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Aberrant activation of matrix metalloproteinases (MMPs) is a
common feature of pathological cascades observed in diverse
disorders, such as cancer, fibrosis, immune dysregulation, and
neurodegenerative diseases. MMP-9, in particular, is highly
dynamically regulated in several pathological processes. Devel-
opment of MMP inhibitors has therefore been an attractive
strategy for therapeutic intervention. However, a long history of
failed clinical trials has demonstrated that broad-spectrum
MMP inhibitors have limited clinical utility, which has spurred
the development of inhibitors selective for individual MMPs.
Attaining selectivity has been technically challenging because of
sequence and structural conservation across the various MMPs.
Here, through a biochemical and structural screening para-
digm, we have identified JNJ0966, a highly selective com-
pound that inhibited activation of MMP-9 zymogen and sub-
sequent generation of catalytically active enzyme. JNJ0966
had no effect on MMP-1, MMP-2, MMP-3, MMP-9, or
MMP-14 catalytic activity and did not inhibit activation of
the highly related MMP-2 zymogen. The molecular basis for
this activity was characterized as an interaction of JNJ0966
with a structural pocket in proximity to the MMP-9 zymogen
cleavage site near Arg-106, which is distinct from the cata-
Iytic domain. JNJ0966 was efficacious in reducing disease
severity in a mouse experimental autoimmune encephalomy-
elitis model, demonstrating the viability of this therapeutic
approach. This discovery reveals an unprecedented pharma-
cological approach to MMP inhibition, providing an oppor-
tunity to improve selectivity of future clinical drug candi-
dates. Targeting zymogen activation in this manner may also
allow for pharmaceutical exploration of other enzymes pre-
viously viewed as intractable drug targets.
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MMPs? are a family of structurally related zinc-binding pro-
teolytic enzymes that digest extracellular matrix proteins and
participate in tissue remodeling and signaling events (1). Cur-
rently, ~23 MMPs have been identified, comprising secreted
and membrane-bound forms, and different family members
share some common structural and functional domains and
have varying degrees of substrate specificity. Abnormal expres-
sion and activation of MMPs has been implicated in the patho-
genesis and pathological progression of several different human
diseases that are centered in many different tissues in the
periphery and central nervous system (2, 3). Initial clinical
exploration of synthetic MMP inhibitors was focused on oncol-
ogy indications, as preventing the breakdown of tissue matrices
and barriers was viewed as a potential mechanism to limit
tumor metastasis.

Despite intensive efforts over many years to develop syn-
thetic MMP inhibitors, only a single MMP inhibitor, Periostat,
a tetracycline derivative used in periodontal disease, has pro-
gressed into regular clinical use (4). Of the ~50 other clinical
trials conducted with active site MMP inhibitors, all have failed
due to the onset of significant dose-limiting musculoskeletal
toxicity or lack of efficacy (5). These compounds were based on
hydroxamic acid or related chelator chemistry that acts to per-
turb the critical coordinating zinc in the catalytic domain,
which results in loss of enzymatic activity. The high degree of
sequence conservation and structural similarity in the catalytic
domain across MMPs contributes to the broad-spectrum, non-
specific nature of these compounds.

Among the aforementioned clinical studies that did not meet
their primary efficacy end points, there have been results that
demonstrate some biological proof of concept for a therapeutic
effect of MMP inhibition. In an oncology trial using the MMP
active site inhibitor marimastat, patients who developed treat-
ment-related musculoskeletal adverse events had significantly
better survival rates as compared with those who did not man-
ifest these adverse events (6). These data confirm the biological

2The abbreviations used are: MMP, matrix metalloproteinase; MT1-MMP,
membrane type-1 matrix metalloproteinase; CM, conditioned medium;
Fnll, fibronectin Il; EAE, experimental autoimmune encephalomyelitis;
CFA, Complete Freund'’s adjuvant; MOG, myelin oligodendrocyte glyco-
protein; Cl, confidence interval; PDB, Protein Data Bank; AB, assay buffer;
ANOVA, analysis of variance.
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hypothesis that attaining a therapeutic exposure of an MMP
inhibitor can be efficacious in treating human disease but also
highlight the observation that significant dose- and exposure-
limiting side effects of broad-spectrum inhibitors limit their
clinical utility. Although the molecular basis for MMP inhibi-
tor-induced musculoskeletal toxicity is probably complex and
not fully understood, it has been hypothesized that the poor
selectivity of active site inhibitors contributes to their side effect
profile. Therefore, if selective and tolerable MMP inhibitors
could be developed, these therapeutic agents could provide
powerful tools for the treatment of many debilitating and often
terminal diseases.

Several alternative mechanisms for targeting MMPs have
been utilized in which the catalytic zinc is not targeted (7, 8).
High-resolution structures have identified a specific subsite
within the MMP catalytic domain termed the S1’ pocket, and
this domain has been exploited in the discovery of several spe-
cific inhibitors for MMP-13 (9—11). A similar approach target-
ing the S1’ pocket was utilized to create compounds that had
some selectivity for MMP-2 over the closely related MMP-9
(12, 13). An alternative approach has targeted the hemopexin
domain of membrane type-1 matrix metalloproteinase (MT1-
MMP) (14), which is well outside the catalytic domain. In grow-
ing efforts to identify inhibitor sites outside of the catalytic
domain (15, 16), small peptides have been identified that can
interfere with the MMP-2 interaction with collagen substrate
(17). Although these new approaches hold promise due to
enhanced selectivity, the clinical utility of these compounds
and others employing alternative inhibitory strategies has not
yet been determined.

The activity of MMP-9 (also known as gelatinase B, 92-kDa
gelatinase) is typically associated with the breakdown of type IV
and V collagens during tissue remodeling. MMP-9 is also sig-
nificantly up-regulated in many human diseases, and this aber-
rant activity is thought to contribute to pathological processes
(2). Increases in MMP-9 activity appear to be most deleterious
at neurovascular boundaries where the integrity of the
blood-brain barrier is compromised in response to disease or
injury, such as ischemia (18 —20), traumatic brain injury (21—
23), hemorrhage (24-26), multiple sclerosis (27-29), and
spinal cord injury (30 —32). A recent paper (33) has also char-
acterized a role for MMP-9 activity in conferring vulnerabil-
ity on selected populations of motor neurons, which has
implications for pathological neurodegeneration in amyo-
trophic lateral sclerosis. MMP-9 —selective inhibitors could
prove useful in ameliorating the pathology associated with
these diseases.

As described herein, we have discovered a novel pharmaco-
logical approach for highly selective inhibition of MMP-9. This
approach has identified a small molecule, known as JNJ0966,
which prevents conversion of the MMP-9 zymogen, or proen-
zyme, into the catalytically active enzyme. We have character-
ized the molecular mechanism of MMP-9 inhibition through a
series of biochemical and structural studies, revealing that
the compound interacts directly with the MMP-9 zymogen.
The specificity of JNJ0966 for inhibiting MMP-9 activation
was also explored, as was potential clinical utility in mouse
experimental autoimmune encephalomyelitis (EAE), an in
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vivo model for human neuroinflammatory disorders such as
multiple sclerosis.

Results
Identification of proMMP-9 activation inhibitors

Inhibitors of MMP-9 activation were identified by high-
throughput screening using the ThermoFluor® platform to
identify compounds that bound to MMP-9 and modified the
protein’s thermal stability profile (34). Screening against cata-
lytically inactive human MMP-9 (Fig. 14, amino acids 20 — 445,
termed proMMP-9) purified from bacteria identified several
compounds that bound the recombinant protein with varying
affinities, one of which, designated JNJ0966 (Fig. 1B), exhibited
a ThermoFluor®-determined affinity (Kj,) of 5.0 um and was
selected for additional profiling. To evaluate the effects of
JNJ0966 on proMMP-9 activation, a putative endogenous acti-
vation mechanism was utilized, reacting recombinant human
proMMP-9 with catalytically active matrix metalloproteinase-3
(catMMP-3). The resultant MMP-9 enzymatic activity was
measured by monitoring cleavage of a fluorescent MMP-9 —
specific substrate, DQ-gelatin, which was not cleaved to a great
extent by catMMP-3 or proMMP-9 alone (Fig. 14). Incubat-
ing proMMP-9 with catMMP-3 significantly increased the
cleavage of DQ-gelatin relative to proMMP-9 or catMMP-3
alone, indicating that active MMP-9 was generated. However,
adding 10 M JNJ0966 to the reaction before the addition of
catMMP-3 significantly reduced subsequent DQ-gelatin cleav-
age. To evaluate the concentration-response profile of INJ0966,
compound was titrated with a constant concentration of
proMMP-9 and catMMP-3, demonstrating an IC,, of 440 nm
(95% confidence interval (CI) 341-567 nm) under these assay
conditions (Fig. 1C). To exclude the possibility that the effects
of JNJ0966 could be explained through a direct inhibition of
MMP-3 and/or MMP-9 enzymatic activity, the effects of
JNJ0966 on catMMP-3 and active MMP-9 were evaluated.
Active MMP-9 (catMMP-9) was generated by first reacting
proMMP-9 with catMMP-3. Whereas enzymatic activity could
be blocked in both assays by GM6001, a potent, non-selective
active site MMP inhibitor (catMMP-3 IC,, = 7.2 nm, 95% CI
6.8 7.7 nM; catMMP-9 IC, = 0.45 nm, 95% CI 0.42—0.49 nm),
JNJ0966 did not exhibit any inhibition of either active
enzyme (Fig. 1, D and E). Taken together, these data indicate
that JNJ0966 inhibited the conversion of proMMP-9 to
active MMP-9 but was not a direct inhibitor of MMP-9 or
MMP-3 enzymatic activity.

The utility of this novel mechanism for MMP inhibition
resides in the potential for specificity, as the physiologic
pathways for activation of different MMPs appear to be dis-
tinct (35). To test the selectivity of JNJ0966 for proMMP-9
versus other MMP family members, proenzyme versions of
MMP-1 (proMMP-1), MMP-3 (proMMP-3), and proMMP-9
zymogens were reacted with trypsin as an alternative activat-
ing enzyme, and the proenzyme of MMP-2 (proMMP-2)
was reacted with a catalytic fragment of MMP-14 (36, 37). In
this assay, the activations of proMMP-1, proMMP-2, and
proMMP-3 were not significantly different in the presence or
absence of 10 uM JNJ0966, whereas proMMP-9 activation by
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Figure 1. JNJ0966 inhibited activation of proMMP-9 but exhibited no effect on catalytic activity or maturation of other MMPs. A, proMMP-9 activation
assay utilizing the fluorescent substrate DQ-gelatin. proMMP-9, catMMP-3, or a combination of the two in the presence or absence of 10 um JNJ0966 was
incubated together then with DQ-gelatin. proMMP-9 activated by catMMP-3 exhibited significant increases in activity as compared with either enzyme alone,
and this was significantly inhibited by JNJ0966 (n = 6). RFU, relative fluorescence units; ****, p < 0.0001, one-way ANOVA with Bonferroni multiple-comparison
post-test. B, molecular structure of JNJ0966 and molecular weight (MW). C, proMMP-9 activation assay characterizing JNJ0966 concentration response with
catMMP-3 activation (ICs5, = 440 nm). D and E, activity assay in which concentration responses of JNJ0966 and GM6001 were incubated with catMMP-3 (D) or
catMMP-9 (E). GM6001 inhibited catMMP-3 (D, IC5, = 7.2 nm) and catMMP-9 (E, IC5, = 0.5 nm), but JNJ0966 had no effect at any concentration (n = 6). F,
activation assay on proMMP-1, proMMP-2, proMMP-3, and proMMP-9 activated by trypsin or catMMP-14, as indicated, in the presence (black bars) or absence
(white bars) of 10 um JNJ0966. JNJ0966 only significantly inhibited the activation of proMMP-9 by trypsin. Data were normalized to 100% for each enzyme
maximal activity (n = 6; ****, p < 0.001, two-tailed t test). G, proMMP-9 activation assay characterizing JNJ0966 concentration response with trypsin activation
(IC5o =429 nm). H,HT1080 cellular invasion assay demonstrating the concentration-response curves of doxycycline (green squares; |C5, = 21 um), GM6001 (blue
triangles; 1ICsq = 1.4 um), and JNJ0966 (red circle; IC5q = 1.0 um) inhibiting cellular transmigration across a MatrigelTM layer (n = 4).1, representative images from
the bottom side of transwells from the indicated treatments illustrate calcein AM-labeled cells that have migrated through Matrigel to the bottom filter insert
layer. In all graphs (A, C, D, E, F, and G), data are presented as means = S.D. (error bars). All curves are fit by nonlinear regression.

trypsin was significantly attenuated (Fig. 1F). Additional
concentration-response studies demonstrated that JNJ0966
inhibited trypsin-dependent proMMP-9 activation to an
extent similar to that observed for inhibition of proMMP-9
activation by catMMP-3 (IC;, = 429 nM, 95% CI 405-602
nM; Fig. 1G). These data also indicate that JNJ0966 at 10 um
did not inhibit the enzymatic activity of MMP-1, MMP-2, or
MMP-14.

To explore the consequences of inhibiting proMMP-9
activation in a functional cellular context, we utilized an
invasion assay with HT1080 cells. Cellular invasion through
a Matrigel™ extracellular matrix layer was measured in
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control cells or in cells treated with increasing concentra-
tions of JNJ0966, GM6001, or doxycycline, the latter of which is
a low-potency, non-selective MMP inhibitor. Doxycycline
inhibited the invasion of HT1080 cells across the Matrigel ™
layer (IC5, = 21.4 uM, 95% CI 13.7-33.5 um); however, INJ0966
(ICso = 1.0 M, 95% CI 0.8—1.4 um) and GM6001 (IC,, = 1.4
M, 95% CI 0.7-2.8 um) were 21- and 15-fold more potent,
respectively (Fig. 1, H and I). These results were consistent with
previous reports demonstrating reduced invasion through sim-
ulated extracellular matrices in cells with reduced MMP-9 cat-
alytic activity (38—-40) and suggested that JNJ0966 inhibited
native cellular activation of proMMP-9 in a manner that

J. Biol. Chem. (2017) 292(43) 17963-17974 17965
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resulted in reduced capability of treated cells to digest and per-
meate through the Matrigel ™ layer.

JNJ0966 inhibits proMMP-9 maturation

Activation of proMMP-9 is a sequential two-step process in
which the full-length proenzyme (92 kDa) is cleaved at Glu-59
to an intermediate form (86 kDa), followed by a second cleavage
event at Arg-106 to generate the mature, lower-molecular mass
(82 kDa) catalytically active enzyme (41, 42). To confirm and
extend the observed biochemical and functional effects of
JNJ0966, the activation of proMMP-9 was characterized utiliz-
ing a parallel approach, with simultaneous analysis of replicate
samples by gelatin zymography, immunoblotting, and DQ-gel-
atin activity assays measured over time. The immunoblotting
studies utilized an antibody that bound to all forms of the pro-
tein (pan-MMP-9, or total MMP-9) and antibodies that specif-
ically recognized only proMMP-9, the intermediate form, or
fully processed MMP-9. The latter two antibodies were gener-
ated against the N-terminal neo-epitopes generated after each
of the proMMP-9 cleavage events at Glu-59 and Arg-106 and
were specific to those forms, respectively. The anti-proMMP-9
antibody was generated against an epitope residing at the N
terminus only in the intact full-length protein. In the absence of
JNJ0966, incubating proMMP-9 with catMMP-3 resulted in a
time-dependent conversion of proMMP-9 to the intermediate
and fully processed forms (Fig. 2, A—E). The addition of JNJ0966
to in the reaction resulted in a significant reduction in fully
processed MMP-9 (Fig. 2, A, B, and E) and an apparent accu-
mulation of the intermediate species (Fig. 2, A, B, and D). Ana-
lyzing replicate samples in a DQ-gelatin activity assay demon-
strated increasing amounts of MMP-9 activity in control
conditions that correlated with the accumulation of fully pro-
cessed MMP-9, whereas in samples that contained JNJ0966, a
significant reduction in this lower molecular weight species and
enzymatic activity was observed (Fig. 2, E and F).

To fully explore the kinetics of MMP-9 maturation in the
presence and absence of 10 uM JNJ0966, a more detailed time
course was conducted, and the relative abundance of different
MMP-9 species was quantified by densitometry of a gelatin
zymogram (Fig. 3, A-D). Processing of the 92-kDa full-length
proMMP-9 form was reduced by JNJ0966, as more of this spe-
cies remained at each time point relative to the controls; how-
ever, after an initial delay in processing, the conversion from
92-kDa proMMP-9 appeared to proceed at a similar rate in
both control and JNJ0966-containing conditions (Fig. 3, A and
B). In control conditions, abundance of the 86-kDa intermedi-
ate form peaked at the 10-min time point and then declined
thereafter; however, in the presence of JNJ0966, the intermedi-
ate form accumulated over time (Fig. 3, A and C). The 82-kDa
fully processed form of MMP-9 accumulated over time in con-
trol conditions, whereas in the presence of JNJ0966, the rate of
accumulation was substantially reduced (Fig. 3, A and D). These
results indicated that JNJ0966 had a minor effect on reducing
the initial processing step in proMMP-9 activation (from 92 to
86 kDa); however, a more robust effect was observed on inhib-
iting the processing of the intermediate form to the catalytically
active species (from 86 to 82 kDa). Interestingly, in Thermo-
Fluor studies, the affinity (K,) of JNJ0966 for proMMP-9
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Figure 2. JNJ0966 reduced proMMP-9 maturation through intermediate
states to active fully processed enzyme. A-F, proMMP-9 samples were
reacted with catMMP-3 (0, 20,40, and 60 min) in the presence or absence of 10
M JNJ0966. Sample aliquots from the same time points were loaded on
replicate gels in each panel (A-E). Three arrowheads in each panel denote the
migration of proMMP-9 at 92 kDa, intermediate MMP-9 at 86 kDa, and active
MMP-9 at 82 kDa. A, gelatin zymograph demonstrating maturation of
proMMP-9 through activation and the effects of reducing active MMP-9in the
presence of JNJ0966. B-E, replicate immunoblots probed with antibodies for
total MMP-9 (B), proMMP-9 (C), intermediate MMP-9 (D), and fully processed
MMP-9 (E). Combined, the immunoblots demonstrate the accumulation of
fully processed MMP-9 in DMSO controls and the reduced conversion of
MMP-9 to the mature species in the presence of JNJ0966. F, activity assay to
monitor development of gelatinase activity in the same sample aliquots ana-
lyzed in A-E (n = 3 for each assay time point; data are represented as means =+
S.D. (error bars); ****, p < 0.0001, two-tailed t test).

improved from 5 to 0.33 um when a shorter construct contain-
ing amino acids 67— 445 was utilized as compared with the lon-
ger construct containing amino acids 20—445. No binding of
JNJ0966 to catalytically active MMP-9 could be detected.
Together, these data indicate that JNJ0966 binds preferentially
to the intermediate MMP-9 species and with a reduced affinity
for the unprocessed full-length zymogen.

Mechanistic and structural basis of JINJ0966 activity

In an effort to characterize the mechanistic basis for JNJ0966
inhibitory activity, crystallization experiments were initiated

SASBMB
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Figure 3. Analysis of proMMP-9 maturation kinetics by gelatin zymography in the presence and absence of 10 um JNJ0966. A, gelatin zymogram of
proMMP-9 samples that have been reacted with catMMP-3 in the presence and absence of 10 um JNJ0966 for 0, 10, 20, 30, 40, 50, and 60 min. Zymograms are
duplicate pictures; the bottom panel is overlaid with graphical lines to illustrate the three different MMP-9 molecular species (92, 86, and 82 kDa). B-D, graphs
of relative abundance of the individual MMP-9 forms as a percentage of total enzyme abundance in each condition as measured by densitometric quantitation
of the zymogram. In all graphs, relative abundance of proMMP-9 species is depicted from DMSO control (red lines) and 10 um JNJ0966 (blue lines) conditions.
B, graph of the unprocessed 92-kDa proMMP-9 with (blue lines) and without (red line) JNJ0966. C, graph of the 86-kDa intermediately processed proMMP-9. D,

graph of the 82-kDa fully processed MMP-9.

on proMMP-9 with and without the addition of JNJ0966. A
construct was designed starting after the first observable elec-
tron density seen in previous MMP-9 structures and extending
to the end of the metalloproteinase domain (amino acids
29 —444) (43). This construct lacked the fibronectin II domains
(amino acids 216-390; proMMP-9desFnll), demonstrated
similar JNJ0966-binding affinities in ThermoFluor® assays
(Kp = 3.3 um), and exhibited similar structural characteristics
of the catalytic and activation domains as compared with con-
structs that contained the fibronectin II domains (43, 44).
Examination of the proMMP-9desFnlI crystal structure com-
plexed with JNJ0966 revealed that the JNJ0966 phenoxy moiety
bound in a region of space that was occupied by Phe-107 in the
unbound proMMP-9desFnll, and the JNJ0966 acetamide group
was located in the same location as the Arg-106 guanadino
group in the unbound proMMP-9desFnlI (Fig. 4, A—C). Both of
these differences suggested that proMMP-9desFnll residues
near the activation cleavage site were reoriented to accommo-
date JNJ0966 binding. Residues 107—109 around the activation
site (residues 103—-108) were disordered in the presence of
JNJ0966, with poor observed electron density for this region.
No hydrogen bond was observed for the JNJ0966 oxygen, sug-
gesting that this group may impart steric orientation or alter the

SASBMB

aromatic ring electronics, both of which may be important for
compound binding. The proMMP-9desFnlI residues that were
proximal to the JNJ0966 phenoxy group include Val-101, Pro-
102, Tyr-179, His-190 (coordinated to the structural zinc), and
Phe-192. The JNJ0966 inner thialzole ring was located near
proMMP-9desFnlI residues Phe-110 and His-405 (coordinated
to the catalytic zinc). A 2.8-A contact was also observed
between the aniline nitrogen and the backbone carbonyl of
Ala-191. In the absence of inhibitor, several solvent mole-
cules occupied the space where the two thiazole rings in the
JNJ0966 structure were situated. The terminal methyl thia-
zole ring was located near residues Arg-106, Leu-114, and
Asp-410. Interestingly, the interactions of Cys-99 remained
consistent between the JNJ0966-bound and -unbound
proMMP-9desFnll structures. This residue in the pro-do-
main coordinates with zinc bound in the catalytic domain
and is involved in zymogen activation for virtually all MMPs.
No differences were observed in the zinc coordination of
either the catalytic or structural zinc ions, indicating
JNJ0966-induced structural perturbation appeared to be
limited to the region between proMMP-9desFnll residues
103 and 108. Crystallographic and refinement statistics are
provided in Table 1.

J. Biol. Chem. (2017) 292(43) 17963-17974 17967



Discovery of an MMP-9 activation inhibitor

'3 1004------
=
g 80+
o 60+
s
X 404
204
0 T ! — — —
wt R106A V101A F110A Y179A V101A
F110A
B proMMP-9 YA79A

O proMMP-9 + MMP-3
[ proMMP-9 + MMP-3 + JNJ0966
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diagram of JNJ0966 (carbon backbone is represented in cyan, oxygen in red, nitrogen in blue, and sulfur in yellow) is superimposed on the ribbon diagram of
uncomplexed proMMP-9 (green), demonstrating how JNJ09066 occupies space typically occupied by the side chains of Arg-106 and Phe-107 (green sticks).
Residues 105-109 are shown in red on the proMMP-9 backbone. B, structure of JNJ0966 in a complex with proMMP9. In the ribbon diagram of proMMP9,
residues near the interface with JNJ0966 are labeled in black (Val-101, Phe-110, and Tyr-179). The activation loop (residues 103-108) was disordered in the
JNJ0966-MMP-9 structure. C, electron density of the proMMP9 JNJ0966 complex. The figure is in wall-eyed stereo. The 2|F,| — |F.| map (cyan) at the 1o contour
level shows the unambiguous binding mode of JNJ0966. D, activation assay comparing wild-type and amino acid substitution mutant versions of proMMP-9
activated by catMMP-3 in the presence or absence of 10 um JNJ0966, as measured by DQ-gelatin cleavage. Basal activity (black bars), basal activity plus
catMMP-3 activation (open bars), and basal activity plus catMMP-3 with 10 um JNJ0966 (hatched bars) are shown for each MMP-9 mutant. Data are normalized
to 100% for each MMP-9 mutant plus catMMP-3 levels. The R106A mutation in MMP-9 had little impact on the activity of JNJ0966, whereas V101A, F110A, and
Y179A reduced the magnitude of the inhibitory effect. The triple mutant of the latter three residues abolished the effects of JNJ0966 in inhibiting activation.
Data are represented as means =+ S.D. (error bars), n = 4.*, p < 0.05; ***, p < 0.001; **** p < 0.0001, two-tailed t test.

High-resolution structural analysis predicted several amino point substitution mutants were generated near the Arg-106
acids within proMMP-9 that were important for interaction activation site and within the putative JNJ0966 binding pocket
with JNJ0966. To test this hypothesis and further confirm the identified through structural studies. Purified MMP-9 proteins
molecular nature of the interaction site, several amino acid containing the amino acid substitutions were tested in DQ-
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Table 1

Crystallographic and refinement statistics for unbound proMMP-9
and proMMP-9 complexed with JNJ0966

Unbound proMMP-9 +
Parameter proMMP-9 JNJ0966
PDB code 5UE3 5UE4
Space group Cc2 Cc2

Unit cell dimensions
a, b, c (A)
a, B, 7y (degrees)

90.28, 73.24, 77.51
90.00, 106.26, 90.00

89.82,72.95,77.54
90.00, 106.91, 90.00

Molecules per asymmetric unit 2 2
Mosaicity 0.37 1.24
Resolution range 49.19-1.60 43.00-1.80
(1.66-1.60)" (1.86-1.80)
Total no. of reflections (F > 0) 200,188 144,023
No. of unique reflections 62,722 44,322
Average redundancy 3.19(3.19) 3.25(3.37)
Completeness (%) 98.1 (97.2) 99.7 (99.9)
Ronerge 0.048 (0.181) 0.052 (0.335)
Reduced x> 0.99 (1.09) 0.95 (0.79)
Output (I/ol) 13.4(5.2) 10.5 (2.4)
Wilson B-factor 14.28 29.7
Reflections used in refinement 62,702 (6158) 44,303 (4430)
Reflections used for Ry, 6345 (606) 2000 (201)

R 0.1545 (0.1689)

0.1838 (0.2139)

0.1991 (0.2902)
0.2243 (0.3064)

work

free

Protein atoms 3591 3553
Ligand atoms 0 48
Protein residues 458 456
Root mean square deviation

Bonds (A) 0.011 0.007

Angles (degrees) 1.24 1.075
Ramachandran statistics (%)

Favored 97 97

Allowed 2.7 2.5

Qutliers 0.23 0.23
Rotamer outliers (%) 0 1.7
Clashscore 4.3 6.18
B-factor

Average 21.06 32.37

Average protein 18.87 37.08

Average ligand 34.35

Average water 33.49 37.42

“ Data for the highest-resolution shell are shown in parentheses.

gelatin activation assays to assess basal activity of the zymogen,
activation by catMMP-3, and potential inhibition of activation
by JNJ0966 (Fig. 4D). An alanine mutation at the proMMP-9
Arg-106 cleavage site did not prevent activation by catMMP-3,
and activation was significantly inhibited by JNJ0966 to a
degree comparable with wild-type proMMP-9 (17.2 = 7.6 and
5.6 £ 0.2% of activated control, respectively). A proMMP-9
construct containing an alanine mutation at Val-101 exhibited
a higher basal activity level (52.5 = 12.5% of activated control)
but was still able to be activated further by catMMP-3, and this
activation was significantly inhibited to near basal levels (for
this construct) by JNJ0966 (70.8 = 10.2% of activated control).
In contrast, alanine mutations at Phe-110 and Tyr-179 reduced
the effectiveness of JNJ0966. Both proteins exhibited low
basal zymogen activity levels and could be activated by cat-
MMP-3, yet JNJ0966 reduced activity to only 77.5 = 8.0 and
66.6 = 7.9% of activated control, respectively (Fig. 4C). Tri-
ple alanine mutations (Val-101, Phe-110, and Tyr-179) in the
identified binding pocket completely prevented JNJ0966
from blocking proMMP-9 activation (110.6 = 3.5% of acti-
vated control; Fig. 4D).

JNJ0966 reduces motor deficits in EAE

To investigate the potential use of proMMP-9 activation
inhibitors as therapeutic agents, JNJ0966 was evaluated in the
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mouse EAE model, a widely used animal model of human neu-
roinflammatory disease, including multiple sclerosis. EAE was
induced on day 0 via injection of myelin oligodendrocyte glyco-
protein synthetic peptide. On day 8 following immunization,
mice received a twice daily doses of vehicle, dexamethasone (1
mg/kg; a positive control in this model), 10 mg/kg JNJ0966, or
30 mg/kg JNJ0966 by oral gavage. Animals were scored based
on a clinical observation scale of motor performance with
increasing disability indicated by a higher disease score. Ani-
mals treated with vehicle exhibited initial symptoms on day 10,
with mean disability scores increasing daily until study termi-
nation on day 17 (Fig. 5A). Dexamethasone-treated animals
exhibited significantly reduced clinical disability as compared
with the vehicle group, as did animals treated with either dose
of INJ0966 (Fig. 5A). The INJ0966-treated groups did not differ
significantly from dexamethasone-positive controls. The ther-
apeutic effects of INJ0966 and dexamethasone were confirmed
in evaluating the cumulative clinical scores from the study, in
which clinical scores from all three treated groups were signif-
icantly different from vehicle (Fig. 5B).

To investigate JNJ0966 penetration into the central nervous
system, terminal plasma and brain samples were analyzed, and
the amount of JNJ0966 in each compartment was determined.
The exposures of INJ0966 were dose-dependent, with plasma
and brain concentrations for the 10-mg/kg dose of 77.5 * 31.1
ng/ml (215 nm) and 481.6 * 162.5 ng/g (~1336 nm), respec-
tively, whereas the 30-mg/kg dose achieved 293.6 = 118.4
ng/ml (815 nMm) in plasma and 1394.0 * 649.1 ng/g (~3867 nm)
in brain (Fig. 5C). NJ0966 was preferentially partitioned in
brain, with brain/plasma ratios of 6.2 for the 10-mg/kg dose and
4.7 for the 30-mg/kg dose (Fig. 5D). Concentrations of JNJ0966
in the brain at either dose were consistent with exposure levels
that were necessary to inhibit proMMP-9 activation based on in
vitro 1Cg, values (440 nm; Fig. 1C) and ThermoFluor-deter-
mined affinity (K, = 0.33 uM for the 67—445 construct, similar
to the intermediate form).

Discussion

Several decades of intense investigation have not yielded
therapeutically viable MMP inhibitors. This has been histori-
cally attributed to the generally poor specificity of active site—
directed MMP inhibitors, leading to dose-limiting toxicities
and adverse side effects. Here we describe the discovery and
characterization of a highly selective MMP-9 inhibitor that
functions through a novel molecular mechanism targeting
zymogen activation. This new approach may allow for the
development of selective inhibitors while exploring a structural
space on MMP enzymes outside of the prototypical substrate
binding and catalytic domains. Such inhibitors with enhanced
selectivity may allow for identification of clinical candidates
unencumbered by the toxicities associated with previous-gen-
eration MMP inhibitors. The studies performed here indicate
that INJ0966 was selective (Fig. 1F), able to penetrate the cen-
tral nervous system (Fig. 5C), and efficacious in reducing EAE
disease severity (Fig. 5, A and B). Future work aimed at more
fully characterizing JNJ0966 and related compounds may
therefore produce therapeutics useful for targeting the plethora
of diseases impacted by pathological MMP-9 activity.
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Figure 5. JNJ0966 reduced motor symptoms in mouse EAE and penetrates into the brain. A, mice that had induced EAE were treated twice daily by oral
gavage with vehicle (black squares), JNJ0966 at 10 mg/kg (green diamonds), or 30 mg/kg (blue circles) or dexamethasone (1 mg/kg; red triangles). Animals
receiving either dose of JNJ0966 or dexamethasone evidenced delayed onset of motor disability and also had significantly reduced disease courses relative to
the vehicle controls. Data were analyzed via repeated-measures ANOVA with Bonferroni multiple-comparison post-test to examine differences between the
group (n = 7 for vehicle group, n = 5 for dexamethasone group, n = 9 for JNJ0966 10 mg/kg group, and n = 9 for JNJ0966 30 mg/kg group (¥, p < 0.05; **,p <
0.01). Points, mean clinical scores; bars, S.E. B, cumulative clinical scores for individual animals plotted for vehicle, dexamethasone, JNJ0966 10 mg/kg, and
JNJ0966 30 mg/kg. All treatment groups were significantly lower than vehicle (one-way ANOVA with Bonferroni multiple-comparison post-test; *, p < 0.05). C,
plasma (gray circles) and brain (black squares) concentrations of JNJ0966 after 10- or 30-mg/kg dosing in five animals on the last day of dosing (day 17) in the
EAE study. D, ratio of brain to plasma concentrations of JNJ0966 after 10-mg/kg (circles) or 30-mg/kg (squares) dosing for animal exposures shown in C. For C

and D, individual values are plotted, with bars for means and S.D.

The endogenous physiological activation mechanism for
MMP-9 remains unclear. We and others have shown MMP-9
can be readily activated by MMP-3 (Fig. 14) (41, 42) and trypsin
(Fig. 1, Fand G) (42, 45) or by other serine proteases (46). Other
studies have suggested a role for plasmin in MMP-3—indepen-
dent activation of MMP-9 (47), although this remains con-
troversial, as other reports indicate that plasmin is only a
poor direct activator (48) and probably exerts an effect on
proMMP-9 activation through activation of latent MMP-3 (49).
Urokinase plasminogen activator has also recently been pro-
posed to play a role in direct MMP-9 activation (50). Clearly, it
remains an open question as to which protease or proteases
activate MMP-9 in vivo, and it is possible that this may vary in
different tissues and disease states. It is interesting that diver-
gent enzymes, such as MMP-3 and trypsin, produce similar
cleavage patterns in MMP-9 and generate the same neo-
epitope starting at amino acid Phe-107 (41, 51), suggesting that
Arg-106 in the MMP-9 activation site is generally susceptible to
protease cleavage. These results, combined with our structural
and functional data, indicate that molecules like JNJ0966 may
inhibit proMMP-9 activation regardless of which enzyme is
responsible for activation through a direct interaction with the
proMMP-9 zymogen activation process. Additional studies
examining JNJ0966 inhibition of proMMP-9 activation with
other potential activating proteases or activation through other
biochemical mechanisms (52) need to be conducted to substan-
tiate this possibility.

Given the nature of the interaction between JNJ0966 and
proMMP-9 and the structural reorientation observed near the
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Arg-106/Phe-107 activation site (Fig. 4, A—C), the reduction in
initial cleavage of full-length proMMP-9 at Glu-59/Met-60 to
generate the intermediate form is somewhat surprising (Figs.
2C and 3B). It is possible that JNJ09066 binding causes an allos-
teric perturbation that reduces cleavage at the Glu-59/Met-60
site; however, we did not observe any evidence for this in our
structural studies. For the second cleavage site (Arg-106/Phe-
107), the mechanism of inhibition was better resolved. The
region that we have termed the “activation loop” (amino acids
103-108) was clearly displaced by the binding of JNJ0966 in the
structure as compared with unbound proMMP-9desFnlI (Fig.
4, A-C). The reorientation of this region caused by compound
binding or the physical effect of compound binding near this
region appears to render the activation loop a less preferred
substrate for cleavage. It is also possible that JNJ0966 functions
by limiting the mobility of residues near the cleavage site such
that they can no longer engage in the activating enzyme cata-
lytic pocket. Whereas the exact molecular mechanisms of how
JNJ0966 may inhibit cleavage of the proMMP-9 activation loop
remain somewhat unclear, whatever the nature of this effect,
JNJ0966 appears to dramatically reduce the efficiency at which
this domain is cleaved.

Oral administration of JNJ0966 significantly diminished the
clinical disease score observed in the mouse EAE model, dem-
onstrating the potential clinical utility of inhibiting proMMP-9
activation as a therapeutic approach. This observation is con-
sistent with previous studies that have demonstrated efficacy of
MMP active site inhibitors in the EAE model (53, 54). Although
a beneficial effect of some unknown off-target pharmacology
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cannot be excluded, it can be reasonably concluded that the
therapeutic effects in animals treated with JNJ0966 result from
reduced overall MMP-9 activity. Despite the compelling nature
of the EAE efficacy observations in this neuroinflammatory
model, future studies in models for other indications, such as
oncology, fibrosis, and different neurodegenerative diseases,
would be required to demonstrate effectiveness and proof of
concept in these diverse indications.

These data in toto represent a significant advance in the field
of MMP inhibition that may facilitate the design of future clin-
ical candidates with improved selectivity and safety profiles as
compared with previous generations of MMP inhibitors. If
therapeutic levels of specific MMP inhibitors can be safely
achieved in patients, these compounds could address potential
pathogenic features of several human diseases.

Experimental procedures
Materials and animal welfare

All reagents were purchased from Sigma unless otherwise
indicated. All compounds were dissolved in DMSO for in vitro
studies and diluted further in DMSO for all concentration-re-
sponse studies before dilution in assay-appropriate aqueous
buffers. Final DMSO concentrations in all in vitro assays were
<0.1%, matched in all tested samples, and did not interfere with
assay performance. Incubations were performed at room tem-
perature unless otherwise specified. Animal protocols were
approved by the Janssen Research and Development institu-
tional animal care and use committee and conform to the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

JNJ0966 compound information

The compound known as JNJ0966 (Fig. 1B) was identified
from a commercially available compound library sourced
from ChemBridge Corp. (San Diego, CA). The chemical
name for JNJ096 is N-{2-[(2-methoxyphenyl)amino]-4'-
methyl-4,5'-bi-1,3-thiazol-2'-yljacetamide (ChemBridge cata-
logue no. 5935943). The Chemical Abstracts Service registry
number is 315705-75-0.

MMP protein reagent generation

Human proMMP-9 cDNA was transfected into COS-1 cells
(ATCC, Manassas, VA) seeded in a cell factory. Cells were
grown for 48 h, and then conditioned media (CM) was collected
and cleared by centrifugation (5000 X g for 20 min at 4 °C). CM
was concentrated on a stirred cell (10,000 molecular weight
cut-off) and dialyzed overnight in assay buffer (AB; 50 mm
Hepes, pH 7.5, 10 mm CaCl,, 0.05% Brij-35). proMMP-9 was
purified from CM utilizing a gelatin-Sepharose 4B column (GE
Healthcare). The column was washed with AB, and proMMP-9
was eluted in AB supplemented with 10% DMSO. Column elu-
ate was dialyzed overnight at 4 °C against AB and then ali-
quoted and frozen at —80 °C. Recombinant catalytic human
MMP-3 (catMMP-3) was purchased from Life Diagnostic,
Inc. (West Chester, PA). Human proMMP-1, proMMP-2,
proMMP-3, and active MMP-14 were purchased from EMD
Millipore (Billerica, MA). Mutant versions of proMMP-9 were
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generated using standard primer-based PCR mutagenesis strat-
egies, and all constructs were confirmed by sequencing. Mutant
versions of proMMP-9 were produced and purified from trans-
fected COS-1 cells as described above.

MMP activation and activity assays

Activation and activity assays were conducted in Proxiplate-
384 Plus F plates (PerkinElmer Life Sciences). For activation
assays, compounds were mixed with proMMP-9 (20 nm) for 30
min, and then catMMP-3 (10 nm) was added and incubated for
30 min at 37 °C. DQ-gelatin (Molecular Probes/Thermo Fisher
Scientific) was then added to a final concentration of 10 pg/ml.
After 10 min, EDTA (10 mMm) was added to stop the reaction,
and DQ-gelatin fluorescence was measured. Background fluo-
rescence (wells containing only catMMP-3 and DQ-gelatin)
was subtracted from all wells. Mean percentage inhibition (%
Inh) was calculated (% Inh = (PosCtrl-sample)/PosCtrl), where
PosCtrl represents values from wells containing proMMP-9,
catMMP-3, and DQ-gelatin. For activity assays, catMMP-3 (10
nM) or activated MMP-9 (30 nM) was mixed with compounds
for 30 min. A fluorescence-quench synthetic peptide substrate
(200 nm acetyl-Cys(Eu)-Pro-Leu-Gly-Leu-Lys(QSY7)-Ala-Arg-
amide) or DQ-gelatin was added and incubated for 15 min and
then measured. Substrate background was subtracted from all
wells, and mean percentage inhibition was calculated as above.
IC;, values were determined by nonlinear regression analysis in
Prism 5 (sigmoidal dose response, variable slope; GraphPad
Software, San Diego, CA). Activation assays that included
the use of trypsin were conducted similarly, with the excep-
tion of adding bovine pancreatic trypsin inhibitor to the
assay before DQ-gelatin incubation to limit trypsin digestion
of the substrate.

Cellular migration assay and gelatin zymography

Cellular invasion assays were performed in FluoroBlok™
96-well plates (BD Biosciences) precoated with Matrigel™, as
described previously (38—40). HT1080 cells (ATCC) were
added (13,000 cells/well) in 10 ul of serum-free medium to the
top chamber with test compound. The bottom feeder tray was
filled with serum-free medium supplemented with 6% fetal
bovine serum and test compounds and incubated at 5% CO,,
37 °C for 24 h. Calcein AM (4 pg/ml; Molecular Probes/Ther-
moFisher Scientific) was added to the feeder layer to label cells,
and fluorescence intensity from cells that had migrated to the
bottom layer was quantified. Mean percentage inhibition of
invasion and IC,, values were calculated as above. Images of
migrated cells were acquired on a Zeiss (Thornwood, NY)
AX10 inverted microscope with a Plan-APOCHROMAT X20
objective (0.75 numeric aperture) with a Hamamatsu (Bridge-
water, NJ) ORCA-R2 digital camera.

Gelatin zymography was done essentially as described previ-
ously (55). Briefly, MMP-9 recombinant protein from activa-
tion assays was size-separated via electrophoresis through poly-
acrylamide gels impregnated with gelatin (Invitrogen/Thermo
Fisher Scientific). Gels were then stained with Coomassie Blue
and destained overnight to reveal cleared, non-stained regions
that resulted from in-gel gelatin hydrolysis by MMP-9.
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Antibody generation

Monoclonal antibodies against total MMP-9 were developed
in collaboration with Dr. James S. Trimmer (University of Cal-
ifornia, Davis, CA) according to standard protocols (56). The
L51/82 hybridoma was derived from mice immunized with
human MMP-9 residues 107—445. L51/82 is available from
NeuroMab (Davis, CA). The MMP-9 pro-domain and both
cleavage site—specific antibodies were generated at New Eng-
land Peptide (Gardner, MA). Anti-proMMP-9 was raised and
purified against amino acids 39-51 (LTDRQLAEEYLYRC).
Anti-intermediate antibodies were raised and purified against
residues 60 — 65 (MRGESKC) and cross-purified against a read-
through peptide consisting of residues 53— 65 (CGYTRVAEM-
RGESK). Anti-activated MMP-9 antibodies were raised and
purified against MMP-9 residues 107-113 (FQTFEGDC) and
cross-purified against a read-through peptide of residues
99-113 (CGVPDLGRFQTFEGD). Read-through peptides
were used to deplete any antibodies that were not specific for
the very amino terminus of the immunogen. Immunoblots
were run and developed through standard protocols (56).

Crystallography

Utilizing an overlapping PCR strategy, human proMMP9
constructs were designed to encode for amino acids 29 —444
that lacked the fibronectin II (FnlI) domain, amino acids 216 —
390 (proMMP-9desFnll), and subcloned into pET-11a (EMD
Millipore). The Fnll domain is distal to the pro-domain cleav-
age site, and similar constructs have been successfully crystal-
lized (PDB code 1GKC) (44). The construct was transformed
into BL21(DE3) RIL cells (Agilent Technologies, Santa Clara,
CA), grown overnight at 37 °C, and then subcultured until an
OD of 0.6 was achieved. Expression was induced with 1 mm
isopropyl 1-thio-B-p-galactopyranoside for 3 h. Purification
was performed according to published methods (43). Briefly,
inclusion bodies were solubilized in extraction buffer (6 M urea,
20 mm Tris, 1 mm DTT, 5 mm EDTA), captured by anion
exchange chromatography, and eluted in a linear NaCl gradi-
ent. Pooled protein was refolded in 20 mm Tris, pH 7.5, 150 mm
NaCl, 10 mm CaCl,, 10 mm ZnCl,, 10 mM L-arginine, 10 mm
reduced and oxidized glutathione and then concentrated and
dialyzed against 20 mm Tris, pH 7.5, 150 mMm NaCl, 10 mm
1,10-phenanthroline and further purified on size exclusion
chromatography. Crystals of proMMP-9desFnll were grown by
adding 1 pl of protein to 1 ul of crystallization buffer (25% PEG
8000, 1% glycerol, 0.2 M ammonium sulfate, and 100 mm
sodium cacodylate, pH 5.5). X-ray data of proMMP-9desFnlII
crystals were collected at the ESRF synchrotron beamline ID23
1 (Grenoble, France). Crystals diffracted to 1.7 A, and data were
processed with d*trek (57). The structure was solved by
molecular replacement using the program EPMR (58) with the
published MMP-9 structure as the search molecule (PDB code
1L6J) (43). Two molecules of proMMP-9desFnll were found in
the asymmetric unit. The data were refined with the programs
CNX (Accelrys) and Phenix. The first residue visible in electron
density at the N terminus was Asp-41. Co-crystallization trials
with activation inhibitors did not produce crystals; however,
soaking proMMP-9desFnll crystal for 24 h with 0.8 mm
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JNJ0966 was successful. Data on JNJ0966-soaked crystals were
collected at IMCA-CAT at the Advanced Photon Source
(Argonne, IL). Data were processed with the d*trek program
(58) and refined with the program Phenix (59). Relevant collec-
tion statistics for all data sets are found in Table 1. Atomic
coordinates for proMMP-9desFnll alone (5UE3) and
proMMP-9desFnll complexed with JNJ0966 (5UE4) have been
deposited in the PDB.

EAE in mice

EAE studies were conducted in female C57B1/6 mice age 6 — 8
weeks. Complete Freund’s adjuvant (CFA) was prepared by
mixing Mycobacterium tuberculosis H37 Ra (8 mg/ml, Difco/
BD Biosciences) in incomplete Freund’s adjuvant (Difco/BD
Biosciences). Synthetic myelin oligodendrocyte glycoprotein
(MOG) peptide (4 mg/ml) was emulsified in CFA in a 1:1 ratio
(v/v). EAE was induced on day 0 by subcutaneous injection of
100 ul of MOG/CFA in the tail and IP injection of 200 ng of
pertussis toxin. On day 2, animals received an additional IP
injection of pertussis toxin (200 ng). Animals were assessed
daily and scored according to clinical severity: 0, no abnormal-
ity; 1, limp tail; 2, limp tail and hind limb weakness; 3, partial
hind limb paralysis; 4, complete hind limb paralysis. Raters for
motor scores were blinded to treatment and treatment group.
Before the onset of symptoms on day 8, mice were randomly
assigned to groups. Vehicle-treated animals received 20%
hydroxypropyl-B-cyclodextrin via oral gavage. JNJ0966 and
dexamethasone were dissolved in 20% hydroxypropyl-S-cyclo-
dextrin, such that animals received 10 or 30 mg of drug per kg of
body weight (mg/kg) of INJ0966 and 1 mg/kg of dexametha-
sone; both drugs were administered by oral gavage. All groups
were dosed twice daily every day until day 17 of the study, at
which point animals were sacrificed, and plasma and brain
tissue were collected to analyze JNJ0966 levels using mass
spectroscopy.
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