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Summary

Proteomics aims to identify new markers and targets
for the diagnosis and treatment of human disease. To
realize this goal, methods and reagents are needed to
profile proteins based on their functional properties,
rather than mere abundance. Here, we describe a gen-
eral strategy for synthesizing and evaluating structur-
ally diverse libraries of activity-based proteomic probes.
Quantitative screening of probe-proteome reactions
coupled with bioinformatic analysis enabled the selec-
tion of a suite of probes that exhibit complementary
protein reactivity profiles. This optimal probe set was
applied to discover several enzyme activities differen-
tially expressed in lean and obese (ob/ob) mice. Inter-
estingly, one of these enzymes, hydroxypyruvate re-
ductase, which was 6-fold upregulated in ob/ob livers,
participates in the conversion of serine to glucose,
suggesting that this unusual metabolic pathway may
contribute to gluconeogenesis selectively in states of
obesity.

Introduction

In the postgenomic era, researchers are charged with
the task of assigning molecular and cellular functions
to thousands of newly predicted gene products. To ad-
dress this daunting challenge, several strategies have
been introduced for the global analysis of genes and
gene products (MRNA and proteins). Leading the way
have been genomic technologies, such as DNA microar-
rays [1], which exhibit exceptional throughput and effi-
ciency, permitting the comparative analysis of the entire
complement of mMRNA molecules in cell or tissue sam-
ples in a single experiment. However, genomic methods
do not account for a variety of posttranscriptional and
posttranslational events that regulate protein abun-
dance and activity; therefore, complementary proteomic
strategies are needed to directly characterize the func-
tional state of proteins in cells and tissues.

Proteins present a more formidable analytical chal-
lenge than mRNAs, as they are chemically heteroge-
neous, lack general binding partners, and are nonampli-
fiable [2]. Accordingly, no single strategy is suitable for
the simultaneous characterization of the expression and
function of all proteins. For example, commonly used
proteomic methods such as two-dimensional gel elec-
trophoresis (2DE) encounter problems characterizing
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membrane-associated [3] and low-abundance [4] pro-
teins. Liquid chromatography (LC)-based strategies for
proteomics, such as isotope-coded affinity tagging
(ICAT) [5] and multidimensional protein identification
technology (MUDPIT) [6], have overcome some of these
problems; however, these gel-free methods still focus
on measurements of protein expression and therefore
provide only an indirect estimate of protein activity,
which is regulated by a variety of posttranslational
events in vivo [7].

Activity-based protein profiling (ABPP) is a chemical
strategy for proteomics that utilizes active site-directed
probes to profile the functional state of enzymes in
whole proteomes [8-10]. These probes have been
shown to selectively label active enzymes, but not their
inactive precursor (e.g., zymogen) [11] or inhibitor-
bound [12, 13] forms. To date, activity-based proteomic
probes have been developed for several important en-
zyme classes, including serine hydrolases [8, 11, 14],
cysteine proteases [15-17], metalloproteases [13], and
phosphatases [18]. In each of these cases, well-known
inhibitors and/or affinity labels were exploited to direct
probe reactivity toward a specific class of enzyme. How-
ever, many enzyme families lack cognate affinity labels/
inhibitors and are therefore less straightforward to ad-
dress by ABPP.

To expand the scope of ABPP, a nondirected (combi-
natorial) version of this method has been advanced that
enables active site-directed profiling agents to be identi-
fied for many enzymes in parallel in whole proteomes
[19]. The utility of nondirected ABPP was demonstrated
with a small library of probes bearing a sulfonate ester
(SE) electrophile that was found to label more than six
mechanistically distinct enzyme classes in an active
site-directed manner [19-21]. Still, a drawback of these
original studies was the limited structural diversity of
the SE library, whose members were distinguished by
simple alkyl/aryl groups, resulting in modest differences
in their respective proteome reactivity profiles. We hy-
pothesized that more structurally diverse libraries of
electrophilic agents would contain activity-based probes
for several additional enzyme classes. Here, we report
a streamlined route for the synthesis and evaluation
of ABPP probes bearing an a-chloroacetamide («-CA)
reactive group and a variable dipeptide binding group.
Importantly, we show that members of this dipeptide
probe library can be differentiated prior to the labor-
intensive step of target identification by bioinformatic
analysis of their respective proteome reactivity profiles,
enabling the selection of an “optimal probe set” that
was applied to discover several enzyme activities differ-
entially expressed in lean and obese mice. Thus, a gen-
eral strategy is presented by which libraries of candidate
activity-based probes can be pruned to a minimal num-
ber of useful profiling agents, thereby increasing the
speed and efficiency of ABPP experiments without sac-
rificing the information content garnered in these investi-
gations.
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Figure 1. Design and Synthesis of an a-Chloroacetamide Dipeptide Probe Library

(A) Design of the a-chloroacetamide (a-CA) dipeptide probe library, with R1-R2 binding group elements listed. pTyr, phosphotyrosine.
(B) Solid-phase synthesis of library, performed with Fmoc chemistry and standard peptide protecting groups (PG).

Results and Discussion

Design and Synthesis of a Dipeptide
«a-Chloroacetamide Probe Library

ABPP probes have been successfully designed for more
than a dozen enzyme classes [9, 10]. However, numer-
ous enzymes remain beyond the current scope of this
method. The extension of ABPP to additional enzyme
classes requires the design, synthesis, and screening
of new probe structures. Activity-based probes are, in
general, comprised of three elements: (1) a binding
group to promote active site-directed interactions with
a specific subset of enzymes in the proteome, (2) a
reactive group (e.g., electrophile or photocrosslinker)
for covalent labeling of probe-bound enzymes, and (3)
a reporter tag (e.g., fluorophore or biotin) for visualiza-
tion and purification of probe-labeled enzymes (Figure
1A). Combinatorial strategies for probe design offer a
potentially powerful means to discover activity-based
profiling tools for many enzymes in parallel [19]. The
success of this nondirected approach for ABPP hinges
on the generation of probe libraries of substantial struc-
tural diversity and the optimization of efficient methods
for screening these reagents with proteomic samples.
With these considerations in mind, we designed and
synthesized a library of candidate ABPP probes bearing
an a-chloroacetamide (a-CA) reactive group and a vari-
able dipeptide binding group (Figure 1A).

The a-CA was selected as the library’s reactive group
for several reasons. First, this group is sterically small
and therefore should not, as a conserved element of
the probe library, unduly influence noncovalent probe-
protein interactions. Second, due to its tempered elec-
trophilicity, the «a-CA is stable under many synthetic
chemistry conditions, including standard Fmoc solid-
phase peptide synthesis. Finally, there is ample prece-
dent that other carbon electrophiles, such as sulfonate
esters (SEs) and epoxides, label a variety of active site
residues, including cysteines [15, 22], histidines [23],
and glutamates/aspartates [22, 24] in a range of mecha-
nistically distinct enzymes, indicating that the inherent
reactivity of the «-CA probe library should not be

strongly biased toward a specific amino acid residue or
enzyme class.

Attachment of the a-CA to a dipeptide binding group
provided a synthetically straightforward route toward a
structurally diverse set of probes, exploiting the intrinsic
diversity of commercially available amino acids, includ-
ing small, bulky, hydrophobic, and charged groups (Fig-
ure 1A). One of two types of reporter tags was also
appended to this probe library. The initial set of probes
contained a rhodamine (Rh) group for visualization of
labeled proteins by in-gel fluorescence scanning. A
smaller subset of the library was then synthesized as
trifunctional agents containing both Rh and biotin sub-
stituents for protein detection and affinity purification,
respectively [21, 25].

An 18 member probe library was manually synthesized
on solid phase using Rink amide MBHA resin and stan-
dard Fmoc peptide coupling techniques (Figure 1B).
This route was also compatible with automated peptide
synthesis. For the Rh-tagged library, the first residue
coupled to the beads was lysine, which, in the final step
was reacted with an Rh-N-hydroxysuccinimidyl ester
(Rh-NHS). Combinatorial residues R1 and R2 (Figure
1A) were then incorporated into the probes, and the
resulting dipeptide reagents were capped with chloroa-
cetic anhydride and then subject to global deprotection/
cleavage upon treatment with 95% trifluoroacetic acid,
2.5% water, and 2.5% triethylsilane (as a scavenger).
Following solution coupling to Rh-NHS, the free probes
were purified by HPLC. Trifunctional probes were syn-
thesized by coupling a biotin-modified lysine to the resin
prior to the lysine, R1, and R2 residues, and the synthe-
sis was completed as described above. These routes
provided sufficient quantities of each probe (2-10 mg)
for hundreds of proteomic experiments.

Proteome Reactivity Profiling of the Dipeptide

«a-CA Probe Library

Initial screening of the dipeptide a-CA library was carried
out with three soluble mouse tissue proteomes (brain,
heart, and liver) under the following general conditions:
5-40 pM probe, 2 pg/pl protein, 50 mM Tris-HCI (pH
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Figure 2. Proteome Reactivity Profiling of the
a-Chloroacetamide Dipeptide Library

Representative proteome reactivity profiles
of mouse liver, brain, and heart (soluble frac-
tions) with the a-chloroacetamide («-CA) di-
peptide probe library. For full gels, see Sup-
plemental Figure S1. A previously described
Rh-tagged phenyl sulfonate ester (Ph-SE)
probe, which labels several enzyme classes
in an active site-directed manner [19], was
included for comparison. Probes were tested
at one of four different concentrations to nor-
malize background (heat-insensitive) label-
ing: 5 (Phe-Leu), 10 (Leu-Met, Met-Leu, and
Ph-SE), 20 (Gly-Gly, lle-Leu, Phe-Ala, Gin-
Asn, Asn-Tyr, Leu-pTyr, pTyr-Leu, Leu-Asp,
Asp-Leu, Leu-Arg, Arg-Leu, and Arg-Arg),
and 40 (Pro-Leu and Asp-Asp) pM. A subset
of probe-labeled enzymes were identified
with trifunctional probes and LC-MS/MS
analysis and are listed on the right side of
the gel.

< 42 kDa(creatine kinase, brain)

Mouse Brain Soluble Proteome, pH 8.0

8.0), 1 hr labeling, at room temperature. Individual
probes were found to exhibit different levels of nonspe-
cific (heat-insensitive) proteome reactivity (e.g., see
Supplemental Figure S2), and, therefore, an optimal con-
centration for each probe within the range of 5-40 uM
was first determined so that comparative proteomic pro-
filing could be conducted across the probe library under
conditions of normalized background. Mouse tissue
proteomes were then treated with the probe library at
pH 8.0 and 5.5 (50 mM MES) to accommodate enzymes
that exhibit preferred activity under neutral (e.g., cyto-
solic enzymes) or acidic (e.g., lysosomal enzymes) con-
ditions, respectively. Members of the probe library were
found to display markedly distinct proteome reactivity
profiles (Figure 2), indicating a strong contribution of
the dipeptide binding group to defining specific probe-
protein interactions. For example, several proteins showed
preferential or exclusive reactivity with a single dipep-
tide a-CA probe (e.g., 40, 55, 60 [pH 5.5], and 72 kDa liver
proteins). In contrast, other proteins exhibited broader
reactivity, being labeled by several members of the
probe library (e.g., 42 kDa brain and heart proteins).
Importantly, no single probe exhibited a dominant pro-
teome reactivity profile, indicating that even the most
promiscuous probes targeted only a modest fraction of
the proteins labeled by the library as a whole. Finally,
little overlap was found between the proteome reactivity
profiles of the a-CA dipeptide library and a phenyl SE
(Ph-SE) probe [19] (Figure 2), indicating that these two
classes of carbon electrophile-based probes targeted
distinct portions of the proteome.

Identification and Characterization of Enzyme
Targets of the Dipeptide «-CA Probe Library

To assess the target selectivity of the dipeptide «-CA
probe library, a representative set of probe-labeled pro-
teins was molecularly characterized. Briefly, protein tar-
gets were affinity isolated using trifunctional o-CA
probes, digested with trypsin, and the resulting peptides
analyzed by liquid chromatography-tandem mass spec-

trometry (LC-MS/MS). Enzymes from several different
classes were labeled by the a-CA library (Figure 2), in-
cluding type Il tissue transglutaminase (tTG2), formimi-
notransferase cyclodeaminase (FTCD), aldehyde dehy-
drogenase-9 (ALDH-9), aminolevulinate A-dehydratase
(ADD), epoxide hydrolase (EH), cathepsin Z (cat Z), and
the muscle and brain isoforms of creatine kinase (CK)
(Figure 2). A subset of these enzymes represented tar-
gets of previously described activity-based probes, in-
cluding EH and cat Z, which have been labeled by SE
[19] and epoxide probes [26], respectively. In contrast,
several other enzymes, including ALDH-9, ADD, and CK
corresponded to targets labeled exclusively by a-CA
probes. These enzymes showed markedly different probe
reactivity profiles, highlighting the value of screening
proteomes with structurally diverse probe libraries. A
striking example of the selectivity of certain probe-
enzyme interactions was observed with the Asp-Asp-
«-CA probe, which strongly labeled both isoforms of
CK, but showed negligible foreground or background
reactivity with other proteins in tissue proteomes (Sup-
plemental Figure S2). Finally, the primary Ph-SE targets
ALDH-1 and enoyl CoA hydratase 1 (ECH-1) were not
targeted by members of the a-CA library.

To confirm and further characterize the unique targets
of «-CA probes, the ADD and CK (brain isoform) en-
zymes were recombinantly expressed in COS-7 cells by
transient transfection and treated with a subset of the
«-CA probe library. Both recombinant enzymes exhib-
ited probe reactivity profiles similar to those of their
respective natively expressed counterparts (Figure 3A).
These restricted probe reactivity profiles suggested
specific structure-activity relationships for the labeling
of each enzyme, consistent with probe modification oc-
curring in the active sites of these proteins. Also consis-
tent with this premise, probe labeling of both ADD and
CK were heat-sensitive and competed by known cofac-
tors/inhibitors (Figures 3B and 3C). For example, reac-
tion of the Asp-Asp-a-CA probe with either isoform of
CK was blocked by pretreatment with the cofactor ATP
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Figure 3. Characterization of Enzyme Targets of «-CA Dipeptide
Probe Library

(A) Native and recombinant CK and ADD enzymes exhibit similar
probe reativity profiles. Recombinant enzymes were expressed by
transient transfection in COS-7 cells.

(B) Labeling of native and recombinant CK enzymes by the Asp-
Asp-a-CA probe is heat sensitive and blocked by treatment with
ATP (1 mM).

(C) Labeling of native and recombinant ADD enzymes by the lle-
Leu-a-CA probe is heat sensitive and blocked by treatment with
ZnCl, (1 mM) or iodoacetamide (IAc, 1 mM). A, heat-denatured pro-
teomes.

(D) Labeling of tTG2 by the Gly-Gly-a-CA probe is blocked by treat-
ment with EDTA (1 mM) or GTP (1 mM) and increased by CaCl, (1 mM)
(shown for both the mouse and human tTG2 enzymes expressed in
mouse liver and the cancer cell line MDA-MB-231 [21], respectively).

(1 mM) (Figure 3B). Similarly, probe labeling of ADD,
which is a zinc metalloenzyme [27], was attenuated by
the addition of either ZnCl, (1 mM) or the thiol-reactive
reagent iodoacetamide (1 mM) (Figure 3C), indicating
that probe modification may occur on one of the en-
zyme’s conserved zinc-chelating cysteine residues,
which have previously been found to react with electro-
philic inhibitors [28]. Finally, labeling of the Gly-Gly-a-CA
target tTG2 was found to be activated by calcium and
inhibited by GTP (Figure 3D), accurately reflecting the
known effects of these regulatory molecules on tTG2
catalytic activity [29]. Collectively, these data indicate
that members of the «-CA probe library modify the active
sites of their target enzymes.

Bioinformatic Analysis of the Proteome Reactivity
Profiles of Dipeptide a-CA

Probes—Identification of an Optimal Probe Set

A major goal of nondirected ABPP is to identify within
a larger library of candidate probes a subset of reagents
that can collectively profile the majority of targets la-
beled by the library as a whole. This “optimal probe set”
could then be applied to screen proteomes with maximal
efficiency and minimal sample consumption. We postu-

lated that discrimination among the dipeptide «-CA
probes could be accomplished without the need for
target identification by comparing their relative reactivi-
ties with a large number of proteins in tissue proteomes.
To test this notion, the probe reactivity profiles of ~25
proteins were quantified by in-gel fluorescence scan-
ning and individually normalized to the probe that
showed the strongest labeling intensity. These profiles,
which represented a 19 probe X 25 protein matrix,
proved too complex to mine by visual inspection for
underlying trends. However, bioinformatic analysis us-
ing hierarchical clustering analysis [30] revealed that the
probes could be classified into at least five discrete
subgroups based on shared proteome reactivity profiles
(Figure 4A). Common structural features were observed
among members of most subgroups that presumably
accounted for their similar protein labeling patterns. For
example, positively and negatively charged probes seg-
regated into two distinct classes, whereas hydrophobic
probes formed a third set which further branched into
two subtypes. In contrast to these groups of probes,
which each contained multiple members with largely
overlapping proteome labeling patterns, the Pro-Leu
probe was found to exhibit a strikingly unique proteome
reactivity profile comprised of several proteins not tar-
geted by other members of the probe library. These
findings underscore the value of empirically determining
the proteome reactivity profile of each member of a
probe library to uncover agents that display unusual
protein labeling patterns. Finally, the Ph-SE probe failed
to cluster with any of the «-CA probes, indicating that
these two probe types target complementary (rather
than redundant) portions of proteomic space. From this
analysis, an “optimal probe set” was defined containing
representative members of each class of probes (Leu-
Met and lle-Leu [hydrophobic], Leu-Arg [positively
charged], Leu-Asp [negatively charged], Pro-Leu, and
Ph-SE) that was anticipated to provide ~90% coverage
of the proteins targeted by the entire probe library (Fig-
ure 4B). We next set out to apply this optimal probe set
to profile a model of human disease.

Application of the Optimal Probe Set to a Mouse
Model of Obesity and Type Il Diabetes
Given the rich diversity of proteins labeled by «-CA
probes in the mouse liver (Figure 2), we elected to com-
pare the profiles of this tissue isolated from wild-type
(wt) mice and mice lacking the leptin gene (ob/ob mice).
The ob/ob mice exhibit extreme obesity, insulin resis-
tance, and elevated gluconeogenesis and constitute a
widely used model of type Il diabetes [31, 32]. In addi-
tion, liver proteomes from lean (wt) and obese (ob/ob)
mice have recently been compared by 2DE [33], thus
allowing a direct comparison of the results obtained
with “conventional” proteomics methods and ABPP.
Along with the optimal probe set discussed above, we
also analyzed wt and ob/ob livers with the serine hy-
drolase-directed probe fluorophosphonate-rhodamine
(FP-rhodamine) [14], which targets numerous esterases,
lipases, and proteases [12, 34].

Several differences in the enzyme activity profiles of
wt and ob/ob livers were observed with the optimal
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probe set, a representative subset of which were identi-
fied and are shown in Figure 5A (for full enzyme activity
profiles, see Supplemental Figures S3 and S4). Quantita-
tion of the probe labeling intensity of each of these
enzyme activities by in-gel fluorescence scanning pro-
vided a measure of their relative expression in wt and
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Figure 4. Cluster Analysis of Proteome Re-
activity Profiles of «-CA Dipeptide Probes

The probe labeling intensities of representa-
tive liver (L), heart (H), and brain (B) proteins
were quantified and, for each enzyme, these
values were normalized to the probe with the
highest labeling intensity (100%) to provide
relative probe reactivity profiles. These rela-
tive probe reactivity profiles were then ana-
lyzed with a hierarchical clustering algorithm
[30] (proteins are listed on the vertical axis
by mass [kDa] and name; proteins labeled
selectively at pH 5.5 are noted), which classi-
fied a-CA probes into subgroups based on
similar proteome reactivity profiles (A). A rep-
resentative probe from each of six main
subgroups was selected to form an optimal
probe set for biological experiments (profiles
of the six selected probes are shown in red
in [B]). (tTG2, type Il tissue transglutaminase;
FTCD, formiminotransferase cyclodeami-
nase; ALDH, aldehyde dehydrogenase; ADD,
aminolevulinate A-dehydratase; EH, epoxide
hydrolase; cat Z, cathepsin Z; CK, creatine
kinase; and ECH-1, enoyl-CoA hydratase-1).

ob/ob livers. These proteomic data were highly repro-
ducible, permitting the straightforward classification of
individual lean and obese mice into distinct subgroups
by hierarchical clustering analysis (Figure 5B; see Sup-
plemental Figure S5 for bar graphs of the labeling data
utilized in this cluster analysis).

Figure 5. Application of Optimal Probe Set to
Identify Enzymes Differentially Expressed in
Lean (wt) and Obese (ob/ob) Mice

(A) A representative subset of probe-labeled
enzymes that are differentially expressed in
wt and ob/ob mouse livers. Protein molecular
masses and identities are shown on the left
sides of the gels. For each enzyme, the profile
shown corresponds to the probe that exhib-
ited the highest labeling intensity (probes are
listed on the right side of the gels; a-CA
probes listed by dipeptide binding group).
(B) Cluster analysis of the probe labeling in-
tensities of differentially expressed enzymes
in four lean (wt) and four ob/ob mice. For (A)
and (B), identified enzymes: FAS, fatty acid
synthase; ATP-CL, ATP-citrate lyase; NADP-
ME, NADP-dependent malic enzyme; LCE,
liver carboxyesterase; ALDH-1, aldehyde de-
hydrogenase-1; HPR, hydroxypyruvate re-
ductase; GST, glutathione-S-transferase; and
MGL, monoglyceride lipase. Unidentified en-
zymes listed by molecular mass and pre-
ferred probe.

(C) Quantitation of the labeling intensity of
HPR with the Leu-Asp-a-CA probe in wt and
ob/ob livers (n = 4 per group).

(D) Characterization of recombinantly ex-
pressed HPR. Top, HPR-transfected, but not
mock-transfected COS-7 cells contained a 35
kDa doublet that was strongly labeled by the
Leu-Asp-a-CA probe in a heat-sensitive man-
ner. A, heat-denatured proteome. Bottom,
native and recombinant HPR enzymes show
similar probe reactivity profiles (all probes
tested at 20 uM). «-CA probes are listed by
dipeptide binding group.
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Table 1. Relative Levels of Enzyme Activities in ob/ob and Wild-Type Livers Identified by ABPP

Enzyme ob/ob:wt Probe? ob/ob:wt by 2DE®
GST-z (maleylacetoacetate isomerase) 8.6 Leu-Met not detected
Fatty acid synthase 6.1 FP 4.6
Hydroxypyruvate reductase 5.8 Leu-Asp not detected
ATP citrate lyase 5.4 Leu-Met not detected
Monoglyceride lipase 4.5 FP not detected
Malic enzyme 2.7 Leu-Arg not detected
Aldehyde dehydrogenase-1 2.3 Ph-SE 2.4
Peroxiredoxin 1.6 Leu-Asp 1.5

Epoxide hydrolase 0.5 Pro-Leu not detected
Liver carboxyesterase 0.1 FP not detected
GST YfYf 0.04 Leu-Asp 0.12

Data are presented as averages (n = 4 per group).

2Probe showing the strongest labeling with each enzyme was used for quantitation.
®Results obtained previously by 2-DE analysis [33] are shown for comparison.

A comparison of the results obtained by ABPP with
a previous 2DE study [33] revealed key similarities and
differences. For example, multiple enzymes were identi-
fied by both methods (e.g., ALDH-1, glutathione S-trans-
ferase [GST] YfYf) and, in these cases, remarkably simi-
lar estimates of differential expression were obtained
(Table 1). In contrast, several enzymes were identified
by ABPP that were not observed in 2DE experiments,
including targets of the FP probe liver carboxylesterase
(LCE) and monoacylglycerol (MAG) lipase, which were
10- and 4.5-fold upregulated in wt and ob/ob livers,
respectively, and the Leu-Asp-a-CA target hydroxypyru-
vate reductase (HPR), which exhibited approximately
6-fold greater labeling in ob/ob livers (Figure 5C and
Table 1). Why this latter group of enzymes evaded detec-
tion by 2DE is unclear, but several explanations are
possible, including comigration with abundant proteins
and/or specific changes in activity, but not abundance.
Thus, ABPP of wt and ob/ob livers uncovered both
known and novel markers of obesity.

MAG lipases and carboxylesterases have been sug-
gested to play key roles in regulating glycerol ester me-
tabolism in vivo [35, 36] and, therefore, their altered
expression in wt and ob/ob mice may contribute to the
severe differences in lipid homeostasis evident in these
animals. In this regard, it is worth noting that these
hydrolytic enzymes showed opposite expression pat-
terns in wt and ob/ob livers, indicating that the gross
up- or downregulation of lipases is not likely a cause or
consequence of fatty liver syndrome. The upregulation
of HPRinob/ob livers was also intriguing, as this enzyme
has been shown to participate in an unusual metabolic
pathway that converts serine to glucose [37, 38], which
could contribute to the elevated gluconeogenic state of
ob/ob mice. To confirm that HPR was a specific target
of the Leu-Asp-a-CA probe, the cDNA for this enzyme
was subcloned and transiently transfected into COS-7
cells. Strong probe labeling of a 35 kDa protein was
observed in HPR-transfected cells, but not in mock-
transfected cells and this labeling event was heat sensi-
tive (Figure 5D, upper gel). Notably, the recombinant
HPR enzyme, like native HPR from ob/ob livers, exhib-
ited a highly restricted probe labeling profile, only re-
acting with the Leu-Asp-a-CA member of the optimal
probe set (Figure 5D, lower gel). Collectively, these data

demonstrate that HPR is a specific target of the Leu-
Asp-a-CA probe that is highly upregulated in ob/ob liv-
ers, suggesting that further study of the potential role
of this enzyme in obesity is warranted. More generally,
the selective labeling of HPR by the Leu-Asp-«a-CA agent
underscores the value of screening proteomes with
structurally diverse sets of probes to uncover specific
probe-enzyme interactions.

Conclusion

Here, we have described an integrated strategy for the
design, synthesis, and analysis of libraries of structurally
diverse chemical probes for the functional profiling of
enzymes in whole proteomes. Key to the implementation
of this nondirected method for ABPP was the selection
of suitable binding group and reactive group elements
for the probe library. For example, the variable dipeptide
portion of the probe structure provided a synthetically
facile route toward a large diversity of protein binding
elements. Likewise, the a-chloroacetamide («-CA) reac-
tive group, consistent with the behavior of other mod-
erately reactive carbon electrophiles [15, 19], proved
capable of labeling in an active site-directed manner
several mechanistically unrelated enzyme classes, thereby
further expanding the scope of enzymes addressable by
ABPP. In total, more than 10 different classes of en-
zymes were identified as targets of the a-CA probe li-
brary, most of which were not labeled by previously
described ABPP probes.

A potential drawback to the utilization of probe librar-
ies for ABPP is that, as these libraries increase in size,
correspondingly greater quantities of proteome are re-
quired for analysis. For many proteomes of interest,
such as tumor biopsies, limited amounts of material are
available. Therefore strategies are needed to maximize
the information content achieved in ABPP experiments
while minimizing sample consumption. Toward this end,
we demonstrated that bioinformatic analysis could be
used to classify members of the a-CA probe library into
subgroups based on shared proteome reactivity pro-
files. Representative members of each of these sub-
groups could then be selected to form an “optimal probe
set” for biological studies. Importantly, this process for
pruning probe libraries could be accomplished prior to
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the labor-intensive steps of protein enrichment and
identification. Considering further that the initial screen-
ing step was carried out using a handful of readily avail-
able proteomes (e.g., mouse tissues), we speculate that
this time- and cost-effective approach could be applied
to probe libraries of much greater size (e.g., 100-1000
probes).

Once having defined an optimal probe set, we applied
these reagents to profile liver tissue from lean (wild-type
[wt]) and obese (ob/ob) mice. Defects in liver function
are suspected to be both a cause and consequence of
metabolic diseases such as obesity and diabetes [32,
39], and, accordingly, liver proteins that are differentially
expressed in lean and obese animals may represent
novel markers and targets for the diagnosis and treat-
ment of these diseases. The optimal probe set identified
several enzyme activities with altered expression in wt
and ob/ob livers, including the specific Leu-Asp-a-CA
target hydroxypyruvate reductase, which was upregu-
lated approximately 6-fold in fatty livers and has been
implicated in the biosynthesis of glucose from serine
[37, 38]. These findings suggest that nonclassical path-
ways for glucose biosynthesis may be operational in
obesity-related syndromes like type Il diabetes and
could contribute to the hyperglycemic phenotype ob-
served in these metabolic diseases [40, 41].

Finally, some of the limitations of functional proteomic
analysis by ABPP should also be noted. First, even
though, in each case examined here and previously [22],
probe labeling was found to occur in enzyme active
sites, these events may not always report on the activity
state of enzymes. For example, the allosteric modulation
of enzyme function at sites distal to the active site may
remain undetected by ABPP. On the other hand, if, as
is often the case, enzyme activity is regulated in vivo by
autoinhibitory domains, protein partners, and/or small
molecules that sterically obstruct the active site [7], then
probes that are sensitive to these molecular interactions
can provide an effective readout of the functional state
of enzymes in complex proteomes. Second, even though
the selection of optimal probe sets should greatly re-
duce the amount of proteome required for functional
profiling experiments, the subsequent steps of affinity-
enrichment and identification of probe-labeled enzymes
still require significant quantities of proteome [11]. This
problem may be most effectively addressed by incorpo-
rating an inhibitor/cofactor competition screen into non-
directed ABPP, such that the identity of an enzyme can
be inferred from the sensitivity of its probe labeling to
specific active site-directed reagents [19, 34]. Indeed,
as progressively greater amounts of information are
garnered on the binding of inhibitors to enzymes, these
data, combined with other biochemical parameters (e.g.,
probe reactivity profile, molecular mass, and subcellular
distribution) may enable the identification of enzymes
by ABPP using trace amounts of proteome (e.g., mi-
crograms) and without the need for additional time-
and sample-consuming affinity enrichment and LC-MS
analysis.

Significance

The field of proteomics aims to develop new tools and
methods to facilitate the functional analysis of proteins

on a global scale. Activity-based protein profiling
(ABPP) offers a powerful means to visualize dynamics
in enzyme function in biological samples of high com-
plexity. However, the general and systematic applica-
tion of ABPP requires the advent of chemical probes
that target a large diversity of enzyme classes in an
active site-directed manner. Here, we have described
an integrated platform for the design, synthesis, and
screening of structurally diverse libraries of ABPP
probes. Quantitative proteomic screening coupled
with bioinformatic analysis enabled the identification
within a larger probe library of an optimal set of re-
agents for biological studies. Members of this optimal
probe set exhibited complementary proteome reactiv-
ity profiles, thereby maximizing the information con-
tent achieved in biological experiments while minimiz-
ing time expenditure and sample consumption. The
value of this strategy for ABPP was demonstrated by
the discovery of several obesity-associated enzyme
activities, including proteins involved in lipid metabo-
lism and gluconeogenesis. More generally, the meth-
ods reported herein should enable the generation of
functional proteomic probes for many enzyme classes,
thereby enriching the repertoire of chemical reagents
that can be applied to identify new diagnostic markers
and therapeutic targets for human disease.

Experimental Procedures

General Materials and Instrumentation

All chemicals were obtained from Aldrich, Acros, Novabiochem, or
Molecular Probes, and were used without further purification, except
where noted. Triethylamine was distilled over calcium hydride and
stored over potassium hydroxide. Solvents were used as received
or passed over an activated alumina column (CH,Cl,). All reactions
were carried out under an argon atmosphere using oven-baked
glassware cooled in a dessicator. Purification was performed on a
Hitachi D-700 HPLC system. 'H spectra were recorded on a Bruker
AMX-400 MHz spectrometer. Chemical shifts (3) are reported rela-
tive to tetramethylsilane and coupling constants (J) are reported
in Hz.

Solid-Phase Synthesis of Dipeptide a-CA Probe Library

Peptides were synthesized on Rink amide MBHA resin (Novabio-
chem) using standard 9-fluorenylmethoxycarbonyl (Fmoc) solid
phase synthesis. Fmoc-protected resin was deprotected with 20%
piperidine/dimethylformamide (DMF, 2X 2 ml, 8 min) and washed
(3% DMF, 3x CH.CIl,, 3X DMF) to remove excess reagents. Then
Fmoc-Lys-COOH (Novabiochem, 5 equivalents) was coupled to the
resin (30 min) using 2-('H-benzotriazole-1-yl)-1,1,3,3,-tetramethyl-
uronium hexafluorophosphate (HBTU; 4.9 equivalents), N-hydroxy-
benzotriazole (HOBt; 5 equivalents), and diisopropylethylamine (DIEA;
8 equivalents) in DMF (1 ml). Complete coupling was confirmed using
a Kaiser test. The resin was washed and deprotected as described
above, and fully protected Fmoc-amino acids R1 and R2 coupled
as described above. Following the final deprotection, capping was
effected using 1 M chloroacetic anhydride in N-methylpyrrolidinone
(NMP, 1 ml). Following extensive washing with DCM, cleavage and
deprotection were effected using 95% trifluoroacetic acid (TFA)/
2.5% H,0/2.5% triethylsilane (TES) (1 ml, 1 hr). Peptides containing
phosphotyrosine protected as the phosphoramide (Fmoc-Tyr-
(PO(NMe,),)-OH) were stirred overnight in 88% TFA/10% H,0/2.5%
TES for complete deprotection. Beads were then rinsed in the cleav-
age solution (2x 1 ml), fractions combined, diluted with an equal
volume of toluene, concentrated by rotary evaporation under re-
duced pressure, and dried under high vacuum overnight. Peptides
were precipitated from diethyl ether and collected by vacuum filtra-
tion, then washed with ether (3 5 ml) and dried under vacuum to
provide white solids. All dipeptide a-CA products were character-
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ized by LC/MS and carried on without further purification. For the
initial library, highly nucleophilic residues such as Lys and Cys were
not utilized to avoid possible reactions with the electrophilic chlo-
roacetyl group.

For trifunctional compounds, the first residue coupled on the resin
was Fmoc-Lys(Biotin)-COOH (Novabiochem, 5 equivalents) using
the same conditions as above, followed by Fmoc-Lys(Boc)-COOH,
then R1 and R2 groups. The remainder of the synthesis was carried
out as described above.

For synthesis on the peptide synthesizer, each coupling was per-
formed using diisopropylcarbodiimide (DIC) in 0.45 M HOBt/NMP
for 2 hr. Cleavage/deprotection was then carried out as described
above.

Deprotected peptides (5 mg, 1 equivalent) were coupled at the
free amine on the lysine residue to 5-(and-6)-carboxytetramethylrho-
damine succinimidyl ester (5 mg, ~1 equivalent) dissolved in metha-
nol (1 ml), and triethylamine (10 pl, 5 equivalents). After stirring 4
hr, the solvent was removed by rotary evaporation under reduced
pressure. HPLC chromatography (5%-100% acetonitrile [CH;CN] in
H,O with 0.05% TFA), removal of CH;CN under reduced pressure
and lyophilization of the H,O gave the final product as a dark red
solid. All probes were characterized by high resolution MS (see
Supplemental Data) and their purity assessed by analytical HPLC.

Proteome Sample Preparation and Probe Labeling

Mouse tissues were either purchased (Pel-Frez) or freshly isolated
from animals sacrificed by CO, asphyxiation and flash frozen (liquid
N,) immediately upon removal. Proteomes were prepared by
Dounce-homogenization of tissues in Tris buffer (50 mM Tris-HCI
[pH 8.0]) or MES buffer (50 mM MES [pH 5.5]) followed by sonication.
Soluble fractions (supernatant) were isolated by centrifugation at
100,000 X g (45 min) to remove membrane fractions (pellet). Soluble
proteomes from lean (wt) and obese (ob/ob) liver samples were
run over two sequential PD-10 size-exclusion columns to remove
excess lipids prior to analysis. Total protein concentration was de-
termined using a protein assay kit (Bio-Rad). Samples were diluted
to 2 mg/ml and stored at —80°C until use. Probe solutions were
made up in DMSO (1 mM) and stored at —20°C until use. Probe-
proteome reactions (50 pl volume) were run at 5-40 uM final probe
concentration at 25°C. Reactions were gently vortexed and allowed
to sit for 1 hr, then quenched with equal volume 2X SDS-PAGE
loading buffer (reducing, with protease inhibitor). For cofactor and
inhibition studies, protein was incubated with 1 mM cofactor/inhibi-
tor for 1 hr, then labeled with probe as above. Quenched reactions
were immediately placed on ice and run on 1D SDS-PAGE gels (30
g protein/lane) or stored at —80°C. Samples were visualized in-
gel using a Hitachi FMBio lle Flatbed laser-induced fluorescence
scanner (MiraiBio, Alameda, CA). Labeled proteins were quantified
by measuring integrated band intensity as described previously [12]
and averaged for four independent samples.

Cluster Analysis of Proteome Reactivity Profiles

For the results shown in Figure 4, the intensity of labeling of each
protein target with each probe was averaged from two independent
proteomic reactions and normalized to the probe with the highest
labeling intensity (100%). All other values were expressed as a per-
centage thereof. A hierarchical clustering algorithm was applied
to these profiles by average linkage clustering using the Pearson
correlation coefficient as the measure of similarity (Gene Cluster
computer package [30]). Cluster analysis of wt and ob/ob mice
shown in Figure 5B was performed as above, normalizing the probe
labeling intensity of each protein target to the individual mouse with
the strongest labeling.

Protein Enrichment and Identification

For protein identification, 1 ml of proteome at 2 mg/ml concentration
(prepared as above) was labeled with a trifunctional probe at room
temperature for 2 hr. Labeled proteomes were then applied to a
PD-10 size exclusion column to remove excess probe. Samples
were diluted to 8 ml and incubated with avidin-agarose beads
(Sigma) for 1 hr according to established protocols. Affinity-enriched
proteins were separated on SDS-PAGE gels, visualized by in-gel
fluorescence scanning, and bands cut using an image of the

scanned gel as a template as previously described [25]. Gel slices
were washed 3 times with 50% methanol/50% water, then subjected
to in-gel reduction, alkylation, and tryptic digestion. Tryptic peptides
were analyzed by nanoLC-MS/MS and results searched against
public databases of mouse proteins. The proteomic profiles of tri-
functional probes were generally quite similar to those of the corre-
sponding rhodamine probes. However, the rhodamine probes, in
general, displayed less background labeling and were therefore
used for initial screening experiments.

Recombinant Expression and Characterization of Enzyme
Targets of the Dipeptide «-CA Library

cDNAs corresponding to the enzyme targets of the «-CA library were
purchased as expressed sequence tags (Invitrogen), sequenced,
subcloned into pcDNA3.1, and transiently transfected into COS-7
cells using established molecular biology techniques. Transfected
cells were harvested after 48 hr by scraping, then were homogenized
in phosphate-buffered saline (PBS), Dounce-homogenized, soni-
cated, and spun at 100,000 X g for 45 min. Soluble protein (superna-
tant) was diluted to 1 mg/ml and labeled with probe as described
above.

Supplemental Data

Supplemental Figures and Experimental Procedures for this article
are available online at http://www.chembiol.com/cgi/content/full/
11/11/1523/DC1/.
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