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Background:Most reported ADAM17 inhibitors are zinc-binding and not selective.
Results: Novel selective ADAM17 inhibitors were discovered and characterized.
Conclusion: Novel ADAM17 inhibitors act via a non-zinc-binding mechanism.
Significance: Selective non-zinc-binding inhibitors of ADAM proteases can be useful research and therapeutic tools.

A disintegrin and metalloprotease (ADAM) proteases are
implicated in multiple diseases, but no drugs based on ADAM
inhibition exist.Most of theADAMinhibitors developed to date
feature zinc-binding moieties that target the active site zinc,
which leads to a lack of selectivity and off-target toxicity. We
hypothesized that secondary binding site (exosite) inhibitors
should provide a viable alternative to active site inhibitors.
Potential exosites in ADAM structures have been reported, but
no studies describing substrate features necessary for exosite
interactions exist. Analysis of ADAM cognate substrates
revealed that glycosylation is often present in the vicinity of the
scissile bond. To study whether glycosylation plays a role in
modulating ADAM activity, a tumor necrosis factor � (TNF�)
substratewith andwithout a glycanmoiety attachedwas synthe-
sized and characterized. Glycosylation enhanced ADAM8 and
-17 activities and decreased ADAM10 activity. Metalloprotease
(MMP) activitywasunaffectedbyTNF� substrate glycosylation.
High throughput screening assays were developed using glyco-
sylated and non-glycosylated substrate, and positional scanning
was conducted. A novel chemotype of ADAM17-selective
probeswasdiscovered from theTPIMS library (Houghten,R.A.,
Pinilla, C., Giulianotti, M. A., Appel, J. R., Dooley, C. T., Nefzi,
A., Ostresh, J. M., Yu, Y., Maggiora, G. M., Medina-Franco, J. L.,
Brunner, D., and Schneider, J. (2008) Strategies for the use of
mixture-based synthetic combinatorial libraries. Scaffold rank-
ing, direct testing in vivo, and enhanced deconvolution by com-
putational methods. J. Comb. Chem. 10, 3–19; Pinilla, C., Appel,
J. R., Borràs, E., and Houghten, R. A. (2003) Advances in the use
of synthetic combinatorial chemistry. Mixture-based libraries.
Nat.Med. 9, 118–122) that preferentially inhibited glycosylated
substrate hydrolysis and spared ADAM10, MMP-8, and MMP-

14. Kinetic studies revealed that ADAM17 inhibition occurred
via a non-zinc-binding mechanism. Thus, modulation of prote-
olysis via glycosylationmay be used for identifying novel, poten-
tially exosite binding compounds. The newly described
ADAM17 inhibitors represent research tools to investigate the
role of ADAM17 in the progression of various diseases.

A disintegrin and metalloprotease (ADAM)2 proteases are
implicated in multiple diseases, including but not limited to
several types of cancer (3, 4), rheumatoid arthritis (5), and
Alzheimer disease (6). Multiple clinical trials of small molecule
inhibitors of themost studiedADAMprotease, ADAM17,were
discontinued due to toxicity (5, 7) as a result of the lack of
selectivity of these inhibitors. Most of the ADAM inhibitors
developed to date feature zinc-binding moieties that target the
active site zinc (8). There are �70 known human metallopro-
teases (ADAM,ADAMTS, andMMP) (9) that have zinc in their
active site, which explains off-target toxicities of zinc-binding
inhibitors (10).
Secondary binding site (exosite) inhibitors provide a viable

alternative to active site inhibitors (11–16). Selective exosite
inhibitors of MMP-13 that were discovered by several groups
(17–21), including ours, are currently being investigated for
arthritis therapy. Exosites are defined as sites outside of the
active site that participate in substrate recognition and binding
(11).
Enzymes frommultiple families and classes have been shown

to contain exosites: serine, cysteine, and metalloproteases (22–
25), metallo-�-lactamases (26), kinases (27), oxidoreductases
(28), nucleases (29), and deacetylases (30).Moreover, non-zinc-
binding exosite inhibitors were reported for MMP and
ADAMTS proteases (17, 18, 22), which are closely related to
ADAM proteases. Therefore, although currently there are only
a few reports of potential exosites inADAMprotease structures
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(31, 32), it is likely that ADAM proteases possess exploitable
exosites. A recent report byTape et al. (33) demonstrated that it
is possible to achieve selective binding to the ADAM17 ectodo-
main by an antibody that exploits exosites.
Substrate recognition by ADAM proteases is a largely unex-

plored area. Substrate specificity of closely related proteases
from ADAMTS and MMP families was shown to be due to a
combination of sequence features and substrate topology (34–
37). Although cleavage site sequence specificity was addressed
for several members of the ADAM family (38–40), there are no
studies of the effects of secondary structure on substrate recog-
nition by ADAM proteases.
Similarly, it is not known whether other substrate features,

such as glycosylation, play a role inADAMsubstrate specificity.
Glycosylation was shown to cause peptides to assume a reper-
toire of different conformations (41, 42) due either to stabiliza-
tion or destabilization of glycosylated structure as compared
with a non-modified peptide (43, 44). Additionally, it was
shown that the rate of enzymatic hydrolysis of glycosylated pep-
tides was dependent on the distance of the glycosylation site
from the scissile bond (45). This suggests the possibility of gly-
cosylation serving as specific cleavage signal or, alternatively, an
effect of different peptide conformations on enzyme hydrolytic
activity.
ADAM substrates exhibit various degrees of glycosylation,

whereas distances of glycosylation sites from respective scissile
bonds also vary significantly. For example, the cleavage site of
TNF� by ADAM17 is only four residues away from a glycosy-
lated residue (46), whereas glycosylation occurs 14 residues
away from the TGF� cleavage site (47) and more than 200 res-
idues away from the L-selectin cleavage site (48).
In this work, we have investigated the role of glycosylation in

the specificity of ADAM-catalyzed reactions using TNF� as a
model substrate. Enzyme-substrate interactions based on gly-
cosylation were subsequently utilized to identify novel, poten-
tially exosite-binding ADAM17 inhibitors.

EXPERIMENTAL PROCEDURES

Substrate Synthesis, Purification, and Characterization—Ex-
perimental details are listed in the supplemental materials.
Briefly, substrate synthesis was performed on a Protein Tech-
nology PS3 peptide synthesizer using Fmoc (N-(9-fluorenyl)-
methoxycarbonyl) solid-phase peptide chemistry methodol-
ogy. Substrates were purified using reversed-phase HPLC.
Fractions were analyzed by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF
MS) and by analytical reversed-phase HPLC.
CircularDichroismSpectroscopy—CDspectrawere recorded

over the range � � 190–250 nm with a Jasco J-810 spectropo-
larimeter using a 0.2-cm path length quartz cell. Substrates
solutions were prepared in deionized water. Raw CD data (mil-
lidegrees) was normalized for respective substrate concentra-
tions to obtain molar ellipticity (�) to allow for direct compar-
ison of CD signatures of different substrates.
Enzyme Kinetics—ADAM and MMP enzymes were pur-

chased from R&D Systems (Minneapolis, MN) with the excep-
tion of MMP-14, which was purchased from Millipore
(Temecula, CA). ADAM8 and -12 were activated as per the

manufacturer’s instructions. Active enzyme concentrations
were determined as described elsewhere (40). Substrate stock
solutions were prepared at various concentrations in R&D Sys-
tems recommended assay buffers. Assays were conducted by
incubating a range of substrate concentrations (2–100�M)with
various ADAM enzyme concentrations at 25 °C. Fluorescence
was measured on a multimode microplate reader Synergy H4
(Biotek Instruments, Winooski, VT) using �ex � 360 nm and
�em � 460 nm. Rates of hydrolysis were obtained from plots of
fluorescence versus time, using data points from only the linear
portion of the hydrolysis curve. The slope from these plots was
divided by the fluorescence change corresponding to complete
hydrolysis and then multiplied by the substrate concentration
to obtain rates of hydrolysis in units of �M/s. Kinetic parame-
ters were calculated by non-linear regression analysis using the
GraphPad Prism version 5.01 suite of programs. ADAM and
MMP substrate cleavage sites were established by MALDI-
TOF MS.
Library Screening—Mixture libraries (1, 2) were solubilized

in 3% DMSO/H2O and added to polypropylene 384-well plates
(Greiner catalog no. 781280). ADAM10 and -17 glycosylated
and non-glycosylated substrate assays followed the same gen-
eral protocol. 5�l of 3� enzyme solution (30 nM) in assay buffer
(10 mM Hepes, 0.001% Brij-35, pH 7.5) were added to solid
bottom white 384-well low volume plates (Nunc, catalog no.
264706). Next, 5�l of test compounds or pharmacological con-
trols were added to corresponding wells. After a 30-min incu-
bation at room temperature, the reactions were started by the
addition of 5 �l of 3� solutions of the respective substrates (30
�M). Fluorescence was measured every 30min for 2 h using the
multimodemicroplate reader Synergy H4 (Biotek Instruments,
Winooski, VT) using �ex � 360 nm and �em � 460 nm. Rates of
hydrolysis were obtained from plots of fluorescence versus
time, and inhibition was calculated using rates obtained from
wells containing substrates only (100% inhibition) and sub-
strates with enzyme (0% inhibition). Three parameters were
calculated on a per plate basis: (a) the signal-to-background
ratio; (b) the coefficient for variation (equal to the (S.D./
mean)� 100) for all compound test wells); and (c) theZ�-factor
(18). The IC50 value of the pharmacological control (N-hydroxy-
1-(4-methoxyphenyl)sulfonyl-4-(4-biphenylcarbonyl)piperazine-
2-carboxamide; Calbiochem catalog no. 444252) was also calcu-
lated to ascertain the assay robustness. Each mixture library was
screened in triplicate at 0.33 mg/ml.
Inhibition Kinetics—Glycosylated substrate and ADAM17

working solutions were prepared in buffer containing 10 mM

Hepes, 0.001% Brij-35, pH 7.5. All reactions were conducted in
384-white polystyrene well plates (Nunc, catalog no. 264706).
Determinations of inhibition constants and modalities were
conducted by incubating the range of glycosylated substrate
concentrations (1–50 �M) with 2.5 nM ADAM17 at room tem-
perature in the presence of varying concentrations of inhibi-
tors. Fluorescence was measured as described above. Rates of
hydrolysis were obtained from plots of fluorescence versus
time, using data points from only the linear portion of the
hydrolysis curve.
All kinetic parameters were calculated using GraphPad

Prism version 5.01 (GraphPad Software, Inc., La Jolla, CA). All
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Ki and K�i values were determined by non-linear regression
(hyperbolic equation) analysis using the mixed inhibition
model, which allows for simultaneous determination of mech-
anism of inhibition (13). The mechanism of inhibition was
determined using the “alpha” parameter derived from a mixed
model inhibition by GraphPad Prism. The mechanism of inhi-
bition was additionally confirmed by Lineweaver-Burk plots.
Dual Inhibition Kinetics—Amatrix of two different inhibitor

combinations was created in 384-white polystyrene well plates
(Nunc, catalog no. 264706) by serially diluting inhibitors in
buffer containing 10 mM Hepes, 0.001% Brij-35, pH 7.5.
ADAM17 ectodomain and glycosylated substrate were then

added resulting in 2.5 nM and 10 �M final assay concentrations,
respectively. Fluorescence was measured by a Synergy H4
(Biotek Instruments, Winooski, VT) using �ex � 360 nm and
�em � 460 nm. Rates of hydrolysis were obtained from plots of
fluorescence versus time, using data points from only the linear
portion of the hydrolysis curve.
Initial rates of glycosylated substrate hydrolysis in the pres-

ence of two inhibitors were arranged as Yonetani-Theorell
plots with 1/vij plotted as a function of [I] in the presence of
varying concentrations of inhibitor J. In Yonetani-Theorell plots,
the intersecting lines indicate simultaneous (i.e.mutually non-ex-
clusive) binding of both inhibitors to the enzyme (49, 50).

FIGURE 1. Glycosylated substrate and substrate characterization by circular dichroism spectroscopy. A, structure of glycosylated substrate (Glu(EDANS)-
Pro-Leu-Ala-Gln-Ala-Val-Arg-Ser-Ser(TF)-Ser-Lys(DABCYL)). Shown are circular dichroism spectra of non-glycosylated (B) and glycosylated substrates (C).
D, molar ellipticity of non-glycosylated and glycosylated substrates at � � 222 nm as a function of TFE concentration. TF, Thomsen-Freidenreich.

TABLE 1
ADAM cognate human substrates and their cleavage and glycosylation sites

UniProt no. Substrate Cleavage site Glycosylated residue
Distance from scissile
bond (no. of residues) Type of glycosylation ADAM

P35070 Pro-BTC CVVA312DGNS Asn34 3 N-Linked (GlcNAc) 10
P01375 Pro-TNF� LAQA762VRSS Ser80 4 O-Linked (GalNAc) 17
P02786 TRP1 ECER1002LAGT Thr104, Asn251, Asn317, Asn727 4a O-Linked (GalNAc) 17
P08887 IL6-R LPVQ3572DSSV Asn55, Asn93, Asn221, Asn350 7a N-Linked (GlcNAc) 10/17
O14944 Pro-EPR DNPR592VAQV Asn47 12 N-Linked (GlcNAc) 17
Q99075 Pro-HB-EGF RKVR622DLQE Thr75, Thr85 13a O-Linked (GalNAc) 10/17
P01135 Pro-TGF� VAAA392VVSH Asn25 14 N-Linked (GlcNAc) 17

a Distance from the closest glycosylated site is indicated in cases of multiple glycosylations.

TABLE 2
Kinetic parameters for ADAM hydrolysis of glycosylated and non-glycosylated substrates

Enzyme
kcat/Km kcat Km

Glycosylated Non-glycosylated Glycosylated Non-glycosylated Glycosylated Non-glycosylated

M�1 s�1 s�1 �M

ADAM8 1.4 � 0.1 � 103 2.2 � 0.0 � 102 0.04 � 0.01 0.01 � 0.03 31 � 11 46 � 15
ADAM9 NDa 1.2 � 0.1 � 103 ND 0.06 � 0.01 ND 49 � 6
ADAM10 0.8 � 0.3 � 104 2.5 � 0.7 � 104 0.06 � 0.01 0.28 � 0.03 8.5 � 1.3 12 � 3
ADAM12 1.3 � 0.4 � 103 8.5 � 0.5 � 102 0.02 � 0.01 0.01 � 0.00 20 � 11 12 � 1
ADAM17 7.6 � 1.7 � 104 1.2 � 0.1 � 104 0.25 � 0.03 0.14 � 0.01 3.0 � 0.5 12 � 3

a ND, not determined due to low reaction velocity.
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RESULTS AND DISCUSSION
Database and Literature Searches—To determine which

structural features of ADAM substrates can play a role in
enzyme recognition and specificity, we examined the cognate
human substrates of ADAM proteases. Overall, more than 30
ADAM substrates were analyzed. The analysis revealed that

several confirmed physiological substrates of ADAM proteases
are post-translationally modified in the vicinity of the scissile
bond. For example, pro-TNF� was reported to be O-glycosy-
lated at Ser80 in human B-cell lymphoblastic leukemia cells
(BALL-1) (46). Themucin type 2,3- and 2,6-sialylated and non-
sialylated core 1 structure (�-Gal-(133)-GalNAc), also known

FIGURE 2. Summary of screening of TPIMS library for selective inhibitors of ADAM17.

TABLE 3
Kinetic parameters for MMP hydrolysis of glycosylated and non-glycosylated substrates

Enzyme
kcat/Km kcat Km

Glycosylated Non-glycosylated Glycosylated Non-glycosylated Glycosylated Non-glycosylated

M�1 s�1 s�1 �M

MMP-1 1.1 � 0.1 � 103 1.6 � 0.0 � 103 0.03 � 0.02 0.02 � 0.00 12 � 0.2 12 � 0.0
MMP-2 0.4 � 0.7 � 104 0.7 � 0.0 � 104 0.02 � 0.01 0.02 � 0.01 5.9 � 0.6 2.8 � 0.6
MMP-8 1.1 � 0.1 � 104 1.3 � 0.2 � 104 0.2 � 0.03 0.3 � 0.2 17 � 2.5 13 � 1.3
MMP-9 1.9 � 0.2 � 103 1.2 � 0.1 � 103 0.01 � 0.00 0.01 � 0.00 7.4 � 2.1 7.3 � 2.7
MMP-13 1.7 � 0.2 � 104 1.7 � 0.0 � 104 0.1 � 0.04 0.07 � 0.02 6.8 � 3 4.4 � 0.9
MMP-14 NDa ND ND ND ND ND

ND, not determined.
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as T- or TF-antigen, were identified. The physiological cleavage
site byADAM17 is at theAla762Val bond, only 4 residues away
from the modified Ser residue (Table 1). IL6-R (interleukin-6
receptor), which is cleaved by both ADAM10 and -17 (38, 51),
was reported to be N-glycosylated by N-acetylglucosamine
(GlcNAc) at four different positions (52, 53). Glycosylated
Asn350 is only 7 residues away from the Gln3572Asp scissile
bond (Table 1).
We hypothesized that the proximity of the carbohydrate

moiety to the scissile bond of ADAM protease cognate sub-
strates can have an effect on ADAM activity and, therefore, on
production of soluble forms of cell surface molecules. To test
this hypothesis, we synthesized substrates based on the cleav-
age site within TNF� (PLAQA762VRSSS) with and without
TF-antigen (Fig. 1A) and characterized these substrates by cir-
cular dichroism spectroscopy and in enzymatic assays.
Circular Dichroism Spectroscopic Analysis—In order to

determine the effect of glycosylation on substrate conformation
and stability, CD spectra of non-glycosylated and glycosylated
substrates in water and varying concentrations of TFE were
recorded. CD spectra of 100% aqueous solution (0% TFE) and
25% TFE solutions of both non-glycosylated and glycosylated
substrates exhibited characteristics of random coils featuring a
single large negative peak at around � � 198 nm (Fig. 1, B and
C). In the presence of high TFE concentrations (50–100%),
both substrates exhibited spectra typical for an�-helixwith two
minima at � � 208 and 222 nm. The plot of molar ellipticity at
� � 222 nm as a function of TFE concentration (Fig. 1D)
revealed that both substrates had similarly low �-helical con-
tent at 0–25%TFE,whereas the non-glycosylated substrate had

a higher �-helical content than the glycosylated substrate at
50–100% TFE.
The lower �-helical content of glycosylated substrate com-

pared with a non-glycosylated substrate at higher TFE concen-
trations is consistent with previous observations of the effects
of O-glycosylation on peptide conformation (54, 55). This sug-
gests that TF-antigen interferes with formation of the hydrogen
bond pattern of an �-helix, which is most likely attributable to
steric hindrance. The calculated van der Waals volume of the
Ser side chain is increased from 26.1 to 168.7 Å due to the
presence of a single carbohydrate moiety (56, 57).
Substrate Cleavage Sites—ADAMandMMP cleavage sites in

glycosylated and non-glycosylated substrates were identified.
ADAM10 and -17 cleaved only at the Ala2Val bond in both
substrates. ADAM8 also cleaved only the Ala2Val bond of the
non-glycosylated substrate but was able to cleave three differ-
ent bonds (Ala2Val, Gln2Ala, and Val2Arg) in the glycosy-
lated substrate. ADAM12 cleaved at two positions of the non-
glycosylated substrate (Ala2Val and Gln2Ala) and three
positions in the case of the glycosylated substrate (Ala2Gln,
Gln2Ala, and Val2Arg). ADAM9 cleaved only at the
Ala2Val bond of the non-glycosylated substrate, but because
there was very little hydrolysis of the glycosylated substrate, the
exact cleavage site was not determined.
In the case of MMPs and the non-glycosylated substrate, the

number and position of cleavage sites varied widely. MMP-1
andMMP-9 cleaved mainly at the Ala2Val bond with second-
ary cleavage sites at Ala2Gln (MMP-1 and MMP-9) and
Arg2Ser (MMP-1 only). In contrast, MMP-2 and MMP-13
cleaved at three different positions. MMP-2 had two major

FIGURE 3. Results of the pilot “scaffold ranking” screen of TPIMS drug-like library against ADAM10 and 17. Shown is an ADAM10 (A) and ADAM17 (B)
screen using glycosylated (checked bars) and non-glycosylated substrate (small checked bars). The arrows indicate libraries containing potential exosite
inhibitors of ADAM10 and 17. All assays were performed in triplicate. Activity and selectivity of all libraries were confirmed in reversed-phase HPLC-based
assays. (C), basic scaffold of library 1344.
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(Ala2Val and Ser2Ser) and one minor (Arg2Ser) cleavage
site, whereas MMP-13 appeared to cleave three positions
(Ala2Val, Ala2Gln, and Val2Arg) at the same rate. MMP-8
was able to hydrolyze the Ala2Val bond only, thus exhibiting
the most similarity with ADAM proteases.
Interestingly, in the presence of TF-antigen, all testedMMPs

cleaved equally at just two positions (Ala2Val and Gln2Ala).
Overall, only the ADAM10 and -17 cleavage site specificity was
not affected by the presence of a carbohydrate moiety at the
Ser80 residue.
Enzyme Kinetics—In order to quantify the effect of glycosyl-

ation on ADAM proteolysis, kinetic parameters for hydrolysis
of glycosylated and non-glycosylated substrates were deter-

mined. The Km value for ADAM17 hydrolysis of the non-gly-
cosylated substrate (Table 2) was in line with the published Km
value of 19 � 5 �M (58). ADAM8 and -17 exhibited higher
activity toward the glycosylated substrate as evidenced by 16-
and 6-fold higher kcat/Km values, respectively (Table 2). The
ADAM12 kcat/Km value was slightly increased for the glycosy-
lated substrate (Table 2). In the case of ADAM17, the increase
in activity was due to the cumulative effects of changes in both
Km and kcat, whereas ADAM8 improvement of activity was
almost entirely due to an increase in kcat. ADAM10 activity
toward the glycosylated substrate was �3-fold lower than for
the non-glycosylated substrate due to a change in kcat rather
than Km, which suggests that ADAM10 can accommodate the

FIGURE 4. Results of the positional scan analysis of library 1344 against ADAM10 and -17. Positional scan of R1 (A), R2 (B), R3 (C), and R4 (D and E) defined
moieties against ADAM10 (black bars) and ADAM17 (checked bars) using glycosylated substrate.
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carbohydrate moiety without the loss of affinity, albeit not as
well as ADAM17 (Table 2). Because the carbohydrate moiety is
accommodated by ADAM10, it is reasonable to hypothesize
that ADAM10 contains a site that can be explored for exosite
inhibitor discovery. Kinetic parameters of ADAM9-catalyzed
hydrolysis of the glycosylated substrate were not determined
due to very low activity. Approximately 10% of substrate was
converted after 24 h of incubation with 25 nM ADAM9. For
comparison, 25 nMADAM8converted 10%of glycosylated sub-
strate within 30 min.
In order to determine whether substrate glycosylation has an

effect onMMP catalysis, we determined kinetic parameters for
MMP hydrolysis of glycosylated and non-glycosylated sub-
strates. Interestingly, all tested MMPs, with the exception of
MMP-14, exhibited very similar kinetic parameters for hydrol-
ysis of either substrate (Table 3). In the case of MMP-14, the

rate of hydrolysis of both substrateswas significantly lower than
for the rest of the testedMMPs, which made kinetic evaluation
unfeasible.
ADAM10 and -17 comprise a separate branch of the ADAM

phylogenetic tree (9). They share 39% sequence similarity, but
despite this low homology, it has proved difficult to design an
isoform-selective inhibitor of ADAM17 (8). This situation is
partially complicated by the absence of a crystal structure of the
ADAM10 catalytic domain, which would allow the evaluation
of structural differences between ADAM10 and -17.
Our kinetic data suggest differences in ADAM10 and -17

substrate binding site(s) corresponding to the Ser residue in
position P4� of the TNF�-based substrate. Existing structural
and modeling studies reveal the presence of a large S3� cleft in
the ADAM17 structure that can potentially accommodate a
bulky disaccharide (�Gal-1,3-�GalNAc) (59–61). Alignment

FIGURE 5. Results of dose-response study of most ADAM17-selective and potent mixture samples for each defined R position against metalloprotease
panel. Shown are test libraries (A–E) and pharmacological assay controls (F) against ADAM10 (�), ADAM17 (�), MMP-8 (�), and MMP-14 (E). Structures of
functional groups present in the defined R position for each sublibrary are shown as insets. Structures of MMP-9/-13 inhibitor (G) and actinonin (H) are shown.
Note that sample R2-35 (see Fig. 5B) exhibits inhibition of MMP-14 only at the highest dose tested (1 �M).
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ofADAM10 and -17 sequences shows that residues forming the
ADAM17 S3� pocket are not conserved between ADAM10 and
-17 (189EADLV versus 189VSHIT for ADAM17 and -10, respec-
tively) (60). Interestingly, the ADAM10 I192L/T193V double
mutant cleavage specificity profile was indistinguishable from
that of ADAM17WT (38).
Summary of Screening of Torrey Pines Institute for Molecular

Studies (TPIMS) Library (Fig. 2)—Primary screen (Scaffold
Ranking) was conducted using 27 representative mixture
libraries. Library 1344was chosen for further studies (deconvo-
lution by positional scanning). 120 mixture samples represent-
ative of library 1344 were screened first in single dose, and the
18 most active and selective mixture samples were screened in
dose-response experiments against ADAM10 and -17 and
MMP-8 and -14. Based on the most selective and active moi-
eties in each defined R position, 36 individual compounds were
synthesized and screened in dose-response experiments
against ADAM10 and -17 and MMP-8 and -14.

Screening for Inhibitors of ADAM10 and -17 Using Glycosy-
lated and Non-glycosylated Substrates—Differences in kinetic
parameters for ADAM17 hydrolysis of glycosylated and non-
glycosylated substrates suggested that the carbohydrate moiety
potentially interacts with hypothetical exosite and, therefore,
could be exploited for inhibitor discovery. In order to test this
hypothesis, high throughput screening assays were developed
for ADAM10 and -17 using both glycosylated and non-glyco-
sylated substrates. A pilot screen (termed the “scaffold ranking
screen”) was conducted for 27 mixture libraries representative
of the TPIMS proprietary drug-like collection (1, 2). Parallel
screens of libraries against ADAM10 and -17 yielded three
libraries (Fig. 3A, compounds 1172, 1174, and 1347) preferen-
tially inhibiting ADAM10 in the glycosylated substrate assay
and one library (Fig. 3B, compound 1344) preferentially inhib-
iting ADAM17 in the glycosylated substrate assay, suggesting
the possibility of the presence of exosite inhibitors in the above
mentioned library mixtures. Most interestingly, the same

TABLE 4
Most selective and potent functionalities against ADAM17 derived from positional scan of library 1344

Sample no.
Moiety in defined position

R1 R2 R3 R4

25 (S)-4-Hydroxybenzyl Mix Mix Mix
24 (S)-Propyl Mix Mix Mix
35 Mix (S)-4-Hydroxybenzyl Mix Mix
43 Mix (R)-4-Hydroxybenzyl Mix Mix
49 Mix (S)-2-Naphthylmethyl Mix Mix
61 Mix Mix (S)-4-Hydroxybenzyl Mix
69 Mix Mix (R)-4-Hydroxybenzyl Mix
80 Mix Mix Mix 2-Phenylbutyl
119 Mix Mix Mix 2-Adamantan-1-yl-ethyl
106 Mix Mix Mix Cyclopentyl-methyl

TABLE 5
SAR study results of individual compounds synthesized based on positional scan of 1344
Percentage inhibition data reported as a mean of three experiments � S.D. �M IC50 values for the inhibition of ADAM17 are in parenthesis.
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libraries were not active against ADAM10 and -17 in the non-
glycosylated substrate assays and, therefore, would have been
discarded from further studies if just the conventional active
site-only substrate was utilized. Although not highly active
against either target (maximum inhibition �50%), these mix-
tures exhibited good selectivity, which, in combination with
preferential inhibition of glycosylated substrate hydrolysis, sug-
gests that these mixtures potentially inhibit ADAM10 and -17
via novel mechanisms. In order to confirm the selective profile
of library 1344 (Fig. 3C), a structure-activity relationship study
was conducted using a positional scan approach. A positional
scan is a screen of a systematically formatted collection of com-
pounds that allows for the rapid identification of the active
functionalities around a core scaffold (1, 62).
The basic scaffold of library 1344 (Fig. 3C), composed of

738,192 (26 � 26 � 26 � 42) members, has four sites of diver-
sity (R1, R2, R3, and R4) and, therefore, is made up of four sepa-
rate sublibraries, each having a single defined position (R) and
threemixture positions (X). Screening the four sets ofmixtures,
totaling 120 mixtures (26 � 26 � 26 � 42) against ADAM10
and -17 can provide information about the groupsmost impor-
tant for activity and selectivity in each R position in library 1344
(1).Most of functional groups in positions R1, R2, andR3 yielded
libraries that either selectively inhibitedADAM17orwere inac-
tive (Fig. 4,A–C). Functionalities in position R4 appear to influ-
ence the selectivity for ADAM17 to the greatest degree (Fig. 4,
D and E). Approximately 50% of all substitutions tested in this
position were inhibiting both enzymes to an equal extent.
We chose the library samples that were themost selective for

and active against ADAM17 for each R position (total of 18)

to be studied in dose-response assays against ADAM10,
ADAM17, MMP-8, and MMP-14. Additionally, we also chose
R4-80, which inhibited both ADAM10 and -17 equipotently
(Fig. 4D), to act as a broad spectrum in-screen control. These
samples exhibited 100–200 nM IC50 values against ADAM17
while sparing the three other metalloproteases (Fig. 5). To our
knowledge, there are no publicly available selective ADAM17
inhibitors that spare ADAM10. In addition, these samples had
little or no activity against MMP-8 and MMP-14, which are
important anti-targets in skin and breast cancer (63–65). In
contrast, sample R4-80 exhibited a broad spectrum inhibition
profile with IC50 values in the 100 nM range for all four metal-
loproteases tested (Fig. 5E), suggesting the importance of posi-
tion R4 for selectivity among the metalloproteases. We used
actinonin and MMP-9/-13 inhibitor as pharmacological assay
controls for MMP-8 and MMP-14 and ADAM10 and -17,
respectively (Fig. 5F). Both compounds are well known broad
spectrummetalloprotease inhibitors (39, 40, 66, 67) that act via
binding of the active site zinc. Based on the dose-response
experiments with mixture libraries, we synthesized 36 individ-
ual compounds (2 R1 � 3 R2 � 2 R3 � 3 R4) containing func-
tional groups for each defined R position that exhibited the
most selectivity and potency toward ADAM17 (Table 4) and
tested them against the target enzyme (ADAM17) and counter
targets (ADAM10, MMP-8, and MMP-14) in a dose-response
experiment. Only one of the 36 tested individual compounds
(Tables 5 and 6) reached 25% inhibition at the highest tested
concentration (40 �M) in the counter target assays (Table 5,
sample 15), suggesting a highly selective nature of these com-
pounds. The most active of the tested compounds had low

TABLE 6
SAR study results of individual compounds synthesized based on positional scan of 1344
Percentage inhibition data reported as a mean of three experiments � S.D. �M IC50 values for the inhibition of ADAM17 are in parenthesis.
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micromolar potency against ADAM17, whereas the mixture
libraries had IC50 values in 100 nM range.

According to the harmonic mean model (68), although mix-
ture library 1344 has�1000 individual constituents, the activity
of the mixture can be attributed to the presence of one or few
very potent compounds. Although we chose the functionalities
for each R position that exhibited the most potency against
ADAM17, it is entirely possible that the combination of these
functionalities did not recapture the structure of the most
potent individual constituent from each mixture library. Our
future studies will therefore focus on the systematic iterative
deconvolution of each position at a time.
SAR Analysis—Based on the positional scan of library 1344,

position R1 appears to be the most tolerant to the type of func-
tionality present (Fig. 4A). The most active moieties are both
aromatic (compound 5, (S)-phenyl; compound 9, (R)-2-naphtyl-
methyl; compound 25, (S)-4-hydroxybenzyl) and aliphatic
(compound 13, (S)-isopropyl; compound 17, (R)-methyl; com-
pound 23, (R)-cyclohexyl). Position R2 has a strong preference
for aromatic groups (compounds 35 and 43, (S)- and (R)-4-
hydroxybenzyl; compounds 49 and 50, (S)- and (R)-naphthyl-

methyl) (Fig. 4B). Interestingly, (S)-4-hydroxybenzyl (com-
pound 35) was preferred over (R)-4-hydroxybenzyl (compound
43), suggesting the importance of proper orientation of ligand
in this binding site. Position R3 exhibited preferences similar to
R2 (compounds 61 and 69, (S)- and (R)-4-hydroxybenzyl; com-
pounds 75 and 76, (S)- and (R)- naphthylmethyl), suggesting the
similarities between R2 and R3 binding sites within ADAM17
(Fig. 4C). The most potent substitutions in position R4 were
aromaticmoieties (compounds 79, 80, 82, 86, 90, 91, 95, and 96;
Fig. 4D), which, however, inhibited ADAM10 and -17 almost
equipotently. In striking contrast, themost selective and potent
ADAM17 substitutions were bulky cyclic aliphatic residues
(compound 119, 2-adamantan-1-yl-ethyl; compound 116, 4-
tert-butyl-cyclohexyl-methyl; compound 106, cyclopentyl-
methyl).
Individual compounds synthesized on the basis of this posi-

tional scan analysis exhibited good selectivity for ADAM17.
Both aromatic ((S)-4-hydroxybenzyl) and aliphatic ((S)-isopro-
pyl) groups preserved ADAM17 selectivity when present in R1
(Fig. 6, A and B, compounds 9 and 27). Substitution of the
hydroxybenzyl of compound 9 for the bulkier naphthylmethyl

FIGURE 6. Results of dose response study of most ADAM17 selective and potent individual compounds. ADAM10 (�), ADAM17 (�), MMP-8 (�), and
MMP-14 (E). Structures of individual compounds (compounds 9 (A), 27 (B), 15 (C), 34 (D), 17 (E), and 36 (F)) are shown as insets.
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in R2 yielded more potent compound 15 without the loss of
selectivity. Interestingly, a similar substitution in compound 27
did not lead to the significant changes in activity or selectivity
(Fig. 6, B and D, compounds 27 and 34). Similarly, substitution
of the R4 2-adamantan-1-yl-ethyl group found in compounds
15 and 34 for cyclopentyl-methyl (compounds 17 and 36)
resulted in unchanged potency and selectivity (Fig. 6, C–F).

Overall, individual compounds derived from the positional
scan exhibitedmicromolar potency and good selectivity toward
ADAM17. To our knowledge, there are no reports of ADAM17
inhibitors that spare ADAM10, MMP-8, and MMP-14. One of
the most promising ADAM inhibitors that is currently in clinical
trial for breast cancer, INCB7839 (IncyteCorp.,Wilmington,DE),
inhibits multiple metalloproteases (69), including equipotent low
nanomolar range activity against both ADAM10 and -17.
Inhibition Kinetics—To interrogate the mechanism of inhi-

bition for the most selective and potent libraries, inhibition
kinetic studies were performed with samples R1-24, R2-35,
R3-61, and R4-119. Non-linear regression analysis suggested
pure non-competitive inhibition mechanisms for samples
R1-24, R3-61, and R4-119 (Ki/Ki� � 1.1 � 1.2, 0.91 � 2.5, and
0.79� 0.52, respectively), and anuncompetitivemechanism for
R2-35 (Ki/Ki� � 0.1 � 0.3). Additional evaluation of inhibition
mechanisms by the model comparison routine of GraphPad
Prism software indicated that these are indeed preferred inhi-
bition models. Examination of the kinetic data by a linearized
Lineweaver-Burk graphic approach confirmed the pure non-
competitive inhibition modality for R1-24 and R4-119 (Fig. 7, A
and D) and uncompetitive modality for R2-35 (Fig. 7B). In the
case of R3-61, the Lineweaver-Burk plot is suggestive of mixed
inhibition (Fig. 7C) with elements of uncompetitive inhibition.

Most ADAM17 inhibitors described in the literature act via
zinc binding due to the presence of zinc-binding moieties (e.g.
hydroxamates, phosphinates) in their structures (5, 8, 61, 70).

The prominent feature of the basic scaffold of library 1344 (Fig.
3C) is two piperazine-2,3-dione moieties. Piperazine- and
diketo-piperazine-based MMP and ADAM inhibitors have
been described in the literature; however, they also have other
zinc-binding groups present and as a consequence have broad
inhibition profiles (71, 72). The piperazine group was shown to
interact with catalytic zinc of farnesyl protein transferase via
the nitrogen atom (73). Piperazine derivatives have not been
co-crystallized with ADAM17; therefore, it is unknown
whether piperazine moieties can contribute to the interactions
with zinc of anADAM17 active site.However, the prevalence of
non- and uncompetitive inhibition modalities among selective
ADAM17 inhibitors suggests that this chemotype acts via a
non-zinc-binding mechanism, possibly by binding outside of
the ADAM17 active site. In order to investigate this possibility,
we performed dual inhibition kinetics using N-hydroxyacet-
amide (AHA) (Fig. 8A), a known zinc binder and competitive
millimolar range inhibitor ofmanymetalloproteases, in combi-
nation with inhibitor compound 15, following a methodology
described previously (74). AHA was used in the concentration
range of 0–2.5 mM, in combination with compound 15 at con-
centrations between 0 and 7.5 �M.When initial velocities from
this experiment were organized in a Yonetani-Theorell plot,
they formed a series of intersecting lines of best fit (Fig. 8B). In
Yonetani-Theorell plots, the intersecting lines suggest simulta-
neous (i.e. mutually non-exclusive) binding of both inhibitors
to the enzyme (49). Because AHA is known to bind to zinc,
compound 15 most likely acts via a non-zinc-binding mecha-
nism and, potentially, outside of the active site and beyond the
catalytic domain, as suggested by a recent report (33). Single
inhibition kinetics of compound 15 suggest non-competitive
inhibition (Ki/Ki� � 0.5� 0.6; Fig. 8C) consistent withmutually
non-exclusive AHA binding. We investigated the possibility of
compound 15 binding outside of the catalytic domain by

FIGURE 7. Lineweaver-Burk plots of glycosylated substrate hydrolysis by ADAM17 in the presence of representative members of library 1344.
A, compound 24; B, compound 35; C, compound 61; D, compound 119.
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performing dose-response experiments with compound 15
against ADAM17 ectodomain (ECD) and catalytic domain-
only constructs. AHA and MMP-9/-13 inhibitor were utilized
as controls. Both controls exhibited nearly identical IC50 values
for inhibition of either construct (AHA IC50 � 1.5 � 0.2 mM

versus 1.6 � 0.2 mM for ADAM17 ECD and catalytic domain-
only, respectively; MMP-9/-13 inhibitor IC50 � 0.3 � 0.03 nM
versus 0.5 � 0.04 nM for ADAM17 ECD and catalytic domain-
only (CD), respectively; Fig. 8,D and E), whereas compound 15
inhibited ADAM17 ECD 10-fold more potently (compound 15
IC50 � 4.2 � 0.4 �M versus 47 � 4 �M for ADAM17 ECD and
catalytic domain-only (CD), respectively; Fig. 8F). This suggests
certain cooperativity between catalytic and non-catalytic
domains of ADAM17 in the binding of compound 15. One pos-
sibility is that compound 15 can bind across domains due to the
spatial proximity of the non-catalytic and catalytic domains, as
described in the case of the inhibitory antibody reported by
Tape et al. (33). The existence of a binding pocket within the
catalytic domain capable of accommodating compound 15,

whose size is affected by the presence of a non-catalytic domain,
is yet another possibility. The small size of compound 15, as
comparedwith an antibody,makes the lattermodelmore likely.
Further structural studies are needed to ascertain the exact
ADAM17 binding site of these novel, selective ADAM17
inhibitors.
Significance—Selective inhibitors of ADAMproteases can be

useful research and therapeutic tools to study the roles of indi-
vidual ADAM isoforms in diseases and normalcy. ADAM
inhibitors reported to date act via active site zinc chelation and
as a result inhibit multiple related zinc proteases (MMPs,
ADAMs, and ADAMTSs). Here we report the discovery of a
novel class of ADAM17-selective inhibitors that act via a non-
zinc-binding mechanism.
This discovery was enabled by the development of a glycosy-

lated, potentially exosite-binding substrate. Differences in the
abilities of ADAM proteases to accommodate substrate carbo-
hydrates point to the existence of unique exosites within
ADAM structures that can be explored for discovery of iso-

FIGURE 8. Characterization of mechanism of inhibition of ADAM17 catalytic domain and ectodomain by compound 15. A, structure of AHA; B, Yonetani-
Theorell plot of glycosylated substrate hydrolysis by ADAM17 in the presence of AHA and compound 15. Note the non-parallel lines of best fit, indicating
mutually non-exclusive binding by two inhibitors. C, Lineweaver-Burk plot of glycosylated substrate hydrolysis by ADAM17 in the presence of compound 15.
Shown is a dose-response study of inhibition of ADAM17 catalytic domain and ectodomain by AHA (D), MMP-9/-13 inhibitor (E), and compound 15 (F). CD,
catalytic domain-only.
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form-selective non-zinc-binding inhibitors. These inhibitors
were also able to inhibit ADAM17 hydrolysis of various non-
glycosylated substrates (data not shown), suggesting their
potential usefulness for a variety of applications that require
ADAM17 inhibition.
Most cell surface proteins are glycosylated in one or more

positions. Types of carbohydrate moieties present on the same
cell surface protein can vary in disease and normalcy and thus
can potentially be used as disease biomarkers. Results pre-
sented here suggest that differential glycosylation of substrates
affects not only the rate of their hydrolysis but also the cleavage
sites by different enzymes, whichmay lead to a release of differ-
ent neoepitopes in disease and normalcy.
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