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Seeing small molecules in action with
bioorthogonal chemistry
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Chemical probes that target specific protein families offer powerful tools to accelerate drug discovery.

Small molecules modified with uniquely reactive functional groups and detection tags provide novel

tools to characterize complex proteomes functionally and also to help determine the specificity of small

molecule inhibitors toward various enzyme/protein classes. This review highlights the application of

bioorthogonal chemistries in combination with chemical probes, which together are offering

unprecedented opportunities to dissect the functions of enzyme/protein families in vivo and enabling

more precise target identification of small molecules. Advances in chemical probes and bioorthogonal

reactions are poised to reveal new therapeutic targets and to facilitate the discovery and characterization

of small molecules aimed at disease.
Introduction
The postgenomic era has afforded an unprecedented opportunity

to address human disease. The remarkable advances in gene

sequencing suggest the possibility of identifying all genetic muta-

tions associated with major diseases and implementation of per-

sonalized medicine [1]. While the global analyses of gene and

protein expression as well as metabolite levels in normal and

disease tissues are beginning to reveal new biological pathways

for therapeutic intervention, more precise methods are still

needed to functionally characterize proteomes and identify spe-

cific druggable targets. On the basis of known drugs and their

protein targets, it has been suggested that only a fraction of a

proteome might be targeted for therapeutic intervention by small

molecule drugs [2]. The fraction of the proteome that is actually

‘druggable’ is still unclear, because new mechanisms of action for

small molecules are continuing to emerge. To realize the promise

of personalized medicine, new experimental methods are needed

to characterize the activity of genes and small molecules in vivo.

Activity-based protein profiling (ABPP)
Chemical probes appended with detection tags are providing new

opportunities to analyze complex proteomes and characterize small

molecule inhibitor specificities (Fig. 1) [3–5]. The attachment of
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detection tags (radioactive isotope, affinity tag or fluorophore) onto

covalent inhibitors or photoaffinity agents has enabled the analysis

of discrete protein families in complex mixtures [3–6]. To target

specific protein families selectively, chemical probes typically con-

tain a reactive functional group for covalent labeling of proteins and

a unique chemical scaffold to confer binding affinity to subsets of

proteins (Fig. 1). The reactive functional groups can be electrophiles

that target nucleophilic amino acid residues or photocrosslinkers

that allow covalent labeling of proteins upon UV-irradiation. Fol-

lowing the incubation of chemical probes with tissue or cell lysates,

specifically labeled enzymes/proteins can be visualized after gel-

electrophoresis by autoradiography, immunoblot or in-gel fluores-

cence scanning depending on the detection tag. Furthermore, the

use of affinity tags allows the enrichment of specifically labeled

polypeptides for protein identification using modern mass-spectro-

metry-based proteomic methods (Fig. 1). The development of spe-

cific chemical probes has benefited from numerous studies on the

mechanism-based inhibitors of various enzyme families [7,8]. These

studies have yielded chemical probes for serine hydrolases, protea-

some, cysteine proteases, metalloproteases, aspartyl proteases,

glycosidases, phosphatases, kinases and other enzyme families [3–

5,9–11]. These chemical probes often selectively target active

enzyme populations in complex mixtures and have been described

as activity-based probes (ABPs) or mechanism-based probes (MBPs)

[3–6]. The application of chemical probes to survey globally the
ee front matter � 2008 Elsevier Ltd. All rights reserved. doi:10.1016/j.drudis.2008.09.014
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FIGURE 1

The analysis of small molecule–protein interactions with chemical probes. Small molecules modified with reactive electrophiles or photocrosslinkers enable
covalent labeling of specific protein targets depending on the chemical scaffolds of the probes. Detection tags such as fluorophores or biotin allow the

visualization of probe-labeled proteins by in-gel fluorescence scanning or immunoblot. Alternatively, the probe-labeled proteins can be identified by mass

spectrometry-based proteomics after affinity enrichment.
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activity/expression of discrete protein families in tissue or cell

lysates has been termed activity-based protein profiling (ABPP)

[3,4,6,12].

Use of ABPP in biological systems
While bioinformatic methods enable the classification of gene and

protein functions based on sequence comparisons, the activities of

many genes and proteins remained to be established and identi-

fied. The ability to evaluate the activity/expression of specific

protein families in complex mixtures with chemical probes pro-

vides a powerful means to identify unpredicted activities and to

characterize proteomes functionally. For example, the develop-

ment of chemical probes that target deubiquitinating enzymes has

enabled the characterization of these proteases in many organisms

[12,13]. Remarkably, the application of these deubiquitinating

enzyme probes has revealed previously unappreciated protease

activities in microbial pathogens such as viruses [14,15] and

bacteria [16]. Alternatively, ABPP using a fluorophosphonate-rho-

damine (FP-rhodamine) probe and semi-quantitative in-gel fluor-

escence scanning revealed unique profiles of serine hydrolases

associated with the invasiveness of cancer cell lines [17]. In addi-

tion to in vitro studies, the design of quenched chemical probes

that become fluorescent after protein labeling has allowed the

noninvasive imaging of cathepsin cysteine proteases in mouse

models of tumorigenesis [18]. These studies highlight the utility of

chemical probes for the identification of novel protein activities,

comparative analysis of discrete enzyme families associated with

disease and visualization of specific protein activities in living

animals, all of which will be invaluable for determining novel

therapeutic targets.
The discovery and characterization of small molecules for drug

discovery is challenging. High-throughput screening of chemical

libraries may reveal new leads for drug development, but the spe-

cificities and mechanisms of action for many small molecules are

difficult to determine and can hinder their development into bona

fide drugs. Chemical probes provide excellent tools to determine

small molecule–protein interactions and afford a powerful means to

determine the specificity of small molecules toward discrete protein

families and identify new lead compounds for further development.

For example, a chemical probe such as FP-rhodamine can be used to

evaluate the potency and selectivity of small molecules that inhibit

serine hydrolases by measuring the ability of potential inhibitors

thatblock the labelingofdiverseenzymes incell lysates [19]. Indeed,

this approach revealed potent trifluoromethyl ketone-containing

compounds that selectively inhibit various serine hydrolases [19].

An important application of chemical probes is the ability to eval-

uate inhibitor potency and selectivity simultaneously in complex

mixtures, enabling the rapid discrimination of promiscuous com-

pounds from promising leads for drug development.

Bioorthogonal techniques used to explore small
molecule–protein interactions
The direct visualization of small molecule–protein interactions

with chemical probes has provided new tools to accelerate drug

discovery. Certain small molecule–protein interactions might

require factors only present in living systems that are not preserved

in cell lysates. Detection tags such as biotin or fluorophores,

however, can influence the specificity of chemical probes and also

limit their utility in living cells. The emergence of two chemose-

lective reactions that function under physiological environments,
www.drugdiscoverytoday.com 179
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FIGURE 2

Bioorthogonal labeling methods. (A) Staudinger ligation. (B) CuI-catalyzed Huisgen [3 + 2] cycloaddition or click chemistry.

FIGURE 3

A two-step labeling approach enables the application of chemical probes to living cells and the generation of chemical probes with unique specificity. Application

of bioorthogonal labeling methods allows the visualization and identification of probe-labeled proteins.
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the Staudinger ligation [20] and the Huisgen [3 + 2] cycloaddition

or ‘click-chemistry’ [21–23] (Fig. 2), has enabled the installation of

detection tags after chemical probes have reacted with target

proteins. The Staudinger ligation involves the reaction between

alkyl/aryl azides with methylester-modified triphenylphosphines,

which results in the formation of a covalent amide bond between
TABLE 1

Survey of chemical probes used for targeting various protein classe

Chemical probe Protein targets

Directed: electrophile
Serine hydrolases

Serine and cysteine hydrolases

Cysteine proteases (cathepsins)

Proteosome

Kinases

Glycosidases

Oxidoreductases

Fatty acid associated proteins

Histone deacetylases

Glycolytic enzyme: phosphoglyce
the two reactants (Fig. 2A) [20]. Alternatively, alkyl/aryl azides can

undergo Cu(I)-catalyzed [3 + 2] cycloadditions with terminal

alkynes to yield triazole products (Fig. 2B) [21,22]. Importantly,

both of these reactions proceed efficiently in aqueous environ-

ments and exhibit relatively low reactivity with chemical func-

tionality in biomolecules (nucleic acids, proteins and metabolites)
s in conjunction with bioorthogonal labeling.

Bioorthogonal chemistry Refs

Click chemistry [38,44]

Click chemistry [37]

Staudinger ligation [28]

Staudinger ligation [27]

Click chemistry [35]

Click chemistry Staudinger ligation [29,30]

Click chemistry Staudinger ligation [39]

Click chemistry [55]

Click chemistry [32,33]

rate mutase-1 Click chemistry [42]
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TABLE 1 (Continued )

Chemical probe Protein targets Bioorthogonal chemistry Refs

Cytochrome P450 monooxygenases Click chemistry [41]

Directed: photocrosslinker
Metalloproteases Click chemistry [31]

Protein transporter Click chemistry [43]

Methionine aminopeptidase Click chemistry [34]

Broad reactivity
Disparate proteome reactivity Click chemistry [51]

Multiple enzymes: transferases, dehydrogenases, hydratases Click chemistry [25,26]

Cysteine residues Click chemistry [40]
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and have consequently been termed ‘bioorthogonal’ [24]. The

invention of these bioorthogonal reactions enables the use of

alkyl azides and alkynes as small chemical reporters on metabolites

or probes that can be subsequently converted into detection tags

(Fig. 3) [24]. Herein, we survey the union of chemical probes with

bioorthogonal labeling methods, which has yielded new chemical

probes with enhanced selectivity and improved pharmacological

properties for selective labeling of protein targets in living cells.

Although the Staudinger ligation [20] and click chemistry [21–

23] were not originally developed for applications using chemical

probes, researchers quickly realized the utility of bioorthogonal

chemistry and have applied this two-step protein labeling proce-
182 www.drugdiscoverytoday.com
dure to several chemical probes for in vitro and cellular labeling

studies (Fig. 3 and Table 1). Early examples of combining chemical

probes with bioorthogonal labeling methods were demonstrated

with ABPs that target serine hydrolases [25,26] and proteasome

subunits [27]. Since then, several azide/alkyne-modified chemical

probes have been developed to target cysteine proteases[28], gly-

cosidases [29,30], metalloproteases [31], histone deacetylases

[32,33], methionine aminopeptidases [34], kinases [35] as well

as a variety of other protein classes [36–44] (Table 1). Of note,

the decoupling of detection tags from chemical probes alters and

often improves the specificity of protein labeling compared to

directly modified chemical probes, which is readily apparent with
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cysteine proteases [28,45], metalloproteases [11,31], kinases

[35,46] and methionine aminopeptidases [34]. The diversity of

azide/alkyne-modified chemical probes listed above highlights the

utility of this two-step labeling approach for targeting various

protein classes.

The application of bioorthogonal labeling methods with che-

mical probes to living systems should provide us with a deeper

understanding of cellular processes that are not apparent in cell

lysates and that might only occur in the context of living cells. For

example, the MBP azido-E-64 enabled the selective labeling of the

endocytic cysteine protease cathepsin (Cat) B in living cells

(Table 1, entry 3) [28]. Subsequent bioorthogonal labeling with

phosphine reagents via the Staudinger ligation allowed the bio-

chemical and proteomic analysis of labeled polypeptides as well as

the visualization of active Cat B within endocytic compartments of

individual cells by fluorescence microscopy [28]. Application of

azido-E-64 and bioorthogonal labeling methods to Salmonella

typhimurium-infected macrophages demonstrated that wild-type

virulent S. typhimurium resides in endocytic compartments that are

devoid of active Cat B [28]. By contrast, nonpathogenic Escherichia

coli or heat-killed S. typhimurium localized to endocytic compart-

ments of macrophages containing active Cat B [28]. These data

suggest that one mechanism of S. typhimurium survival in macro-

phages involves the exclusion of degradative enzymes within

bacteria-containing vacuoles [28].

Cell-permeable chemical probes also provide excellent tools to

dissect signal transduction. The development of fmk-pa an alkyne-

modified chemical probe targeted at the C-terminal kinase domain

(CTD) of p90 ribosomal protein S6 kinases (RSKs), afforded a

potent and cell-permeable inhibitor of CTD RSKs in cells

(Table 1, entry 5) [35]. Intracellular labeling of RSKs with fmk-

pa followed by click chemistry and in-gel fluorescence scanning

analysis of the corresponding cell lysates afforded a robust means

to quantify the extent of CTD RSK inhibition. Interestingly, the

saturating levels of RSK1 and RSK2 CTD kinase inhibition with

fmk-pa selectively blocked cellular signaling in response to phor-

bol ester activation but did not perturb the activation of RSKs by

lipopolysaccharide stimulation, suggesting discrete functions for

the CTD of RSKs in signal transduction [35]. These studies demon-

strate how chemical probes and bioorthogonal labeling methods

can be used to dissect cellular pathways.

Target identification of active small molecules from high-

throughput cell-based screening efforts is a major challenge for

chemical genetics and drug discovery [47,48]. Surveying libraries

of chemical probes in cell-based assays offers a means to correlate

phenotypes with protein labeling, which may afford unique

insight into small molecule protein targets and their mechanisms

of action in cells. To establish a platform for correlating small

molecule–protein interactions with cellular phenotypes, a small

chemical probe library inspired by natural products was synthe-

sized [49]. This chemical probe library contained spiroepoxides as
reactive electrophiles and alkynes as bioorthogonal reporters [49].

Survey of this spiroepoxide chemical probe library for antiproli-

ferative effects on breast cancer cell lines identified a spiroepoxide

compound, MJE3, with low micromolar activity (Table 1, entry 10)

[49]. A comparative analysis of proteins selectively labeled by MJE3

versus inactive spiroepoxide chemical probes using click chemistry

and mass-spectrometry-based proteomics revealed phosphoglyce-

rate mutase 1 as a glycolytic enzyme that may be important for

cancer cell proliferation [49]. The analytical platforms for char-

acterizing proteins targeted by chemical probes have been essen-

tial for ABPP studies and the dissection of specific cellular

pathways using small molecule probes. In this regard, the devel-

opment of a tandem orthogonal proteolysis (TOP) strategy for

click chemistry labeling, affinity enrichment, selective elution

with tobacco etch virus (TEV) protease and proteomic analysis

of probe-labeled proteins has been instrumental [50,51]. In addi-

tion to the selective elution of enriched proteins with TEV protease

[50,51], the diazobenzene cleavable linker provides a complemen-

tary selective elution strategy for proteomic analysis of probe-

labeled proteins [52–54]. These studies provide a proof-of-concept

for screening cellular phenotypes with chemical probe libraries

and determining possible small molecule mechanisms of action

using bioorthogonal labeling methods and proteomics.

Concluding remarks
The integration of chemical probes with bioorthogonal labeling

methods has unearthed new possibilities for investigating com-

plex biological pathways with small molecules for basic science

and drug discovery. The functional profiling of proteomes with

chemical probes is likely to identify additional novel protein

activities in various cellular contexts and diseases that will afford

new targets for drug discovery. At the same time, chemical probes

are providing powerful tools for characterizing the specificity of

compounds for drug development. Importantly, the implementa-

tion of bioorthogonal labeling methods has enabled the transition

of chemical probes from cell lysates into living cells, which has

opened up new ways of dissecting cellular processes and discover-

ing unique pathways associated with cellular phenotypes. This

chemical platform will not only shed light into fundamental

signaling pathways but also affords a more precise means of

understanding the mechanisms of action for drugs. The integra-

tion of chemical probes with other genomic, proteomic and

metabolomic methods therefore provides exciting possibilities

for addressing human diseases in the postgenomic era.
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