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ABSTRACT: The metalloproteinase ADAM10 has been reported as an important target for drug discovery in several human
diseases. In this vein, (6S,7S)-N-hydroxy-5-methyl-6-(4-(5-(trifluoromethyl)pyridin-2-yl)piperazine-1-carbonyl)-5-azaspiro[2.5]-
octane-7-carboxamide (compound 1) has been reported as a selective ADAM10 inhibitor. We synthesized this compound and
document that it lacks both potency and selectivity in inhibition of ADAM10. This finding necessitated a structure-based
computational analysis to investigate potency and selectivity of ADAM10 inhibition. The model that emerged indeed excluded
compound 1 as an inhibitor for ADAM10, while suggesting another reported compound, (1R,3S,4S)-3-(hydroxycarbamoyl)-4-(4-
phenylpiperidine-1-carbonyl)cyclohexyl pyrrolidine-1-carboxylate (compound 2), as an ADAM10 selective inhibitor. Compound
2 was synthesized and its potency, and selectivity in inhibition of ADAM10 were documented with a panel of several related
enzymes. Pharmacokinetic studies of compound 2 in mice documented that the compound crosses the blood−brain barrier and
may be useful as a pharmacological agent or mechanistic tool to delineate the role of ADAM10 in neurological diseases.
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A disintegrin and metalloproteinase domain-containing
protein 10 (ADAM10) is a membrane-bound zinc-

dependent metalloproteinase that has been proposed as
molecular target for diseases ranging from cancer to neuro-
degenerative disorders in humans.1−4 In light of the fact that
the active sites of ADAMsof which 22 are known3and
those of the related matrix metalloproteinases (MMPs; 24
human variants are known5) are highly similar, discovery of
selective inhibitors of this enzyme is critical to delineate
pathophysiological roles of this enzyme. Selective inhibitors
could potentially serve as pharmaceutical agents or as
mechanistic tools in delineating the function of the enzyme
in physiology and pathology. Although several inhibitor classes
have been reported for ADAM10,6−16 selectivity of these
compounds is generally poor, with documentation of cross-
inhibitory effect in related enzymes. Identification of features
that contribute to the potency and selectivity of these known
inhibitors will pave the way for the design of the next
generation inhibitors. We were particularly interested in a
compound that has been reported in the literature as a selective
inhibitor of ADAM10 (1, Figure 1).6,9 Here, we have
undertaken computational, synthetic, and in vitro experimental

efforts to understand features of selectivity of this inhibitor
class. Contrary to the literature report, we document that
compound 1 lacks both potency and selectivity for ADAM10
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Figure 1. Chemical structures of compounds 1 and 2.
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inhibition. Rather another compound of the same chemical
class (2, Figure 1)6 exhibits both potency and the desirable
selective inhibition of ADAM10 (Table 1). Utilizing structural
and biochemical data, we report insights on the origins of
selectivity for ADAM10 inhibition and provide pharmacoki-
netic attributes for this compound.

We were drawn to compound 1 as a reportedly selective
inhibitor of ADAM10.6 This compound was synthesized in our
lab according to a reported synthesis in 11 steps and tested with
a panel of metalloproteinases (Table 1).17 To our dismay, the
compound did not show inhibitory activity for ADAM10
(merely 3% inhibition at 10 μM). Subsequently, we noted from
our calculations (which we describe below) that another
compound reported in the same literature (compound 2;
Figure 1),6 should exhibit favorable structural features for
potential ADAM10 selectivity. We sought to explain the
unexpected outcome and attempted to investigate the basis for
selectivity of ADAM10 inhibition. At the time, a crystal
structure for the ADAM10 catalytic domain had not been
reported. This absence of structural information hindered
structure-based design of inhibitors and investigations of
molecular recognition. Hence, we generated a computational
model of the catalytic domain of ADAM10. A sequence search
of the Protein Data Bank (PDB) identified TNF-alpha-
converting enzyme (TACE/ADAM17) as a closely related
protein with sufficient homology to ADAM10 catalytic site

(35% identity and 52% similarity, Figure S1) to serve as
template for protein modeling. Comparative modeling was
performed with Modeler v 9.12.18 The model revealed that the
overall catalytic domain organization of ADAM10 is similar to
those of MMP-2 and MMP-9, consistent with frequent cross-
inhibition of these enzymes by inhibitors conceived for
ADAM10. Notable differences for the ADAM10 model,
compared to the structures of MMP-2 and MMP-9, are at
the S1′ and S1 subsites (Figure 2). The S1′ subsite in ADAM10
is defined on one side by a loop, which creates a shallow cavity,
in contrast to deeper cavities for MMP-2 and MMP-9.19 The
model was further studied by molecular-dynamics simulation
with the AMBER12 program,20 which demonstrated that the
active-site region is quite stable and should be useful for the
purpose of structure-based inhibitor design (Figure S2).
Molecular dynamism was seen mainly for two regions, located
away from the active site.
To investigate potency and selectivity, a library of 120 potent

ADAM10 inhibitors (defined by Ki or IC50 of ≤1 μM) and 9
less active (or inactive) compounds6−8,10−14 (defined by Ki or
IC50 of >5 μM) was docked to the active site of the model of
ADAM10 with the program Glide (XP, v.5.6, Schrödinger LLC,
NY, USA).21 The docked poses of the inhibitors affirmed
interactions of their zinc-binding groups with the catalytic zinc
ion of ADAM10, while providing insights on the moieties that
would bind to the adjacent subsites of the enzyme (Figure S3).
As a second validation of the model, a molecular-docking
enrichment study was carried out. In this study, we docked a
library of 1000 random decoy compounds from Schrödinger
LLC, mixed together with the aforementioned library of 129
compounds for ADAM10 inhibitors. The randomly pooled
druglike compounds were from the chemical collections of
pharmaceutical corporate databases (Schrödinger decoys) with
an average molecular mass of 400 Da.22 The analysis was able
to differentiate among known inhibitors and the decoy
compounds (Figure S4), which bolstered confidence in the
model and in the analysis.
The inhibition data for many of the ADAM10 inhibitors of

the same class as compounds 1 and 2 showed cross-inhibition
of the closely related MMP-2 and MMP-9 (Table S1). To
understand this promiscuity in inhibition, we performed a
comparative analysis of the binding-site residues of ADAM10
with respect to MMP-2 and MMP-9 (Table S2). Whereas high

Table 1. Kinetic Parameters for Inhibition (Ki in nM)

Enzyme Compound 1 Compound 2

MMP-1 348 ± 0.5 NIa

MMP-2 1.37 ± 0.10 13000 ± 6000
MMP-3 484 ± 52 2%b

MMP-7 75 ± 13 NIa

MMP-8 3.01 ± 0.70 8700 ± 600
MMP-9 10.4 ± 1.4 25%b

MMP-12 29.5 ± 0.9 270 ± 40
MMP-14 67.6 ± 1.6 19%b

ADAM9 2200 ± 1100 15%b

ADAM10 3%b 73 ± 4
ADAM17 61 ± 10 900 ± 40

aNo inhibition at 10 μM. bThe level of inhibition at 10 μM.

Figure 2. (A) Stereoview of the binding mode of compound 2 (stick representation) with the ADAM10 model (green ribbon and carbon atoms), as
calculated by molecular docking. MMP-2 (gray ribbon) and MMP-9 (red ribbon) X-ray structures (PDB IDs, ICK7 and 2OVX, respectively) are
superimposed to the ADAM10 model to show the variable residues at the S1 subsite. The hydroxamate group chelates with the zinc ion (sphere
representation), while the phenyl group fits in the shallow S1′ pocket (6 o’clock position). The pyrrolidine-1-carboxylate moiety of compound 2
(colored in blue in Figure 1) binds at the S1 pocket (1 o’clock position), which is different for MMP-2 and MMP-9. The conserved structural
calcium ion present in MMPs is pointed to with the black arrow (sphere representation, colored off-white). The zinc-chelating amino-acid residues
are represented as a thin line with green for carbon atoms (B) The ADAM10 model is rendered in green surface representation (for protein, except
for a few residues of the S1′ loop and zinc-coordinating residues for clarity) to show the S1 and S1′ pockets.

ACS Medicinal Chemistry Letters Letter

DOI: 10.1021/acsmedchemlett.8b00163
ACS Med. Chem. Lett. 2018, 9, 708−713

709

http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.8b00163/suppl_file/ml8b00163_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.8b00163/suppl_file/ml8b00163_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.8b00163/suppl_file/ml8b00163_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.8b00163/suppl_file/ml8b00163_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.8b00163/suppl_file/ml8b00163_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.8b00163/suppl_file/ml8b00163_si_001.pdf
http://dx.doi.org/10.1021/acsmedchemlett.8b00163


conservation of structures was seen within the three active sites,
especially near the zinc-chelation locus, differences in the
pockets and the features of potential selectivity emerged from
the analysis. Notable differences, as described below, are
observed at the S1 subsite (Figure 2A and Table S2). The
spatial position of Val297 in ADAM10 is substituted by Phe184
and Pro180 in MMP-2 and MMP-9, respectively. Additionally,
Phe323, Asp325, and Val327 in ADAM10 are also substituted
by other residues in the S1 pocket for MMP-2 and MMP-9
enzymes (see Table S2), suggesting a change in steric and
electrostatic properties at the subsite among the closely related
metalloproteinases. Moreover, a structural calcium ion is
present in the vicinity of the S1 subsite of MMPs but absent
in ADAM10 (Figure 2A). This could impact a differential
behavior in the dynamics of the S1 subsite of these enzymes.
As mentioned earlier, compound 2 demonstrated structural

features that could suit for selectivity toward ADAM10. The
molecular-docking calculations suggested that the phenyl
piperidine group of compound 2 would occupy the S1′ pocket,
which is a shallow cavity in the case of ADAM10, as indicated
earlier (Figure 2A and 2B). More importantly, the pyrrolidine-
1-carboxylate functionality of compound 2, which is attached to
the cyclohexyl group, binds to the S1 subsite (Figures 2A and
2B). Based on the anticipation of selectivity predicted by our
computational analysis, we synthesized compound 2 in our
laboratory in 14 steps, following a previously reported
method,23 and tested it for inhibition in the same panel of
metalloproteinases (Table 1). Indeed, compound 2 showed
selective inhibition of ADAM10 (Ki of 73 ± 4 nM for
ADAM10; poor inhibition for MMP-2 and MMP-9), nicely
fitting to the pattern that emerged from our computational
analysis.
In order to assess the utility of the compound for in vivo

animal efficacy studies, the pharmacokinetic and brain
distribution properties of compound 2 were evaluated in
mice (n = 3 mice per time point per route of administration,
total 33 mice) after intraperitoneal (ip) and subcutaneous (sc)
dose administration (Figure 3 and Table 2). After a 10 mg/kg
ip dose, plasma concentrations of compound 2 were above Ki
for about 6 h, while those in brain remain above Ki for 20 min.
Concentrations in brain after a 25 mg/kg sc dose were
sustained, remaining above Ki for 100 min. The ratio of
systemic exposure, as measured by the area-under-the-curve
(AUC), of brain to plasma ranged from 0.0693 to 0.0761,
indicating that compound 2 crossed the blood−brain barrier.
As such, compound 2 may find utility as a pharmacological
agent or mechanistic tool to delineate the role of ADAM10 in
neurological diseases.
While this manuscript was in preparation, we noticed a

recent report on the X-ray structure of ADAM10.24 A
comparison of our computational model to the experimental
X-ray structure is shown in Figure 4, where superimposition of
the two catalytic domains is depicted. The computational
model showed high similarity to the X-ray structure with root-
mean-square deviation of 0.75 Å for Cα atoms of the active site
residues (within 6 Å of the docked compound 2). Notably, the
spatial positions of the residues in the S1 subsite in our model
were validated by the new X-ray (Figure 4). For comparison,
we have conducted additional molecular-docking calculation of
the two compounds to the active site of the ADAM10 X-ray
structure (PDB code 6BE6). The result reaffirmed the binding
interactions of compound 2 at the S1 and S1′ sites (Figure
S5A) that we have disclosed above. As a parenthetic

observation, we add here that consistent with our in vitro
inhibition experiments showing a lack of ADAM10 inhibition,
compound 1 did not dock to the ADAM10 active site. This is
likely because of the steric repulsion that hindered accom-
modating the trifluoromethyl group (Figure 1) in the shallow
S1′ pocket of ADAM10 (Figure 2B).
Further, we sought to understand the structural basis of

selectivity/inhibition of compounds 1 and 2 with respect to
MMP-2, MMP-9, ADAM10, and ADAM17. We docked the
two compounds to the catalytic site of the X-ray structures of
these enzymes. Compound 2 demonstrated significantly poorer
in vitro dissociation constant for MMP-2 and MMP-9 (>10,000-
folds) compared to compound 1 (Table 1). The docked poses
suggested binding of the pyrrolidine-1-carboxylate moiety of 2
to the S1 site of these enzymes, where the larger leucine
residues in MMPs (Leu190 in MMP-2 and Leu187 in MMP-9)
in place of Val327 in ADAM10 likely disfavored the binding

Figure 3. Concentration−time curve of compound 2 in plasma (red)
and brain (blue) after (A) a single ip dose at 10 mg/kg and (B) a
single sc dose at 25 mg/kg to mice (n = 3 per time point per route of
administration, total 33 mice). Concentrations for plasma are in μM
and for brain in pmol/mg tissue (equivalent to μM assuming a density
of 1 g/mL).

Table 2. Pharmacokinetic Parameters of Compound 2

Intraperitoneal
10 mg/kg

Subcutaneous
25 mg/kg

Parameter Braina Plasmaa Braina Plasmaa

AUC0‑last
a 12.1 155 51.2 1103

AUC0‑∞
a 14.0 184 77.0 1112

t1/2α (min) 28.8 12.4 11.4 15.4
t1/2β (min) 204 315 630 158
AUCbrain/AUCplasma 0.0761 0.0693

aAUC in pmol·min/mg tissue for brain and in μM·min for plasma.
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(Figures S5B and S5C). Moreover, a stretch of residues in
MMP-2 and MMP-9 (residues 185−190 and 183−187,
respectively) near the S1 sites interact with a structural calcium
ion (Figures 2, S5B, and S5C)absent in ADAM10altering
the steric and electrostatic features of the S1 site. The basis for
the 12-fold selectivity of compound 2 to ADAM10 over
ADAM17 (Ki of 73 ± 4 nM vs 900 ± 40 nM) is less obvious.
However, variation of amino acids at the S1 sites of ADAM10
and ADAM17 (especially Met345 and Thr347 in ADAM17
compared to Asp325 and Val327, respectively, in ADAM10;
Figure S5D) appears to affect the electrostatic properties of the
site (Figure S5, lower panel). On the other hand, in vitro
selectivity was observed for compound 1 toward ADAM17 in
comparison to ADAM10 (Ki of 61 ± 10 nM and 3% inhibition
at 10 μM, respectively). These data suggested that the
trifluoromethyl group of compound 1 is tolerated at the S1′
pocket of ADAM17 but not in ADAM10.
In conclusion, we have investigated the selectivity of

ADAM10 inhibition by small-molecule compounds. Selective
inhibition of ADAM10 is achievable by compounds that bind to
the S1 subsite, whereas the S1′ subsite does not provide
opportunity to exploit for selective inhibitor design. Compound
2 is identified as a molecule with potency, selectivity, and
appropriate pharmacokinetic properties for use as a tool in the
investigation of diseases in which ADAM10 plays a role.
Moreover, the data reported herein serve as foundation for the
design of new classes of selective inhibitors targeting ADAM10.

■ EXPERIMENTAL SECTION
Protein Modeling. Homology modeling of the ADAM10 catalytic

domain was performed with Modeler v 9.12 program18 using two
ADAM17 X-ray structures (PDB codes 1BKC and 3G42) as template
(See Supporting Information for details).

Molecular-Dynamics Simulations. Molecular-dynamics simula-
tion of the model was performed with the AMBER12 suite20 following
a protocol described previously.25 The Amberff12SB force field
provided the necessary molecular-mechanics parameters. The protein
model was inserted in a truncated octahedron box of TIP3P water
molecules, energy-minimized and equilibrated for 400 ps. The system
was subjected to a 50 ns simulation with the PMEMD module.
Postsimulation analysis was performed with ptraj module, imple-
mented in the AMBER12 package.

Compounds Data Set. Coordinates for compounds 1 and 2 were
built using Maestro program (v. 9.5, Schrödinger LLC, NY, USA).
Coordinates and activities of the additional compounds were
downloaded from BindingDB (www.bindingdb.org).26 All compounds
were verified for structural issues such as stereochemistry.

Molecular Docking. Compounds were prepared and energy-
minimized with the LigPrep program (Schrödinger LLC, NY, USA).
Molecular docking was conducted with the Glide program (v. 5.5,
Schrödinger LLC, NY, USA).21 Docking grids for the model and X-ray
structures were calculated for a 15-Å cube box with the catalytic site as
the center. The X-ray structures were downloaded from the Protein
Data Bank (rcsb.org) with codes 6BE6 (ADAM10), 1CK7 (MMP-2),
2OVX (MMP-9), and 3G42 (ADAM17) and prepared for docking
with the Maestro program (Schrödinger LLC, NY, USA).

Syntheses. Compounds 1 and 2 were synthesized according to
previously reported procedures.17,23 The purity of all final products
was ≥95% (See Supporting Information for details).

Kinetics. The enzymes and their corresponding substrates were
obtained as previously reported.27 The enzyme inhibition studies were
performed according to a previously reported protocol28 (See
Supporting Information for details). Ki values were measured in
triplicate.

Pharmacokinetics. Male CD-1 mice (6−7 weeks old, average
body weight 30 g) were purchased from Charles River Laboratories,
Inc. (Wilmington, MA). Mice were given Teklad 2019 Extruded Diet
(Harlan, Madison, WI) and water ad libitum. Mice were housed in
polycarbonate shoeboxes containing 1/4” Bed-o’Cobs (The Ander-
sons Inc., Maumee, OH) and Alpha-dri (Sheperd Specialty Papers,
Inc., Richardland, MI) as bedding. A 12-h light and 12-h dark cycle was
provided at 72 ± 2 °F. Animal studies were conducted with approval
by the Institutional Animal Care and Use Committee.

Mice (n = 3 per time point per route of administration) were given
100 μL of dosing formulation, equivalent to a dose of 10 mg/kg ip or
25 mg/kg sc. At specific time points, mice were sacrificed and blood
was collected by cardiac puncture using heparinized syringes. Brain
samples were harvested after transcardiac perfusion with saline,
weighed, and immediately flash-frozen in liquid nitrogen and stored
at −80 °C until analysis. Blood was centrifuged to obtain plasma and
was stored at −80 °C until analysis.
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Figure 4. Comparison of our computational ADAM10 model (green
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6BE6,24 purple for ribbon and carbon atoms). Residues of the S1 site,
which play key roles in imparting ADAM10 inhibition and selectivity
are labeled. The zinc ions are represented as spheres.
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