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Abstract: In the latter stages of drug discovery and development, assays that establish drug
selectivity and toxicity are important when side effects, which are often due to lack of specificity,
determine drug candidate viability. There has been no comprehensive or systematic methodology to
measure these factors outside of whole-animal assays, and such phenomenological assays generally
fail to establish the additional targets of a given small molecule, or the molecular origin of toxicity.
Consequently, small-molecule development programs destined for failure often reach advanced stages
of testing, and the money and time invested in such programs could be saved if information on
selectivity were available early in the process. Here, we present a methodology that utilizes chemical
ABPs in combination with small-molecule inhibitors to selectively label small-molecule binding sites
in whole proteomic samples. In principle, the ABP and small molecule will compete for similar
binding sites, such that the small molecule will protect against modification by the ABP. Thus, after
removal of the small molecule, the binding site for the ABP will be revealed, and a second probe
can then be used to label the small-molecule binding sites selectively. To demonstrate this
experimentally, we mapped the binding sites of the DPP4 inhibitor, IT, in a number of different
tissue types.
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Introduction

NOW THAT THE SEQUENCE OF THE HUMAN GENOME has
been substantially finished, the leading edge of pan-

biological analysis has turned to proteomics.1–3 Pro-
teomics is defined as “the analysis of complete comple-
ments of proteins . . . {including} not only the
identification and quantification of proteins, but also the
determination of their localization, modifications, inter-
actions, activities, and, ultimately, their function.”4 How-
ever, the methodologies of proteomics, compared with
those of genomics, are relatively insensitive and cum-
bersome. For instance, in proteomics, there are no equiv-
alent methods to the PCR-based amplification and high-
throughput sequencing methods that have proven to be
essential for genomics. Further, although one organism
contains but a single genome, the same organism con-
tains a very large number of proteomes that generally

change with tissue type, developmental stage, experi-
mental perturbation, and disease condition. This enor-
mous complexity, combined with the relatively cumber-
some analytical methods of protein science (when
compared with those used in nucleic acid analysis), pre-
sents both a hurdle to the widespread application of pro-
teomics to drug discovery and an opportunity for tech-
nological advancement.

Here, we present a general experimental approach to-
ward the detection and quantification of the proteomic
fraction having the highest level of interest in the drug
discovery community—the fraction that contains active
proteins that bind small-molecule drug candidates. This
approach uses ABPs, which have been developed both at
ActivX Biosciences and elsewhere5–8 (Fig. 1). Such
probes react class-specifically, but nonselectively, with
broad classes of proteins by covalently modifying par-
ticular conserved residues in the active site of the protein

ActivX Biosciences, Inc., La Jolla, California
*The use of two-dimensional gel electrophoresis, a staple of proteomics analysis, also results in multiple proteins per band.16

ABBREVIATIONS: ABP, activity-based probe; 1D, one-dimensional; DPP4, DPP8, and DPP9, dipeptidyl peptidase 4, 8, and 9, respectively;
FP, fluorophosphonate; IT, isoleucyl thiazolidine; LC, liquid chromatography; MS, mass spectrometry; PEG, polyethylene glycol; SDS-PAGE,
sodium dodecyl sulfate–polyacrylamide gel electrophoresis; TAMRA, tetramethylrhodamine.
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class. Because small-molecule drug candidates also in-
teract with these active sites, the presence of a bound drug
candidate will generally block the interaction of ABPs
with their targets. Upon removal of the drug, the reactive
residues will once again become available for reaction
with the probe. This unmasking of reactivity provides the
basis for a chemical footprinting approach that provides
not only the identification of all sites of interaction within
a proteomic sample, but also a methodology for the spe-
cific enrichment of proteins that possess a particular
small-molecule binding site.

Other methods for protein footprinting have been de-
scribed. Recently, Richards et al. reported a method us-
ing the very reactive molecule methylene, coupled with
electrospray MS, to define solvent-accessible, nonpolar
surfaces in proteins.9 The use of limited proteolysis (akin
to nuclease protection assays in the nucleotide world) to
footprint protein interactions was quite common before

the advent of high-resolution structural methods, and con-
tinues to provide some useful information.10 Such meth-
ods are valuable for interactions that occur over large sur-
face areas, but would be expected to have little value in
small-molecule binding. Methods that seek to label
metal-ion binding sites inferred from chemical protection
data have also been reported.11 Generally, however, these
methods have been used in highly purified systems to
provide insight into specific issues of protein structure.
We describe here a method that can be used in crude pro-
teomic mixtures to discover proteins actively engaged in
binding small molecules.

The significance of this methodology lies in the unmet
need for mechanistic insight into clinical drug candidates.
Generally, clinical candidates are optimized against one
“primary” target, with selectivity and/or toxicity infor-
mation considered as additional “secondary” criteria for
optimization. Targets that are used to analyze a drug can-
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FIG. 1. Interaction of ABP with serine hydrolase family members. (A) The structure of the two ABPs used in this study, ABPred

and ABPgreen, are shown. ABPs in general consist of a class-selective reactive group (ethoxyfluorophosphonate, in this case), a
linker, and a detection group (TAMRA for ABPred and fluorescein for ABPgreen). (B) The active site of the serine hydrolases is
shown in schematic form. The classic “catalytic triad” of the serine hydrolases consists of an aspartic acid, a histidine, and a ser-
ine, which serves as a nucleophilic catalyst for hydrolysis of carboxamides, carboxylate esters, and the like. The reactive group
of the ABP recognizes the active site, and reacts specifically with the serine nucleophile to provide a covalent adduct (with the
release of fluoride as a leaving group).
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didate’s selectivity are generally chosen in an ad hoc
manner, often through sequence similarity or availability
of a suitable assay or panel of assays. Such targets rarely
receive the in-depth biological validation of the primary
targets. Toxicity-related protein targets, which represent
a special case of selectivity where the biological effect is
harmful, are generally completely unanticipated. The im-
portance of understanding such “off-target” activities is,
however, vital. Species-specific efficacy and/or toxicity
are often the death knell of a drug development program.
Millions of dollars could be saved through early termi-
nation of such drug development programs if the inter-
actions of the drug candidate were better understood up
front, at a proteomic level, especially if the method were
amenable to small-scale assays with little or no opti-
mization necessary.

Here, we present a method that uses two ABPs that
target the same proteins (Fig. 2). In this method, a pro-
teomic sample containing active proteins of interest is
first saturated with the small-molecule candidate, and
then labeled with one ABP. The small molecule is sub-
sequently removed (e.g., via dialysis or gel filtration) and
the sample is re-labeled with a second ABP. The first
probe need not contain a detection group, although in
practice, this allows for data normalization and quality
control. The second probe identifies the sites for small-
molecule interaction. Because the reaction of a probe with
a target protein provides both the foundation for a bio-
chemical assay for the target regardless of its identity and
a handle for purification and identification of the targeted
proteins, this simple analysis provides for a more com-
prehensive and unbiased analysis of off-target activity
and its consequent toxicity than existing methods.

Materials and Methods

Reagents

The synthesis of the fluorescent FP derivatives has
been previously described.8 ABPgreen is an FP-based
probe that targets serine hydrolases. In this probe, the re-
active group is tethered with a PEG spacer to a fluores-
cein reporter group, and was previously described as FP-
PEG-fluorescein. In contrast, ABPred is identical except
for the fluorescent group, which is TAMRA, and was pre-
viously described as FP-PEG-TAMRA. IT was synthe-
sized according to the published procedures.12 Other
reagents used were obtained from Sigma (St. Louis, MO,
U.S.A.).

Preparation of proteome samples

Frozen mouse kidneys were purchased from Pel-
Freeze Biologicals. The fractionation of the tissue into
soluble and membrane components has been previously
described.8 The A431 human epidermoid cell line was
maintained in Dulbecco’s modified Eagle’s medium con-
taining 10% fetal bovine serum. Upon reaching conflu-
ence, the cells were washed once with Ca2�- and Mg2�-
free Hanks’ medium, and then incubated in the same
buffer for 30 min at 37°C, resulting in the detachment of
the cells from the tissue culture plates. The cells were
then collected by centrifugation at 500 g for 10 min. The
cells were resuspended in HEPES buffer (20 mM, pH 7.5)
containing 100 mM NaCl, and lysed by Dounce homog-
enization. The soluble and membrane components were
then separated by centrifugation at 15,000 g for 15 min
at 4°C. After preparation, protein concentrations were de-
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FIG. 2. Schematic of Inhibitor Focusing approach. In the first labeling step, the small molecule (represented by blue triangles)
is incubated at a concentration exceeding its dissociation constant from the proteins of interest, and excess ABP is added (ABP-
green). The ABP then recognizes the active-site configuration and reacts with proteins that are not targeted by the small molecule
(the green spheres). In the second step, the (reversible) small molecule, as well as the excess ABPgreen, is removed via dialysis
or gel filtration. Then the proteins that were targets of the small molecule (the red proteins) become available for reaction with
ABP in a second labeling step. The labeling in this instance uses another color ABP (ABPred) to select these proteins.
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termined using the Bio-Rad Protein Assay kit, following
the manufacturer’s directions. Proteome samples were ei-
ther used immediately or stored in aliquots at �80°C.

ABP labeling of proteomes

Mouse kidney membranes were diluted to 3 mg/ml
with 20 mM HEPES buffer (20 mM, pH 7.5) contain-
ing 100 mM NaCl and 0.1% CHAPS. The membranes
were then centrifuged at 15,000 g for 15 min to remove
detergent-insoluble material. The supernatant, contain-
ing solubilized membrane proteins, was labeled with
ABP (6 �M) for 60 min, in the absence or presence of
IT (100 �M). The concentration of the soluble A431
lysate was adjusted to 2 mg/ml with 20 mM HEPES (pH
7.5), 100 mM NaCl. The sample was labeled with ABP
(6 �M) for 60 min, in the absence or presence of IT
(250 �M).

Direct selection of drug targets

Either solubilized kidney membranes (400 �l at 3
mg/ml) or soluble A431 lysate (400 �l at 2 mg/ml) was
reacted with ABPgreen (6 �M) in the presence of IT (100
�M for solubilized kidney membranes, 250 �M for the
A431 lysate) for 1 h. The free ABPgreen and the free IT
were removed by running the sample through an Amer-
sham HiTrap Desalting Column (Amersham Biosciences,
Piscataway, NJ, U.S.A.). The resulting samples were then
reacted with ABPred (6 �M) for 1 h.

Image analysis and data reduction

Proteomes labeled with ABP were separated on 8
cm � 10 cm Laemmli minigels (12.5% acrylamide/bisacry-
lamide, 37.5:1)13 for 45 min at 250 V. The gels were then
scanned on a Hitachi FMBio II flatbed fluorescence scan-
ner, with excitation provided by the 532-nm line of a 50-
mW neodymium-doped yttrium-aluminum-garnet
(Nd:YAG) laser. A 605-nm bandpass filter was used to
detect ABPred fluorescence, whereas a 505-nm bandpass
was used to detect ABPgreen. The scanned images were
subsequently analyzed with Image Analysis 3.0 software
(MiraiBio, Alameda, CA, U.S.A.), which provided the
side traces shown in the comparisons.

MS for protein identification

ABPred-labeled proteins were isolated by an im-
munoaffinity approach (Patricelli et al., manuscript in
preparation). The isolated proteins were separated on
Laemmli minigels as described above. Gel bands of in-
terest were excised using a spot picker (Amersham Phar-
macia Biosciences, Piscataway, NJ, U.S.A.) into
polypropylene 96-well microplates following the manu-
facturer’s instructions. After excision, gel pieces were
washed three times sequentially with water (50 �l) fol-
lowed by ammonium bicarbonate (100 mM)/acetonitrile

(70:30; 50 �l). The gel pieces were dried using a com-
mercial evaporator (TurboVap®-96, Zymark, Hopkinton,
MA, U.S.A.). For tryptic digest, gel pieces were incu-
bated at 37°C overnight in porcine trypsin (20 ng per gel
piece: Promega, Madison, WI, U.S.A.) in ammonium bi-
carbonate (20 mM). Samples were then extracted with
40:60:0.1 water/acetonitrile/trifluoroacetic acid, then an-
alyzed by nanospray LC/MS. Peptides were eluted using
a gradient from 10% solvent A (water � 0.1% formic
acid) to 95% solvent B (acetonitrile � 0.08% formic
acid) over 40 min. Detection was achieved with an LC/Q
Deca XP mass spectrometer (Thermo Finnigan, San Jose,
CA, U.S.A.), with data analysis performed using Mascot
(Matrix Science Ltd., London, U.K.). Spectra were col-
lected in data-dependent mode (one full MS scan fol-
lowed by two MS/MS scans on the first and second most
intense ions).

Results

Chemical reagents known as ABPs have been de-
veloped to target several families of proteins. For the
serine hydrolase superfamily of proteins, these probes
consist a detection group (in the first generations,14,15

biotin) tethered to an FP electrophile that reacts specif-
ically with the active-site serine. Labeling of a pro-
teome with this probe, followed by separation of the
components using 1D SDS-PAGE, allows for the de-
tection of up to 40 distinct proteins.8 The number of
bands that can be distinguished depends on the pro-
teome used. Although this approach significantly re-
duces the complexity of the proteome (from some 105

proteins down to �101–102), many bands still consist
of more than a single protein.* More significantly, the
dynamic range in the abundance (estimated to be �107

for all proteins17) exceeds the dynamic range of fluo-
rescence detection (�103) or identification (�102), re-
sulting in the loss of potentially valuable information.
Hence, it is likely that important information from the
less abundant proteins may be overlooked. We have
therefore considered alternative methods to reduce the
complexity of a proteome labeled with a probe still
further.

ABPs can be used to identify reversible inhibitors for
particular enzymes in a proteome.14 In this process, a pro-
teome is labeled with an ABP in the presence or absence
of an inhibitor. The presence of the inhibitor blocks the
ABP from the active sites of its target. Upon SDS PAGE,
this can be detected by the disappearance of one or more
bands when compared with the proteome labeled with the
ABP in the absence of the inhibitor. As an example,
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The use of two-dimensional gel electrophoresis, a staple of
proteomics analysis, also results in multiple proteins per band.16
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FIG. 4. Inhibition of proteins in mouse kidney membranes by IT as observed by Inhibitor Focusing. In lane 1, proteome labeling was
carried out as in Fig. 2, except ABPgreen was used. Lane 2 represents the result of the Inhibitor Focusing procedure used on this sample,
using ABPred as the second probe. In this case, the green channel detects both ABPgreen-labeled proteins, whereas the red channel detects
ABPred. Lane 3 is identical to lane 2, with only the red channel displayed. The side trace depicts the ABPred signal from lane 3.
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FIG. 3. Inhibition of proteins in mouse kidney membranes by IT as observed by 1D SDS-PAGE. Proteome labeling was car-
ried out as described, in the absence (� lane) and presence (� lane) of IT. A: shows the raw fluorescence scan of the gels. 
B: shows the side traces of the gel data, and the arrow denotes the position of the major inhibited band (DPP4).



mouse kidney membranes labeled with ABPred leads to
the observation of �15 bands (Fig. 3). A prominent
band at �100 kDa is observed (Fig. 3, lane 1, arrow).
In the presence of the DPP4 inhibitor, IT, the 100-kDa
band disappears (Fig. 3, lane 2). Mouse DPP4 is a gly-
cosylated protein whose polypeptide portion is 87,436
Da,18 suggesting that the disappearing band is, in fact,
DPP4. To demonstrate this conclusively, an im-
munoaffinity approach (Patricelli et al., manuscript in
preparation) was used to isolate the modified proteins,
followed by gel separation and MS-based identity de-
termination. The band at 100 kDa, when analyzed, was
found to contain a number of peptides derived from
mouse DPP4 (with a total coverage of �30%). We con-
clude that this band is, in fact, the mouse DPP4 protein,
in concordance with the simple explanation. However,
this overall approach points out an important short-
coming of such a simple technique, as well as a key fea-
ture of our Inhibitor Focusing approach: Because ABPs
label active proteins, and small-molecule inhibitors
block labeling, the simple approach (e.g., Fig. 3) re-
quires the inference of identity through the loss of a sig-
nal. Furthermore, when a small molecule causes only
the partial disappearance of a band (due to the band con-
sisting of more than one protein, for example), the re-
sulting loss of signal may be missed altogether. On the
other hand, by inverting the labeling approach, the mode
of assay measurement is inverted and identity is deter-
mined directly (and more robustly) through the gain of
a signal.

To reduce further the complexity of ABP targets in a
proteome, we exploited the ability of reversible inhibi-
tors to compete with the labeling of specific enzymes by
an ABP (see Fig. 2). The labeling of a proteome with an
ABP, ABPgreen, in the presence of an inhibitor, will lead
to the covalent attachment of ABPgreen to the active sites
of all its targets, except for the targets whose active sites
were blocked by the inhibitor. The free inhibitor (and free
ABPgreen) can be easily and gently removed through dial-
ysis or gel filtration. The subsequent addition of a sec-
ond ABP (ABPred), having the same specificity as 
ABPgreen but with a distinct fluorophore, will result in the
fluorescent signal from ABPred associated primarily with
targets initially blocked by the inhibitor, thus reducing
the complexity of the ABP targets.

Solubilized kidney membranes were labeled with
ABPgreen in the presence of IT. Due to inhibition by IT,
DPP4 was not labeled in this step (Fig. 4A, lane 1, ar-
row). The inhibitor and unreacted probe were then re-
moved by gel filtration, followed by labeling of the pro-
tein fraction with ABPred. At this stage, the label from
ABPred was primarily found on a band at 100 kDa, which
corresponds to DPP4 (Fig. 4A, lane 2 and 3). When kid-
ney membranes were labeled with ABPred in the absence
of IT (Fig. 3), DPP4 was only the third most intense band
seen. In contrast, using Inhibitor Focusing of the pro-

teomic fraction that binds IT, DPP4 was the most sig-
nificant band (Fig. 4B); no other distinct peaks were ob-
served.

We examined whether Inhibitor Focusing could iden-
tify off targets for IT in other tissues by looking at the
human epidermoid carcinoma cell line A431, which was
not previously known to contain the primary target of
IT, DPP4. Further, the soluble fraction derived from
these cells was evaluated, whereas DPP4 is strongly as-
sociated with the membrane fraction. Upon treatment of
A431 cell lysates with ABPred in the absence or pres-
ence of IT in the manner described above, we observed
the inhibition and selective labeling of a single band at
�95 kDa (Fig. 5, arrow). In contrast to DPP4 in kidney
membranes, this band is significantly less abundant than
the other FP-labeled proteins. The Inhibitor Focusing
procedure was performed on the A431 cell lysate as de-
scribed previously, and the 95-kDa band was selectively
labeled in this experiment, and is in fact the major band
labeled with ABPred (Fig. 6, arrow). The only other sig-
nificant band labeled with ABPred consists of a much
larger (�250 kDa) protein. This protein however is the
most abundant target for the ABP used in these exper-
iments (Fig. 5), and as it does not appear to be inhib-
ited by IT, its labeling by ABPred during the Inhibitor
Focusing procedure may reflect the possibility that the
labeling by ABPgreen had not gone to completion. How-
ever, further exploration of the reaction profile (fol-
lowing the kinetics of labeling with and without inhib-
itor, for example) would be necessary to fully exclude
this protein as a low-affinity target. Nevertheless, the
Inhibitor Focusing approach has successfully enriched
the signal from a particular ABP (ABPred) on the pro-
tein targets initially inhibited by IT. Although Inhibitor
Focusing can suggest targets and help to enrich pro-
teomic samples for subsequent identification, to dem-
onstrate conclusively that the band is a relevant target
requires additional experimentation. To this end, the 95
kDa band indicated by the blue arrow in Fig. 5, a sug-
gested target for the DPP4 inhibitor, IT, was identified
by MS. The results from MS analysis are summarized
in Table 1. Two proteins were identified in the excised
band. The two highest scoring proteins consist of re-
cently identified homologues of DPP4, DPP918 and
DPP8.19

Discussion

The interaction of IT with DPP4 was chosen as a model
system for small molecule–drug target interactions. This
choice was made for several reasons. First, DPP4 is a
member of the serine hydrolase superfamily and is tar-
geted by FP-based probes. Second, IT is being evaluated
for the treatment of type II diabetes, based on the ratio-
nale that DPP4 is the principal degradative enzyme for
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FIG. 6. Inhibition of proteins in A431 soluble fraction by IT as observed by Inhibitor Focusing. (A) The raw image data. Lane 2 is
the result of the first labeling (with ABPgreen in the presence of IT), whereas lane 1 is the result of the overall Inhibitor Focusing pro-
cedure (with both ABPgreen and ABPred). (B) The ABPred signal from lane 1. The arrow denotes the major band apparent in Fig. 4.

FIG. 5. Inhibition of proteins in A431 soluble fraction by IT as observed by 1D SDS-PAGE. Proteome labeling was carried
out as described, in the absence (� lane) and presence (� lane) of IT. (A) The raw fluorescence scan of the gels, denoting la-
beling by ABPred. (B) The side traces of the gel data. The arrow denotes a significant band, well separated from other signals,
that is a target for IT inhibition, identified in the text as DPP8 and DPP9.
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glucagon-like peptide 1, a peptide hormone that induces,
among other biological effects, the stimulation of glucose-
dependent insulin secretion and insulin biosynthesis.20 Fi-
nally, because the drug appears to require relatively high
dosages for efficacy (20 mg/kg twice daily in a rat study),
the chance for side effects is presumptively high, render-
ing the clinical development pathway somewhat narrow.

The methods were developed to maximize the signal
from DPP4 in kidney extracts. Some of the other targets
were seen to react only partially in the first step (label-
ing with ABPgreen; Fig. 4, lane 1), such that the residual
activity resulted in background in the red channel upon
completion of the second step. This was observed in the
major labeled band in liver (45 kDa; Fig. 3, �IT), and
also in the direct-selection enhanced profile (Fig. 4, lane
3). However, the sensitivity we observed for inhibitor tar-
gets is significantly better than simple subtraction of side
traces from analyzed lanes (e.g., Fig. 3). Simple subtrac-
tion provides information only about the inhibition of ma-
jor species; it is impractical to differentiate minor bands
that lie too close to major bands because of the uncer-
tainties in determining small differences between very
large signal intensities. Further, under such conditions, it
would be an experimental challenge to identify conclu-
sively the inhibited band due to interference by the ma-
jor species. Through Inhibitor Focusing (e.g., Fig. 6), it
is apparent that considerable enhancement of minor
species can be effected. Thus, we believe that this ap-
proach will allow for the selective enrichment of low-
abundance target proteins, and may allow for their un-
equivocal identification. However, at this stage of
development, the techniques described need to be vali-
dated further. In the fully developed system, where the
kinetics of labeling (both before and after removal of the
inhibitor) are more fully understood, the complete com-

putational and experimental removal of background sig-
nals can be anticipated, leading to a stand-alone method.

In the general case, the appearance of a band in the
directly selected profile (e.g., Fig. 4) may have several
possible interpretations. Depending on the dissociation
kinetics of the complex, gel filtration to remove the free
inhibitor may be insufficient to completely reactivate
the target proteins. In the case of DPP4, the associa-
tion of IT is reversible. Consequently, IT dissociates
upon gel filtration, freeing the DPP4 to react with
ABPred. However, this may not be the case with other
targets or inhibitors, and conclusions about specific
proteins will require additional experiments to deter-
mine the precise nature of the interaction. These types
of experiments are also enabled using ABPs, because
ABP labeling is quantitatively linked to enzyme activ-
ity. Thus, standard enzymological measurements to de-
termine inhibitor reversibility21 can be performed with-
out further purification of the sample. Another potential
pitfall is that improper or idiosyncratic sample handling
can decrease or abolish the activity of selected targets,
resulting in false negative results. In this particular case,
taking into account the twofold dilution of the protein
sample as a result of the gel filtration step, the DPP4 peak
from the proteome selected for inhibitor binding is �80%
as intense as the DPP4 labeled in the absence of selec-
tion. Hence, the initially inhibited DPP4 can be subse-
quently labeled close to completion. We conclude that
the complexity of ABPred-labeled targets in this particu-
lar proteome has been reduced significantly.

The 95-kDa band that was a target for IT in A431 cells
was analyzed by MS and found to be a mixture of pri-
marily two proteins, DPP8 and DPP9. Both these pro-
teins were identified fairly recently and have not been
particularly well characterized to date. DPP8 was iden-
tified as a novel homologue of DPP4 in 2000, as a pro-
tein of 51% similarity to both DPP4 and its close rela-
tive, fibroblast activation protein. Preliminary
characterization of this protein19 indicates that it mi-
grates at the size expected from the primary sequence
(�100 kDa) and shows a similar inhibitory profile and
substrate specificity to DPP4. The other element of these
inhibited bands, DPP9, was identified in 2002 and has
37% identity to DPP4. This protein was shown to mi-
grate at a molecular mass of 98 kDa.16 These literature
results are consistent with those reported here. Careful
examination of the lane trace in Fig. 5 indicates that the
band at 95 kDa, in fact, consists of a doublet (Fig. 5,
blue arrow). Based on polypeptide chain length and the
lack of reported posttranslational modifications for
DPP8 and DPP9, the upper and less abundant of the two
proteins probably consists of DPP8, whereas the lower
and more abundant of the two proteins probably consists
of DPP9. This assignment is also consistent with DPP9
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TABLE 1. IDENTIFICATION OF NOVEL IT TARGETS

Number of
Protein Mascot unique peptides Sequence
identification score observed coverage

DPP9 1,020 29 31%
DPP8 279 8 18%

The band indicated by the arrow in Fig. 5 was analyzed by
LC/MS/MS. The two proteins tabulated were found to be pres-
ent in the sample excised from the gel. The Mascot score is re-
lated to the quality of the MS.22 More significantly, the num-
ber of unique peptides (which were identified not only by the
overall molecular weight of the peptide, but also by MS/MS
sequencing of the peptide) indicates that the protein is present
in its intact form, as judged from the distribution of the pep-
tides throughout the protein sequence. The sequence coverage
represents the fraction of residues that were actually observed,
lending further credence to the identification.



having a higher Mascot score22 than DPP8 (1,020 and
279, respectively) from MS analysis. The single band
seen after the Inhibitor Focusing procedure appears to
correspond to DPP9, based on gel mobility. The absence
of DPP8 may reflect the possibility that IT is a less po-
tent inhibitor of DPP8 than DPP9. Hence, IT would have
a higher dissociation rate from DPP8 than from DPP9,
and this would result in the DPP8 active site being more
accessible to ABPgreen when IT is present. More exten-
sive biochemical evaluation of the proteins involved will
be needed to confirm this possibility.

We have demonstrated here that, in the tissues and cell
lines evaluated, IT is reasonably selective toward its prin-
cipal target, DPP4. We have also demonstrated that pro-
filing using ABPs can detect off-target activity, both in
major bands from tissues that lack DPP4 (like A431 cells)
and in minor bands in mouse kidney that are highlighted
by the process. In the context of a drug discovery pro-
gram, additional congeners of the drug, or candidates
from other lead series, would be available for testing, and
the correlation between these off targets and the struc-
ture of the inhibitor would naturally lead to physiologi-
cally relevant selectivity assays.

Conclusions

The results presented here illustrate the further appli-
cation of activity-based proteomic profiling to identify
drug targets through the direct detection of binding sites
for small-molecule drug candidates. The methodology is
conceptually straightforward and is applicable to the full
breadth of active site-directed chemical probes, regard-
less of mechanism. Because methods based on chemical
reactivity are not restricted to previously established tar-
gets, are independent of species of origin, and are useful
on a small scale, the more widespread adoption of such
chemical probe-based methods during the drug discov-
ery process will certainly reap significant rewards. Using
this method, off targets and plausible effectors of toxicity
will be identified more objectively or even discovered in
relevant samples. Significantly, the use of ABP-based
methods requires neither pure enzyme nor knowledge of
a unique, assayable substrate. In addition, through the uti-
lization of ABPs that have broader chemical reactivity
than that exhibited by the FPs, it is possible to assess si-
multaneously off-target activity from a small molecule
across several enzyme classes. Finally, potential thera-
peutics can be evaluated biochemically in the crucial tis-
sues of interest, either using human-derived samples or
in the most relevant animal model and tissue. In this way,
ABP-based selection of small-molecule targets promises
to provide an important addition to the drug discovery
process.
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