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Abstract
The major components of the cartilage extracellular matrix are type II collagen and aggrecan. Type
II collagen provides cartilage with its tensile strength, while the water-binding capacity of aggrecan
provides compressibility and elasticity. Aggrecan breakdown leads to an increase in proteolytic
susceptibility of articular collagen, hence aggrecan may also have a protective effect on type II
collagen. Given their role in aggrecan degradation and differing substrate specificity profiles, the
pursuit of inhibitors for both aggrecanase 1 [a disintegrin and metalloproteinase with thrombospondin
motifs (ADAMTS)-4] and aggrecanase 2 (ADAMTS-5) is desirable. We have previously described
collagen-model fluorescence resonance energy transfer (FRET) substrates for aggrecan-degrading
members of the ADAMTS family. These FRET substrate assays are also fully compatible with multi-
well formats. In the present study, a collagen-model FRET substrate has been examined for inhibitor
screening of ADAMTS-4. ADAMTS-4 was screened against a small compound library (n = 960)
with known pharmacologic activity. Five compounds were identified that inhibited ADAMTS-4
>60% at a concentration of 1 μM. A secondary screen using RP-HPLC was developed and performed
for verification of the five potential inhibitors. Ultimately, piceatannol was confirmed as a novel
inhibitor of ADAMTS-4, with an IC50 value of 1 μM. Because the collagen-model FRET substrates
have distinct conformational features that may interact with protease secondary substrate sites
(exosites), non-active site binding inhibitors can be identified via this approach. Selective inhibitors
for ADAMTS-4 would allow for a more definitive evaluation of this protease in osteoarthritis, as
well as representing a potential next generation in metalloproteinase therapeutics.

Osteoarthritis (OA)1 is an age-related debilitating disease affecting more than 80% of people
over the age of 75, and is caused by the destruction of articular cartilage [1]. Extracellular
matrix (ECM) proteins make up approximately 90% of the dry weight of human cartilage [2].
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The major components of the cartilage ECM are type II collagen and aggrecan. Type II collagen
provides cartilage with its tensile strength, while the water-binding capacity of aggrecan
provides compressibility and elasticity [3]. Aggrecan breakdown leads to an increase in
proteolytic susceptibility of articular collagen, hence aggrecan may also have a protective effect
on type II collagen [4]. Cartilage destruction associated with OA has been shown to be due to
increased catabolism rather than decreased synthesis [5]. Therefore, the study of enzymes
associated with aggrecan proteolysis compliments those of collagenolytic matrix
metalloproteinases (MMPs) in reference to OA.

Several members of the a disintegrin and metalloproteinase with thrombospondin motifs
(ADAMTS) family have been found to catalyze the hydrolysis of aggrecan. Although
ADAMTS-1, ADAMTS-4, ADAMTS-5, ADAMTS-8, ADAMTS-9, and ADAMTS-15 are all
“aggrecanases,” ADAMTS-4 and ADAMTS-5 are the most robust [6] and have been
implicated in OA [7;8;9;10]. The products of ADAMTS-4/ADAMTS-5 aggrecan breakdown
have been discovered in the synovial fluid of patients with OA [7;8]. The processing of
aggrecan by ADAMTS-4 and ADAMTS-5 may be complimentary, as ADAMTS-5 is
responsible for cleavage within the interglobular domain of aggrecan, while ablation of
ADAMTS-5 still results in aggrecan processing in the chondroitin sulfate-rich region,
presumably by ADAMTS-4 [11]. Given their role in aggrecan degradation and differing
substrate specificity profiles, the pursuit of inhibitors for both ADAMTS-4 and ADAMTS-5
is desirable. However, few inhibitors have been described to date for the aggrecanase members
of the ADAMTS family [12;13;14].

The discovery of aggrecanase inhibitors could be facilitated by high-throughput screening
(HTS) methods. Previously described assays for aggrecanases are not particularly convenient
for HTS, as all require antibodies and most are discontinuous [15;16;17;18]. A continuous
assay method, such as one that utilizes an increase in fluorescence upon substrate hydrolysis,
would allow for rapid and convenient evaluation of aggrecanase inhibitors. To develop an
improved HTS assay for aggrecanases, we examined fluorescence resonance energy transfer
(FRET) collagen-model substrates recently described by our laboratory [19]. More precisely,
ADAMTS-4/ADAMTS-5 FRET substrates had been designed to incorporate the aggrecan
1480–1481 cleavage site within a collagen-model structure [19]. The fluorophore/quencher
pair was 7-methoxycoumarin (Mca)/2,4-dinitrophenyl (Dnp), where Mca fluorescence was
efficiently quenched by the Dnp group in the intact substrate. Substrate conformation had a
significant role in ADAMTS-4 specificity, and these substrates interacted with secondary
binding sites (exosites) located outside the enzyme catalytic domain [19]. Thus, HTS with
collagen-model aggrecanase substrates may allow for the identification of active site and/or
exosite-binding inhibitors.

One of the collagen-model aggrecanase substrates, fSSPa [C6-(Gly-Pro-Hyp-Pro-Hyp-Gly)2-
Gly-Pro-Hyp-Gly-Thr-Lys(Mca)-Gly-Glu~Leu~Glu~Gly-Arg~Gly-Thr-Lys(Dnp)-Gly-Ile-
Ser-(Gly-Pro-Hyp-Pro-Hyp-Gly)2-Gly-Pro-Hyp-NH2], has been utilized here for screening of
a compound library (n = 960) against ADAMTS-4 in a 384-well format. Inhibitory compounds
were (a) confirmed by dose-dependence analysis and (b) verified using an RP-HPLC based
assay (a “secondary” screen). The overall quality of the screen was also examined.

Materials and methods
All standard chemicals were purchased from Fisher (Atlanta, GA). MMP inhibitor III (a
homophenylalanine-hydroxamic acid based broad-spectrum reversible inhibitor) was obtained
from EMD Biosciences/Calbiochem (San Diego, CA), while piceatannol, (R,R)-cis-
diethyltetrahydro-2,8-chrysenediol, (S)-(+)-camptothecin, N-butanoyl-2-(2-methoxy-6H-
isoindolo[2,1-a]indole-11-yl)ethanamine [IIK7], and 8-(p-sulfophenyl)theophylline were
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purchased from Sigma Chemicals (St. Louis, MO). The synthesis, purification, and
characterization of fSSPa have been described [19]. ADAMTS-4 (aggrecanase-1) was
expressed as previously described [20]. The amount of active ADAMTS-4 was determined by
titration with recombinant N-TIMP-3 [21].

FRET Substrate Assays
Initial evaluation of the aggrecanase assay was performed in a 384-well format as follows.
fSSPa was prepared as a stock solution in Tris salt buffer (TSB; 50 mM Tris•HCl, pH 7.5, 100
mM NaCl, 10 mM CaCl2, 0.05% Brij-35, 0.02% NaN3). All reagents were brought to 25 °C.
TSB was added to each well as needed. Inhibitor was added to each well. Enzyme and substrate
were added to final concentrations of 1–20 nM and 2–10 μM, respectively, and the plate was
incubated 4–24 h at 25 °C (the plate was sealed or kept in a humidified environment to prevent
evaporative losses). Enzyme activity was monitored as a change in fluorescence (end points –
beginning points) for each well. Fluorescence was measured on a Molecular Devices
SPECTRAmax Gemini EM Dual-Scanning Microplate Spectrofluorometer using λexcitation =
324 nm and λemission = 393 nm.

Library Screening
Inhibitor screening was performed in 384-well format with a subset (n = 960) of the Library
of Pharmacologically Active Compounds1280 (LOPAC1280) (Sigma, St. Louis, MO, catalog #
LO1280) as follows. First, 20 μL per well of 40 nM ADAMTS-4 was added to test wells using
a peristaltic bulk dispenser (Wellmate, Matrix Technologies Corporation, Hudson, NH)
followed by addition of 18 nL of compound or controls to the test wells via a 384-well pintool
(Biomek FX, Beckman Coulter Inc., Fullerton, CA). Then 20 μL of 20 μM substrate was added
to the appropriate wells. The assay was run in a 40 μL total volume, resulting in a final test
compound concentration of 1 μM. Plates were spun at 200 × g for 1 min, then read immediately
on a Spectramax M2 (Molecular Devices, Sunnyvale, CA) at λexcitation = 324 nm and
λemission = 393 nm, followed by an 8 h read. Data was analyzed via HTS database software
(MDL Assay Explorer, Elsevier, San Ramon, CA).

Primary Screen Data Normalization, Quality Control, and Hit Selection Criteria
Prior to normalization of screening data, the change in relative fluorescence units (ΔRFU) for
each well was determined by the following equation:

ΔRFU = (I393nm)8 h − (I393nm)0 h

where (I393nm)X h is the intensity measured at λemission = 393 nm from the test well at the
respective time point. The percent inhibition for each well was then calculated as follows:

% Inhibition = (1 − ((ΔRFU compound − medianΔRFUhigh control) / (median ΔRFU low control − median ΔRFU high control))) × 100

where the “high control” was measured from wells containing an IC100 of MMP inhibitor III
(750 nM) and the “low control” was measured from wells containing DMSO only.

To determine the quality of the screen results, three parameters were calculated on a per-plate
basis: (a) the signal-to-background ratio (S/B); (b) the coefficient for variation [CV; CV =
(standard deviation/mean) × 100] for all compound test wells; and (c) Z- or Z′-factor [Z′-factor
= 1 − [[3 × (σp + σn)]/(μp − μn)], where σ is the standard deviation and μ the mean for positive
(p) and negative (n) controls] [22]. A mathematical algorithm was used to determine nominally
inhibitory compounds (“hits”) in the primary screen. Two values were calculated: (a) the
average percent inhibition of all compounds tested; and (b) three times their standard deviation.
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The sum of these two values was used as a cutoff parameter, i.e., any compound that exhibited
greater % inhibition than the cutoff parameter was declared active [23].

Ki Determination
Varying concentrations of inhibitor diluted in TSB were added to the plate. The ADAMTS-4
and fSSPa were added. Since Ki(app) = Ki (1 + [S]/KM), the peptide was used at <5–10%
KM. This insures that Ki(app) was a close approximation of Ki. Fluorescence was monitored
for a time in which <10% of the substrate was hydrolyzed, thus the increases in fluorescence
versus time was linear. Initial velocities (Vi) were expressed as relative fluorescence/time and
monitored with increasing concentration of inhibitor. Ki values were calculated using
SigmaPlot software. Data was collected at enzyme concentrations <10Ki.

Secondary Screen
Stock solutions of fSSPa were prepared at 100 μM concentration in TSB. Inhibitors were
prepared as 2 mM solutions in DMSO and then further diluted with TSB. ADAMTS-4 assays
were conducted in TSB by incubating 10 μM substrate with 10 nM enzyme for 24 h in the
presence and absence of inhibitors. Final concentrations of inhibitors were 0.1, 1.0, and 10
μM. Fluorescence readings (λexcitation = 324 nm and λemission = 393 nm) were obtained at 0,
5, and 24 h. The change in relative fluorescence units (ΔRFU) was calculated by ΔRFU = RFU
(S + E + I)24 h − RFU (S + E + I)0 h. After the final reading at 24 h, the reaction solution was
analyzed by RP-HPLC. Analytical RP-HPLC was performed on a Hewlett Packard 1100
Liquid Chromatograph equipped with a Vydac 208TP5415 protein and peptide C8 column (15–
10 μm particle size, 300 Å pore size, 150 × 4.1 mm). Eluants were 0.1% TFA in water (A) and
0.1% TFA in acetonitrile (B). The elution gradient was 0–50% B in 20 min with a flow of 1
ml/min. Detection was at λ = 220, 324, and 363 nm. Reaction yields in the presence of inhibitors
were evaluated by the integration of the HPLC peaks formed compared to the enzyme reaction
without inhibitor present. Integrations were averaged from two injections. Product
identification was achieved by MALDI-TOF-MS on an ABD DE-STR Voyager mass
spectrometer using α-cyano-4-hydroxycinnamic acid matrix.

Results
Screening of ADAMTS-4 Inhibition by MMP Inhibitor III

We have previously described two FRET substrates, fTHPa and fSSPa, for ADAMTS-4 and
ADAMTS-5, and used these substrates to quantify ADAMTS-4 activity [19;24]. For the
present study, we have examined fSSPa in a screening assay for ADAMTS-4. Recombinant
ADAMTS-4-2 was the enzyme variant screened. ADAMTS-4-2 contains a typical reprolysin-
type zinc-binding motif, followed by a disintegrin-like domain, a single thrombospondin type
I module, and the Cys-rich domain (Figure 1). This form is found during C-terminal processing
of ADAMTS-4 [20;25], and has reasonable activity towards fSSPa [19]. Inhibition of
ADAMTS-4-2 by MMP inhibitor III was examined over an inhibitor range of 1.6–5000 nM,
and produced a dose-dependent response with Ki = 187.5 ± 0.02 nM (Figure 2). At inhibitor
concentrations near the Ki value, the signal-to-background ratio was 26.2 (>5 is desirable) and
the CV was 4% (<10% is desirable). Z′ (Z-factor) was 0.882 (>0.5 is desirable). Thus, the
fSSPa assay, in 384-well format, was of sufficient quality to proceed with a more robust
screening approach.

Screening a Library to Identify Inhibitors of ADAMTS-4
ADAMTS-4 underwent screening using a 960 compound library (Figure 3). The library
contained small organic compounds of known pharmacologic activity, such as interaction with
G protein-coupled receptors, designed to target various pathways of therapeutic interest,
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including cell signaling pathways, apoptotic pathways, and several different enzyme classes
[26]. Primary actives for ADAMTS-4 were selected based upon a standard “average plus 3
standard deviations” inhibition cutoff algorithm, described in detail in the Materials and
Methods section. This resulted in a cut-off of >59.5% inhibition. Five compounds (Figure 4)
inhibited ADAMTS-4 at this level: (a) piceatannol [(E)-4-[2-(3,5-dihydroxyphenyl)ethenyl]
1,2-benzenediol] (100% inhibition); (b) (R,R)-cis-diethyl tetrahydro-2,8-chrysenediol (100%
inhibition); (c) (S)-(+)-camptothecin (77% inhibition); (d) N-butanoyl 2-(9-methoxy-6H-
isoindolo[2,1-a]indol-11-yl)ethanamine (70% inhibition); and (e) 8-(p-sulfophenyl)
theophylline (69% inhibition). Dose-dependent inhibition of ADAMTS-4-2 was then
compared for piceatannol versus (S)-(+)-camptothecin. Both compounds were found to inhibit
ADAMTS-4-2, with IC50 values of 1.0 and 4.0 μM for piceatannol and (S)-(+)-camptothecin,
respectively (Figure 5). These results confirmed the behavior of piceatannol and (S)-(+)-
camptothecin in the screen, where the former compound was found to be more active than the
latter.

Secondary Screen of ADAMTS-4 Inhibitors
An RP-HPLC based secondary screen was performed for the 5 putative ADAMTS-4 inhibitors.
The assay was performed in 384-well plate format and fluorescence intensity of the wells was
read at 0, 5, and 24 h. After 24 h the samples were analyzed by RP-HPLC and the yield of
products was determined by integration of the peaks. The results obtained by the two methods
were compared. Piceatanol showed inhibition by both methods (Figures 6 and 7). However,
the other four compounds did not inhibit ADAMTS-4 activity when product formation was
analyzed by RP-HPLC (Figure 8).

Quality of the Inhibitor Screen Results
The quality of the screen was examined on a per-plate basis utilizing the ΔRFU value for wells
that contained positive (high inhibition) and negative (low inhibition) controls. Over 5 plates
assayed, Z′-factor was 0.64 ± 0.5 (>0.5 is desirable), the signal-to-background (S/B) ratio was
2.6 ± 0.1 (>5 is desirable), and the average CV was 4.32% (<10% is desirable). In an attempt
to improve the S/B ratio, changes in velocity (ΔRFU) were examined as a function of enzyme
concentration for different plate assay volumes (10, 20, 40, or 80 μL). RFUs were measured
at 0 and 18 h. For all volumes, a linear relationship was observed for ΔRFU versus
[ADAMTS-4] (Figure 9), and thus there were no significant fluorescence quenching effects.
Interestingly, greater signal change was seen for larger assay volumes; since the same microtiter
plates were used for all experiments, this increase was attributed to the longer sample
pathlength being interrogated by the plate reader.

Discussion
The use of FRET substrates for HTS requires several design considerations. First, the
fluorophore should have a high quantum yield, yet be efficiently quenched by a resonance
energy transfer mechanism. Substantial quantum yields are found for Mca derivatives, which
can be readily incorporated into peptides [27]. Mca fluorescence is also efficiently quenched
by the Dnp group [28]. Second, one would like to incorporate the fluorophore and quencher
internally in the peptide sequence. Since efficient quenching of the Mca fluorescence occurs
when the Dnp group is within 8 residues, internal incorporation of these groups would allow
for quenching regardless of substrate size. Third, the substrate should be sufficiently soluble
such that assays can be performed in an aqueous environment at 25 or 37 °C. The incorporation
of 4-5 Gly, Pro, and Hyp residues on the N- and C-termini of the substrate increase the solubility
of these molecules [19]. Our collagen-model FRET substrates satisfy the above three criteria,
making them applicable for HTS.

Lauer-Fields et al. Page 5

Anal Biochem. Author manuscript; available in PMC 2009 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The present screening protocol initially profiled 960 compounds at a 1 μM concentration for
each compound. Hits were selected based upon an average of % inhibition for all samples plus
3 standard deviations, which turned out to be >59.5% inhibition. The quality of a hit was
evaluated by dose-dependence. Finally, a secondary screen was performed to eliminate
compounds that inhibit non-specifically (e.g., interact with the substrate) or interfere with
fluorescence of the Mca-containing peptide fragment. Ultimately, piceatannol [(E)-4-[2-(3,5-
dihydroxyphenyl)ethenyl]1,2-benzenediol] (Figure 4a) was revealed as a novel inhibitor of
ADAMTS-4. Piceatannol, a red wine polyphenolic compound, has been most prominently
recognized as a non-receptor Tyr kinase inhibitor [29]. Unlike most aggrecanase inhibitors
[12; 13], this compound does not possess a zinc-chelating hydroxamic acid. Piceatannol has
structural similarities to (−)-epigallocatechin gallate (EGCG), which inhibits ADAMTS-4 and
ADAMTS-5 with IC50 values of 100–150 nM and ADAMTS-1 with an IC50 value of 200–250
nM [14]. EGCG inhibition of aggrecanases is not due to zinc chelation [14]. Future experiments
will evaluate the mode of ADAMTS-4 inhibition by piceatannol and determine the key
functional groups. It should be noted that piceatannol itself has a wide range of activities,
including downregulation of the transcription factor STAT-3 [30] which has been associated
with cytotoxic effects primarily in tumor cells [31] but potentially in other cell types as well.
Piceatannol also stimulates osteogenesis through effects on bone morphogenetic protein-2
production [32] and upregulates endothelial heme oxygenase-1 expression [33].

Four false positives were observed in the screening protocol. One problem with FRET-based
assays is that compounds being screened may have absorption maxima that coincide with the
emission wavelength of the fluorophore. This results in quenching of fluorescence by the
compound and an incorrect designation as an inhibitor. Alternatively, fluorescent compounds
that have similar excitation and emission maxima as the fluorophore will fluoresce during the
assay, and may not be recognized as inhibitors. As noted by George et al. for HTS of MMP-3,
the CyDye pair of Cy3/Cy5Q was much less susceptible to false results than the Mca/Dnp pair,
as <1% of a random library were auto-fluorescent at Cy3 wavelengths while >10% of the same
library could not be screened using Mca/Dnp due to auto-fluorescence and interference [34].
One could create complimentary substrates differing only by their respective fluorophore/
quencher pairs, and use these different substrates to screen potential inhibitors. Compounds
would need to exhibit activity in both assays to be classified as inhibitor hits, and thus those
that interfered with fluorescence or quenching for one substrate would be inactive in the other
assay. The ADAMTS-4 substrate fSSPa could be easily modified to incorporate other donor/
quencher pairs, and we are presently examining these options. However, it should also be noted
that the use of 6-carboxyfluorescein and Qsy-9 for an 18 residue ADAMTS-4 FRET substrate
lead to a significant inner filter effect and subsequent difficulties in kinetic evaluation of the
substrate, limiting its use as a HTS tool [35].

For the screening approach using fSSPa, the CV and more importantly Z′-factor [22] were
found to be acceptable. The S/B ratio was less than desirable. Since longer pathlengths resulted
in improved S/B ratios (Figure 9), the S/B may be improved by either increasing the assay
volume in the existing plate format or running the assay in different plate types that have a
higher well height/volume aspect, in 384- or even 1536-well format. Longer pathlengths would
then be obtained with possibly lower reagent volumes, conserving assay reagents in the process.
These applications will be studied for future full-scale HTS endeavors.

The present ADAMTS-4 screening assay is convenient, in that it is continuous and requires
fluorescent monitoring of substrate hydrolysis. Prior HTS assays for aggrecanases utilized
aggrecan, the aggrecan interglobular domain (IGD), or a 41 amino acid peptide that includes
the aggrecanase cleavage site in the aggrecan IGD [15;16;17;18]. None are as convenient as
the fluorogenic assay described herein, as all require antibodies and most are discontinuous.
For example, the assay described by Thomas et al. utilizes cleavage of the aggrecan IGD
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between Glu373 and Ala374 to reveal a neoepitope, which is bound by an antibody to the
neoepitope followed by a fluorescent anti-IgG binding to the neoepitope antibody [18]. The
optimal conditions utilized 0.25 nM enzyme (ADAMTS-4 ~40 kDa form) and 0.25 μM
substrate. Miller et al. used the same neoepitope approach (except that the secondary antibody
was HRP-conjugated) to monitor hydrolysis of the 41 residue aggrecan sequence described
above [15]. The full-length peptide was required to detect activity. Will et al. used the same
neoepitope/secondary antibody approach as Miller et al. for monitoring ADAMTS-1,
ADAMTS-4, and ADAMTS-5 (~41 kDa forms of each) hydrolysis of the aggrecan IGD and
a site-specific mutated IGD [17]. Lastly, Peppard et al. developed an aggrecanase assay based
on antibodies to aggrecan chondroitin and keratin sulfate [16]. The antibodies were linked to
beads, which generated a fluorescent signal via luminescent oxygen signaling when intact
aggrecan was present. Hydrolysis of aggrecan resulted in decreased fluorescence. This
approach was used for HTS of 400,000 compounds against ADAMTS-4. Although the HTS
assay was of high quality, the assay technology is proprietary and prone to photobleaching.
Further, the identity and confirmation of any hits from that screening effort was not reported.

ADAMTS-4 has modest activity towards fSSPa, with KM = 279.0 μM and kcat = 0.0720
sec−1 [19]. In the present screening study, [S] = 10 μM, resulting in [S]/KM = 0.036. These
conditions favor the discovery of competitive inhibitors [36]. However, our other collagen-
model aggrecanase substrate, fTHPa, is hydrolyzed by ADAMTS-4 with KM = 47.1 μM and
kcat = 0.0120 sec−1 [19]. The lower KM value of fTHPa would allow for screening at [S]/
KM ~ 1, representing near balanced assay conditions that allows for equivalent evaluation of
all inhibition mechanisms [36]. For the 41 residue aggrecan IGD peptide substrate, with
aggrecanase from bovine cartilage culture medium, KM = 480 ± 83 μM and Vmax = 10.9 ± 1.2
pmol product/h/μg total protein [15]. Thus, due to the high KM value, the bias towards
competitive inhibitors is great when screening with this substrate. Conversely, KM was < 20
nM, while Vmax = 10.3 ± 5.1 and 151.5 ± 93.5 nmol substrate/min•mg for aggrecanase
hydrolysis of wild type and mutant IGDs, respectively [17]. In this case, 1.5 nM enzyme and
0.1 μM substrate could be used for screening. Another group found optimal conditions for
screening ADAMTS-4 (~40 kDa form) with the aggrecan IGD to be 0.25 nM enzyme and 0.25
μM substrate [18]. Given the low KM values observed during aggrecanase hydrolysis of the
aggrecan IGD, [S] will be much greater than KM during screening, favoring the discovery of
uncompetitive inhibitors [36]. In fact, when [S] ≫ KM, competitive inhibition can be
completely overcome due to the competition between the substrate and inhibitor [37].

HTS for MMPs has been previously established using synthetic FRET substrates with Mca as
fluorophore and Dnp as quencher [38;39;40;41;42]. We have demonstrated that rapid inhibitor
screening for ADAMTS family members using our collagen-model FRET substrates can be
achieved. The collagen-model substrates have distinct conformational features that interact
with secondary binding sites (exosites) found within ADAMTSs [19]. Thus, use of substrates
such as fSSPa might allow for identification of ADAMTS-4 exosite inhibitors. Exosite
inhibitors could be covalently linked to active site inhibitors, creating high affinity and selective
lead compounds. Exosites/allosteric sites have been shown to represent unique opportunities
for the design of selective inhibitors [43;44;45]. Recently described ADAMTS-4 FRET
substrates obtained from phage display screening [35;46] are most likely too small to use for
identifying exosite inhibitors [47]. In contrast, the 73-residue ADAMTS-13 FRET substrate,
based on the ADAMTS-13 substrate von Willebrand factor, may be useful for screening exosite
inhibitors [48]. Selective inhibitors for ADAMTS-4 and ADAMTS-5, as well as MMP-13,
would allow for a more definitive evaluation of these proteases in OA, as well as representing
a potential next generation in metalloproteinase therapeutics.
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Figure 1.
Domain structures of ADAMTS-4 and ADAMTS-5. The catalytic domain contains a typical
reprolysin-type zinc-binding motif, and is followed by a disintegrin-like domain, a single
thrombospondin type I module, and a Cys-rich domain. The C-terminal portion of the proteins
consists of a spacer domain, which shows little similarity between ADAMTS family members
or other protein domain structures [49]. ADAMTS-5 has an additional thrombospondin type I
repeat after the spacer domain [49].
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Figure 2.
Inhibition of ADAMTS-4-2 by MMP inhibitor III. The change in relative fluorescence units
(ΔRFU) for 10 nM ADAMTS-4-2 hydrolysis of 10 μM fSSPa was monitored over an MMP
inhibitor III concentration range of 1 nM to 10μM as described in Materials and Methods.
Assays were performed in triplicate; bars indicate standard deviations.
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Figure 3.
Results of the 384-well screen for inhibitors of ADAMTS-4-2. Displayed are the results of test
compounds (n = 960; yellow arrow) as well as positive (100% inhibition; green arrow) and
negative (0% inhibition; blue arrow) controls. Circled are the inhibition results for the five
active compounds (“hits”) identified in the screen.
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Figure 4.
Structures of (a) piceatannol [(E)-4-[2-(3,5-dihydroxyphenyl)ethenyl] 1,2-benzenediol;
trans-3,3′,4,5′-tetrahydroxystilbene]; (b) (R,R)-cis-diethyltetrahydro-2,8-chrysenediol; (c)
(S)-(+)-camptothecin (4-ethyl-4-hydroxy-1H-pyrano[3′,4′:6,7] indolizino[1,2-b]
quinoline-3,14(4H,12H)dione); (d) N-butanoyl-2-(2-methoxy-6H-isoindolo[2,1-a] indole-11-
yl)ethanamine [IIK7]; and (e) 8-(p-sulfophenyl)theophylline.
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Figure 5.
Inhibition of ADAMTS-4-2 by piceatannol (closed triangles) or (S)-(+)-camptothecin (closed
circles). The change in relative fluorescence units (ΔRFU) for 10 nM ADAMTS-4-2 hydrolysis
of 10 μM fSSPa was monitored over an inhibitor concentration range of 1 nM to 10 μM as
described in Materials and Methods. IC50 = 1.0 and 4.0 μM for piceatannol and (S)-(+)-
camptothecin, respectively. Assays were performed in triplicate; bars indicate standard
deviations.
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Figure 6.
RP-HPLC elution profiles of ADAMTS-4-2 hydrolysis of fSSPa in the absence (blue) and
presence (magenta) of picetannol. ADAMTS-4-2 (10 nM) hydrolysis of 10 μM fSSPa was
examined after 24 h following addition of 0 or 10 μM piceatannol as described in Materials
and Methods. The intact substrate eluted at 14.667 min, while cleavage products were observed
at 12.069, 12.361, and 13.410 min. The identities of the cleavage products have been described
previously [19].
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Figure 7.
Inhibition of ADAMTS-4-2 by piceatannol, as monitored by RP-HPLC and fluorescence. The
change in RP-HPLC peak areas (closed circles) or relative fluorescence units (ΔRFU) (closed
triangles) for 10 nM ADAMTS-4-2 hydrolysis of 10 μM fSSPa was monitored over a
piceatannol concentration range of 0.1 to 10 μM as described in Materials and Methods. Assays
were performed in duplicate.
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Figure 8.
Inhibition of ADAMTS-4-2 by piceatannol (open circles), (R,R)-cis-diethyltetrahydro-2,8-
chrysenediol (closed squares), (S)-(+)-camptothecin (closed diamonds), N-butanoyl-2-(2-
methoxy-6H-isoindolo[2,1-a] indole-11-yl)ethanamine (closed circles), and 8-(p-sulfophenyl)
theophylline (closed triangles), as monitored by RP-HPLC. The change in RP-HPLC peak
areas for 10 nM ADAMTS-4-3 hydrolysis of 10 μM fSSPa was monitored over an inhibitor
concentration range of 0.1 to 10 μM as described in Materials and Methods. Assays were
performed in duplicate.
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Figure 9.
Hydrolysis of fSSPa as a function of ADAMTS-4-2 concentration in different assay volumes.
The change in relative fluorescence units (ΔRFU) for ADAMTS-4-2 hydrolysis of 10 μM
fSSPa was monitored using total reaction volumes of 10 (closed circles), 20 (closed triangles),
40 (closed squares), or 80 (closed diamonds) μL as described in Materials and Methods. Assays
were performed in triplicate; bars indicate standard deviations.
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