AMPKa1), and ULK3. These results 
indicate that the Ser/Thr kinase is potentially important, 
and additional targets should be identified so that the 
side effects and molecular actions of the drugs can be 
clearly delineated. 

In addition to kinase inhibitors, natural products are 
another focus of chemical proteomic research, given that 
the majority of newly discovered natural products are 
subjected to limited biological activity testing, mostly 
focusing on antibacterial or anticancer activity. Thus, the 
potential of most natural products as drugs or unique 
and specific tool compounds for the perturbation of 
biological pathways still remains largely untapped. For 
these reasons, using natural products in chemical 
proteomic experiments is a highly worthwhile and 
pioneering effort. A series of studies have been 
conducted to profile the targets of a variety of natural 
products such as ovalicin, myriocin, FR182877, and the 
macrolide pladienolide [30] . 

Recent Advances in Chemical Proteo鄄  
mics 

Using specific chemical probes to survey the 
activities of certain classes of proteins has entered a 
rapidly evolutionary area of proteomics. These delicately 
designed probes can be used for multiaspect 
proteomics, mainly in protein expression analysis and 
identification as well as cellular localization and 
regulation. During the last few years, the application of 
probes has become a key focus of pharmaceutic 
companies for novel drug development. However, 
designing probes of high efficiency and specificity is a 
primary challenge pharmaceutic companies are 
confronted with. Hence, it is not surprising that each new 
drug candidate that enters the clinic takes 250 fulltime 
employee years and $70 million for drug manufacturers 
to develop. 

Trifunctional probes were used to identify several 
protein targets involved in some pivotal cell processes. 
For example, cysteine proteases have been reported to 
play an essential role in apoptosis, cataract formation, 
and malarial infection, and selective probes have been 
designed to target this group of proteins. Other probes 
have been used to profile proteins involved in many 
physiologic and pathologic processes, such as tissue 
remodeling, peptide hormone signaling, and cancer. 
Metalloproteases (MPs), which also belong to the 
protease family and mainly include matrix 
metalloproteinases (MMPs) and angiotensinconverting 
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enzymes (ACE) [59] , are activated in various physiologic 
processes, such as blood pressure regulation and tissue 
modeling. As a result, numerous researchers are 
focusing on studying and designing specific probes 
against MPs in diseases including arthritis [60] , Alzheimer爷s 
disease [61] , cancer [62] , and heart disease [63] . In contrast to 
common probes that possess electrophilic reactive 
groups that can label the conserved active site 
nucleophiles of specific classes of these  enzymes, such 
as the serine and cysteine proteases and subunits of the 
proteasome, MPs use a zincactivated water molecule 
for catalysis. Many selective inhibitors designed for MPs 
are substratebased analogs that contain zincbinding 
groups (ZBGs) such as sulfhydryls,  formylhydrazines, 
aminocarboxylates, and the preferable hydroxamic 
acids [64] . Chan  . [65]  have already  validated the high 
affinity of  these probes to MPs through an experiment 
using peptidebased hydroxamate  inhibitors in 
combination with chemical proteomic methods. They 
ultimately found that the designed probes targeted a 
broad profile of MPs. To describe the activity and 
inhibitor sensitivity of MPs in cell and tissue  proteomes, 
Saghatelian  . [21]  further applied specific  probes by 
coupling a zincchelating hydroxamate to a 
benzophenone photocrosslinker. They confirmed the 
identification of highly upregulated MPs in invasive 
cancer cells and the detection of MP inhibitor targets that 
are currently in clinical trials [21] . Trifunctional chemical 
probes were also applied to the detection and 
identification of enzyme activities from complex 
proteomes [66] . Two types of activitybased probes are 
widely used in chemical proteomics: fluorescent probes 
for the rapid identification of certain targets and 
biotinylated probes for target purification and detection. 
Recently, Gregory  . [67]  synthesized and applied both 
potent probes. They used biotinylated probes to purify 
sulfonatereactive proteins and then identified them by 
MS methods. As a result, they detected several labeled 
protein activities for which molecular identities were 
sought, indicating that the combination of two probes 
helped identify targets in activitybased proteomic 
experiments. 

As the most momentous and attractive regulators 
involved in various biological activity, the identification of 
protein kinases and protein phosphatases by chemical 
probes has received increasing attention. The protein 
kinase family, which consists of more than 500 
members, includes crucial regulators of diverse cellular 
functions. However, due to the specificities and 
complexities of kinase structure, the detection of kinases 
by selective probes has not been effective. On the 
contrary, the protein phosphatase family is especially 
appropriate for testing due to its high affinity to type I 
reactive groups on chemical probes, which is due to the 
presence of nucleophilic groups on phosphatase cysteine 
residues [14] . However, the development of potent probes 

for phosphatases is still at the primary stages. 
Chemical probes may be useful for the rapid 

development of novel drug targets and may result in the 
accelerated development of corresponding new drugs. 
However, recent studies have reported that only 122 of 
483 known drug targets have been targeted by orally 
available smallmolecule inhibitors that are marketed to 
treat human diseases. Today, it is still imperative to 
design efficient probes for drug target profiling to enable 
the rapid development of new drugs. 

Conclusion and Future Perspectives 

Chemical proteomics is an indispensable technology 
that is useful in clinical testing and drug development. 
In particular, the identification of kinase targets by 
chemical proteomics has been intensively investigated in 
various diseases, ranging from cancer to autoimmune 
disorders [ 37, 38] , further highlighting the potential clinical 
significance of this platform. Recently, chemical proteo鄄  
mics has been applied both  and  to profile 
potential novel drug targets for a more precise 
understanding of drug side effects and drug resistance 
under certain disease states. Traditional global proteomic 
approaches are usually applied to assess the 
interactions of an unmodified drug with its endogenous 
targets without bias. However, this approach is rarely 
used to directly identify the drugprotein interactions. This 
deficiency in the field has been overcome by two novel 
chemical proteomic approaches developed by modern 
scientists. The CCCP method focuses on  identifying the 
interacting proteins; thus, there is no  requirement for the 
reactive groups to covalently attach to proteins. 
Therefore, the trifunctional probes used in CCCP, which 
can directly assess enzyme activity, provide us with the 
most immediate and refined information of the biological 
targets. On the other hand, compared with CCCP, ABPP 
can potently characterize the specific target classes and 
is therefore a recognized  weapon in drug discovery. 
However, the design of trifunctional probes requires a 
significant amount of time and money. Although each of 
these three technologies is suitable for a limited range of 
conditions, they could be used in a wider context when 
combined with other technologies. It is anticipated that 
more effective approaches can be established so that, in 
combination with chemical proteomics, the profiling of 
novel drug targets will become more feasible and 
reliable, thus rendering future drugs more efficient and 
less toxic. 
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