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The field of proteomics aims to develop methods for the N
comparative analysis of large numbers of proteins in complex 5 Mo © 00 %
biological sample$ Classical proteomic methods measure changes o o E_\D a\o . ' —

in the expression level of proteins. However, many enzymes are s o G
regulated by post-translational events in vivmeaning that their c ? C [

abundance may not correlate with their activity. A chemical strategy  proteome Probe-labeled Antibody Microarray

referred to as activity-based protein profiling (ABPRitilizes _ Proteome _ _
active-site-directed probes to profile the functional state of enzymes Figure 1. General strategy for antibody-based ABPP microarrays. Pro-
. teomes are labeled in solution with fluorescent activity-based probes and
in proteomes. To date, A_BPP PrObeS have been .deve.IOped forcaptured on glass slides arrayed with enzyme-specific antibodies.
several enzyme classes, including proteases (straysteine’

metalld®), oxido-reductasesand phosphatasésnd have beenused A sT F’?A Mw|1|=9 trA uPA B %T PSIA Mrl.nps ﬂi’A uIPA

: . : . |
to discover enzyme activities upregulated in aggressive cancer GGG 0--V5-221 T ¢ PsA
cell®*1%and to evaluate the specificity of inhibitors in cells/tissties. R W - . T R -

In typical ABPP experiments, probe-labeled enzymes are detecteds

- inhibitor + PAI-I + GME001

by in-gel fluorescence scannifg,robust technique that nonetheless ~ §® r I
exhibits key deficiencies, including limited sensitivity and resolu- ~ §®
tion, as well as ambiguity regarding the identity of the enzymes 5””
under investigation. Although independent affinity enrichment and éms

liquid chromatographymass spectrometry (LEMS) analysis of
probe-labeled enzymes can resolve some of these proBliedwes
so at the expense of throughput and sample conservation. Here,
we report a microarray platform for ABPP that overcomes many Figure 2. Profiling protease activities in proteomes by ABPP microarrays.
of the technical limitations of both gel- and E®1S-based methods. (A) Microarrays correctly report that tPA and uPA activities are higher

. . . . in 213mfp versus MDA-MB-231 proteomes. (B) Addition of PSA (0.6
A microarray version of ABPP has been previously described ug/mL) or MMP9 (24g/mL) to the 213mfp proteome results in specific

that employs small-molecule probes coupled to peptiteleic detection of each protease activity on microarrays. (C) Addition of protein
acids}? however, in this method, the probe serves as both the protein (PAI-1) or small-molecule (GM6001) inhibitors reduces signals of their
labeling and capture reagent. As a consequence, this approaCHeSpeCt'Ve protease targets (tPA/uPiAfandI_l\élMPQ) I(also see Figure S4). ST,
mandates that probes show high specificity for individual enzymes U0rescent streptavidin as a control for slide quality.

and is therefore not suitable for many ABPP experiments, which of 0.5-1.3 mg/mL. In a first set of experiments, the secreted
utilize probes that broadly target large numbers of enzymes in proteomes from the human breast cancer cell lines MDA-MB-231
proteomes. We postulated that a more general microarray platformand 231mfp were analyzé8 The 231mfp line exhibits enhanced
for ABPP could be created by incorporating orthogonal strategies tumorigenic properties compared to MDA-MB-231 cells that
for the labeling and capture of enzyme activities. In this method, correlate with elevated levels of active tPA and uPA.
proteomes are first treated with fluorescent activity-based probes, Proteomes were treated with FRh under standard labeling
and then the labeled enzymes captured and visualized on glass slidegonditionst® after which excess probe was removed by gel-filtration,
displaying anti-enzyme antibodies. Several enzyme activities the reactions were concentrated by spin filtration, and31.5
targeted by a single (or multiple) ABPP probe(s) could thus be ,g of protein) was applied to individual microarrays @ h in a
profiled in parallel on individual slides by arraying a complementary humidified chamber at room temperature. Slides were washed in
set of antibodies (Figure 1). PBS/0.5% Tween 20 and analyzed in a fluorescent scanner. All
To evaluate antibody microarrays as a platform for ABPP, four experiments were carried out in triplicate (unless otherwise
commercially available antibodies were selected for analysis: threeindicated) on arrays with six replicate spots per antibody. Com-
that recognize serine proteases [prostate-specific antigen (PSA) parisons between arrays incubated with MDA-MB-231 and 213mfp
urokinase (UPA), and tissue plasminogen activator (tPA)], which proteomes revealed stronger fluorescence signals for uPA and tPA
are labeled by the ABPP probe fluorophosphonat®damine activities in the 231mfp proteome (Figure 2A), consistent with
(FP—Rh)? and a fourth that targets matrix metalloproteinase 9 previous gel-based ABPP studies.
(MMP9), which is labeled by the photoreactive probe, hydrox- To test whether ABPP microarrays could profile several enzyme
amate-benzophenone Rh (HxBP-Rf)Notably, each of these  activities in parallel, two additional proteases, PSA and MMP9,
proteases is upregulated in human carigétand therefore, sensi-  were added to the 213mfp proteome, and the sample was treated
tive methods to measure their activity in proteomes may be of great sequentially with HxBP-Rh and FP-Rh” The ABPP microarrays
diagnostic value. Microarrays were printed in the contact mode on detected signals for PSA and MMP9 specifically in proteomes to
NHS-functionalized hydrogel slides with antibody concentrations which these proteases were added (Figure 2B). Notably, inclusion
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A T psA Wlmicroaray [SDS-PAGE _These r_esults highlight the n_eed for additional high-quality antibod-
ies, which are currently available for only a very small percentage
100 : of the proteomé® Nonetheless, for proteases such as PSA, for
3;30- T | which excellent antibodies are available, ABPP microarrays
B 601 exhibited a detection limit of 28 ng/mL, which is in the range of
£ 10 endogenous serum levels for this prote#sPSA is a clinical
B 50| | biomarker for prostate cancer, and there is considerable interest in
0l . i - - measuring free (active) versus total PSA to assist in the diagnosis
T T 0B 0B 3P o3P NN (B o8 o8 (R R B i i O O of this diseasé? ABPP microarrays offer an attractive strategy for
concentration (Lg/mi) making such measurements. More generally, ABPP microarrays
B 5 of o® o R PsAmgmh) C 2 A of oPoM o MuPe(ugmy should enhance the information content achieved in functional

D ;- T s proteomics experiments by permitting the parallel analysis of
_ microamay _ microamay numerous enzyme activities with exceptional resolution and sen-
sitivity. We anticipate that ABPP microarrays will facilitate the

Figure 3. Tesﬂﬂbgtjgg fSTSSitiVitty of AB_'?P,t n}icrc;ﬁrra(\‘yst. (?’B) ';'\Egi characterization of new markers and targets for the diagnosis and
microarrays exniol -1ola greater sensitivity Tor the detection o treatment Of human dlsease.

activity compared to gel-based ABPP (sensitivity limits: 0.602008 and
0.12-0.25 ng/mL, respectively). (C) ABPP microarrays also display greater
sensitivity for the detection of MMP9 (also see Figure S6). AcknO\_NIedgm_ent. We thank J. Chambers and M. Humphrey
for technical assistance and members of the Cravatt laboratory for

of the MMP9 inhibitor GM6001 or the uPA/tPA inhibitor PAI-1  discussions. This work was supported by the NCI (CA087660),
to proteomes strongly reduced the signals for their respective targetsthe California Breast Cancer Research Foundation, The Skaggs
indicating that ABPP microarrays provide a bona fide readout of |nstitute for Chemical Biology, and a DFG Emmy Noether
enzyme activity in whole proteomes (Figures 2C, S3, and S4).  postdoctoral fellowship (S.A.S.).

We next compared the sensitivity of ABPP microarrays to gel-

based methods. PSA (400 ng) was added to the 213mfp proteome Supporting Information Available: Experimental protocols. This
(100 ug protein, 0.5ugll) and, following treatment with material is available free of charge via the Internet at http://pubs.acs.org.

FP—Rh, this reaction was serially diluted into FRh-treated
213mfp proteome lacking PSA. These samples were then analyze

by 1D SDS-PAGE or antibody microarrays. The detection limits 8} Eagﬂsgnks- D.; Qeg‘?\lf S?“i f{gggafgogeé‘%fg?g 33, 311-323.
. obe, B.; Kemp, B. ature .
for PSA were~125-250 and 2-8 ug/mL for gel- and microarray- (3) Speers, A. E.; %ravatt, B. EhemBioChen2004 5, 41-47.

based ABPP, respectively (Figure 3A,B). Qualitatively similar  (4) (a) Liu, Y.; Patricelli, M. P.; Cravatt, B. FRroc. Natl. Acad. Sci. U.S.A.

results were obtained for MMP9, which was also detected with ;gg?fg igggf&%ﬁ%gg' (b) Kidd, D.; Liu, ¥.; Cravatt, B. Biochemistry

greater sensitivity by microarrays (Figures 3C, S6). The enhanced (5) (a) Greenbaum, D.; Medzihradszky, K. F.; Burlingame, A.; Bogyo, M.
freag i i i Chem. Biol.200Q 7, 569-581. (b) Borodovsky, A.; Ovaa, H.; Kolli, N.;

sen5|t|y|ty of ABPP microarrays appears to be due in part to superior Gan-Erdene, T.; Wilkinson, K. D.; Ploegh, H. L.; Kessler, B. Ghem.

resolving power. For example, at lower concentrations, strong sig- Biol. 2002 9, 1149-1159.

nals for PSA were measured on microarrays, whereas the detection (6) Saghatelian, A; Jessani, N.; Joseph, A.; Humphrey, M.; Cravatt, B. F.
. Y . . Proc. Natl. Acad. Sci. U.S.£2004 101, 10006-10005.

of this protease on gels was obscured by co-migrating enzymes (7) (a) Adam, G. C.; Sorensen, E. J.; Cravatt, BN&t. Biotechnol2002

d?eferences

(Figure S5). Finally, ABPP microarrays could measure PSA activity %AO, I53305C—809-tt(bg;A't:i:?m/s\G- ((::h Burgaténabi-;l ngzlagrie)cafE liléélg.: Patricelli,
. f . P.; Cravatt, b. . Am. em. SO .
over a linear range ofv2 orders of mag_nltude (0.06D.125 (8) (a) Kumar, S.. Zhou, B.; Liang, F.; Wang, W. O.: Huang, Z.; Zhang, Z.
ug/mL), above which signals saturated (Figures 3A, S7). Y. Proc. Natl. Aca%.bSci. U.S.%OOA; 101, 7943-7948. (b) Shreder, K.
: : _ : R.; Liu, Y.; Nomanhboy, T.; Fuller, S. R.; Wong, M. S.; Gai, W. Z.; Wu,
In summary, we have des?”bed _an am'_bOdy based m'croajrray J.; Leventhal, P. S,; Lill, J. R.; Corral, 8ioconjugate Chen2004 15,
platform for ABPP that consolidates into a single step the isolation, 790-798.

i i ificati _ i _ (9) (a) Jessani, N.; Liu, Y.; Humphrey, M.; Cravatt, B.Afoc. Natl. Acad.
dete(?tlon, and |dent|f|cat|o_n of probe Iabgled enzymes. By imple Sci U.S A2002 99, 1033510340, (B) Jessani. N.: Humphrey, M.
menting orthogonal strategies for the labeling and capture of enzyme McDonald, W. H.; Niessen, S.; Masuda, K.; Gangadharan, B.; Yates, J.
activities, ABPP microarrays enable the proteomic analysis of many R.; Mueller, B. M. Cravatt, B. FProc. Natl. Acad. Sci. U.S.A2004

. . o f 101, 13756-13761.
enzymes in parallel with a sensitivity and resolving power that (10) Joyce, J. A.; Baruch, A.; Chehade, K.; Meyer-Morse, N.; Giraudo, E.;
greatly exceed those of gel-based methods. Additionally, ABPP Tsai, F. Y.; Greenbaum, D. C.; Hager, J. H.; Bogyo, M.; Hanahan, D.

. . . Cancer Cell2004 5, 443-453.
microarrays consume less proteomic material than gels (1.5 versus (11) (a) Leung, D.; Hardouin, C.; Boger, D. L.; Cravatt, BNat. Biotechnol.

15uglexperiment, respectively), an important advantage for samples 2003 21, 687-691. (b) Greenbaum, D.; Baruch, A.; Hayrapetian, L.;
of limited quantity (e.g., tumor biopsies). ABPP microarrays also Efg:’e'g'mzic"szBolglz'”fag”O‘ieg'_' Medzihradsky, K. F.; Bogyo Miol. Cell

address some key limitations of conventional antibody microar- (12) Winssinger, N.; Ficarro, S.; Schultz, P. G.; Harris, JPtoc. Natl. Acad.

18 ; i Sci. U.S.A2002 99, 11139-11144.
rays!® For example, ABPP microarrays eliminate the need for (13) (a) Kwaan. H. CCancer Metast. Re 1992 11, 299-311. (b) Chang,

random protein labeling and/or secondary antibodies that are C.; Werb, Z.Trends Cell Biol.2001, 11, S37S43.
required for antigen detection in typical microarray experiments. (14) 2"23“1&5’6" B. R, Eskew, L. A.; McCullough, D. L. Urol. 2003 168,

Here, we have profiled a panel of serine proteases and metal- (15) These lines correspond to parental 231 cells and 231 cells isolated from

loproteases using ABPP microarrays. The concurrent analysis of (16) tge rg;ﬁtl_mma%ﬁt':ppadR%f é%nos;lvrla;t 'tumarg, &Shpetctlvelyt(see reft 9b).
CRE H H onditions: — , m rs, p . atroom temperature.
many more enzyme activities should be possible, given the (17) A UV cross-linking step (365 nm on ice for 1 h) was included between

availability of high-quality antibodies. In this regard, we found that the addition of HXBP-Rh (200 nM) and FPRh (1uM).
the sensitivity of ABPP microarrays varied from protease to (18) Kodadek, TChem. Biol 2001 8, 105-115.
protease, due at least in part to the specific antibodies employed. JA044286+
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