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Abstract

Matrix metalloproteinases (MMPs) contribute to many physiological and pathological phe-
nomena via the proteolysis of extracellular matrix components. Specific blocking of the
active site of each MMP sheds light on its particular role. However, it remains difficult to
acquire an active-site inhibitor with high specificity for only the target MMP due to the highly
conserved structure around the active site of MMPs. Recently, we reported that potent and
specific inhibitors of serine proteases were obtained from our proprietary engineered serine
protease inhibitor Kazal type 2 (SPINK2) library. In this research, using this library, we suc-
ceeded in obtaining potent and specific MMP-9 inhibitors. The obtained inhibitors bound to
the active site of MMP-9 and inhibited MMP-9 with low nanomolar K;values. The inhibitors
did not cross-react with other MMPs that we tested. Further analysis using MMP-9 mutants
demonstrated that the inhibitors recognize not only the residues around the conserved
active site of MMP-9 but also different and unique residues in exosites that are distant from
each other. This unique recognition manner, which can be achieved by the large interface
provided by engineered SPINK2, may contribute to the generation of specific active-site
inhibitors of MMPs.

Introduction

Matrix metalloproteinases (MMPs) contribute to the degradation of extracellular matrix
(ECM) proteins (e.g., collagen, elastin, fibronectin, and laminin) and the processing of pro-
inflammatory cytokines (e.g., IL-1B) and chemokines (e.g., IL-8/CXCL8). Through these pro-
teolytic functions, MMPs play crucial roles in many physiological functions related to cell
growth, differentiation, migration, and apoptosis. It has also been reported that aberrant
expression or activation of MMPs may cause pathological conditions such as inflammation [1]
and tumor metastasis [2]. Twenty-three MMP proteins have been reported in humans to date
[3,4] and several MMPs are known to be upregulated in diseases involving abnormal degrada-
tion of the extracellular matrix, such as inflammatory bowel disease [3]. To further advance
MMP-related research, it is highly desirable to obtain molecules that specifically inhibit the
enzymatic activity of a target MMP. Revealing the roles of individual MMPs in physiological
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and pathological conditions using specific inhibitors can contribute to the generation of thera-
peutics targeting MMPs.

A catalytic zinc ion, which is chelated by three histidine residues, and a catalytic glutamate
residue are essential for the proteolytic activity of MMPs and constitute their active site. The
sequence motif of this active site of MMPs, HEXGHXXGXXH, is highly conserved within the
MMP family. MMPs are translated and secreted as the pro-form (pro-MMPs) without proteo-
Iytic activity. Both the active site and the surrounding region of the active site, the so-called
active-site cleft, are completely masked by the pro-peptide in pro-MMPs, interfering with the
interaction between the active site and the substrate [5]. Pro-MMP is activated by enzymatic
digestion (e.g., by plasmin, trypsin, and other MMPs) [6,7] or non-proteolytic modification
[8-10] that causes removal of the pro-peptide from the active-site cleft. MMPs share a consen-
sus cleavage motif, proline at P3 and a hydrophobic residue at P1’, which results from high
sequence homology of the active-site cleft [11,12]. Each MMP shows some substrate specificity
towards macromolecular substrates [4]. This is because not only the active site but also a sec-
ondary binding site away from the active site, called an exosite, is involved in substrate recog-
nition by MMPs. For example, some domains in MMPs are essential for the degradation of
collagen: the hemopexin (HPX) domain fused to the catalytic domain by a linker in MMP-1,
-8, -13, and -14; and the fibronectin (Fn)-like domain inserted in the catalytic domain in
MMP-2 and -9 [13-15]. MMPs utilize such domains that exhibit some diversity among MMP
family members as exosites to recognize macromolecular substrates, facilitating the mainte-
nance of an appropriate distance and direction between the cleavage site and the active site;
this in turn contributes to the specific degradation of macromolecular substrates.

The proteolytic activities of MMPs are completely inhibited by molecules that bind to their
active site. Many chemical compounds that interact with part of the active site have been
reported as active-site inhibitors of MMPs. Most of these active-site chemical inhibitors show
high potency by chelating the catalytic zinc ion; however, they also show broad inhibitory
activity across the whole family of MMPs due to recognition of the highly homologous active-
site cleft. Such non-specific MMP inhibitors (e.g., hydroxamate-based inhibitors) achieved
promising therapeutic effects in several preclinical studies for cancer; however, in clinical tri-
als, these inhibitors caused serious side effects such as musculoskeletal pain and inflammation
due to the broad inhibition of MMPs, so all of these trials failed [3]. Therefore, specific active-
site inhibitors of MMPs are strongly desired from a clinical perspective. Protein-based active-
site inhibitors that have the potential to recognize both the active site and the exosite in a man-
ner similar to that of macromolecular substrates were also reported. Anti-MMP-9 antibodies,
SDS3 and SDS4, showed high potency with active-site binding but also inhibited MMP-2, the
sequence of which is the most similar to that of MMP-9 among the MMP family [16]. Several
attempts to generate specific active-site inhibitors from broadly inhibitory proteins by protein
engineering were also reported. Endogenous tissue inhibitors of metalloproteinases (TIMPs)
strongly but non-selectively inhibit MMPs by coordinating the catalytic zinc ion [17]. Muta-
tions to TIMP residues that interact with the exosite of MMPs improved the specificity to
MMPs [18-20]. However, engineered TIMPs that could inhibit only a single MMP have not
been reported. Other attempts have been made to target exosite domains, such as the HPX
domain, which are less conserved. Several exosite inhibitors abrogated cancer cell migration
through specific prevention of the association of pro-MMP-9 with both 041 integrin and
CD44 without modulating the catalytic activity of MMP-9 [21-23]. Although exosite recogni-
tion could contribute to improving the specificity of active-site inhibitors, it remains difficult
to obtain specific active-site inhibitors against a single MMP.

Recently, we reported that potent and specific inhibitors of serine proteases were obtained
from our proprietary technology, namely, the engineered serine protease inhibitor Kazal type
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2 (SPINK?2) library [24]. Here, using this library, we attempted to obtain a specific active-site
inhibitor of MMP-9, which is involved in the degradation of ECM proteins including type IV
collagen, gelatin, and elastin [10]. MMP-9 breaks down the physical barrier formed by ECM,
promoting cancer metastasis and inflammation [1,25,26]. Furthermore, aberrant MMP-9
activity causes blood-brain barrier disruption which can involve in numerous neurodegenera-
tive diseases such as multiple sclerosis, stroke, epilepsy, brain tumors, and Alzheimer’s disease
[27,28]. Recent studies have reported the promising efficacy of MMP-9 inhibitors in several
pathological in vivo models [29-32], it is also required to create MMP-9 inhibitors with higher
potency and selectivity [26]. We demonstrate that several inhibitors obtained from our library
strongly inhibit the proteolytic activity of MMP-9 and show high specificity to only MMP-9,
while not inhibiting the other 12 MMPs. Several assays using MMP-9 mutants suggested that
these inhibitors recognized not only the highly conserved active site but also the specific exo-
site of MMP-9 to achieve the high specificity. These specific MMP-9 inhibitors discovered
from the engineered SPINK2 library may contribute to clarifying the roles of MMP-9 under
physiological and pathological conditions and to the development of therapeutics for MMP-
9-related diseases.

Results

MMP-9 inhibitors were isolated from the engineered SPINK?2 phage
display library

Prior to the screening of inhibitors against MMP-9 from the engineered SPINK2 phage library,
we designed a recombinant pro-MMP-9 construct and examined the method of its activation
to prepare highly qualified bait proteins for phage panning. First, we investigated which
domains were required for the bait protein. MMP-9 has several functional domains: pro-pep-
tide domain, catalytic domain, Fn-like domain, and HPX domain [1]. As the Fn-like domain
directly contacts the catalytic domain [5], it is preferable to use a bait protein that retains the
Fn-like domain in order to obtain inhibitors recognizing the native structure of MMP-9. On
the other hand, the HPX domain is connected to the catalytic domain by a long and flexible
linker region [33]; thus, deletion of the HPX domain would not affect the surface exposure

of the catalytic domain. Hence, we prepared a pro-MMP-9 catalytic domain with an Fn-like
domain and without an HPX domain (pro-MMP-9_Cat) for subsequent experiments. In gen-
eral, proteases labeled by random biotinylation using chemical reagents can be inactive due to
blocking of the active-site cleft, so we prepared biotinylated pro-MMP-9_Cat with a site-spe-
cific biotin acceptor peptide (BAP) [34] using biotin-protein ligase BirA. Finally, to obtain
homogeneous active MMP-9, we examined several methods to activate pro-MMP-9 using
MMP-3 [6], trypsin [7], or 4-aminophenylmercuric acetate (APMA) [8,9]. Trypsin could acti-
vate pro-MMP-9_Cat, but it also digested various sites in MMP-9 and cleaved off its C-termi-
nal tag (S9 Fig). Compared with the method using APMA, MMP-9 activated by MMP-3
showed higher proteolytic activity as previously reported [35]. In addition, fewer extra bands
including those representing inactivated pro-MMP-9 and degraded MMP-9 were detected in
SDS-PAGE, indicating that MMP-9 activated by MMP-3 was more homogeneous. Thus, we
prepared biotinylated active MMP-9_Cat-BAP as the highly qualified bait protein by the acti-
vation method using MMP-3 (S1A Fig).

Then, we carried out phage panning against biotinylated active MMP-9_Cat-BAP using the
engineered SPINK2 phage library [24]. After three rounds of panning, we screened approxi-
mately 2,000 clones as thioredoxin tag-fused proteins expressed in E. coli by MMP-9 inhibitory
assay using FRET peptide substrate. As a result, we obtained more than 380 hit clones. One
hundred and thirty unique inhibitors were identified by DNA sequencing, indicating that the
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hit rate of unique inhibitors in this screening was 6.5%. Fourteen inhibitors with IC5y, <10 nM
were obtained in the MMP-9 inhibitory assay, and we finally selected four inhibitors: M91002,
M91005, M91011, and M91012. Comparing the loop sequences of their inhibitors (S2D Fig)
with previously reported MMP-9 substrate sequences [11,36] and the information in the MER-
OPS database, no substrate sequence motifs of MMP-9 were included in their inhibitors. We
purified the selected inhibitors by removing the thioredoxin tag, followed by size-exclusion
chromatography for further evaluation.

Engineered SPINK2-derived inhibitors show potent and specific MMP-9
inhibitory activity

We evaluated the binding and inhibitory activity of each inhibitor. In ELISA, all inhibitors
showed strong binding activities to active MMP-9 in a concentration-dependent manner (Fig
1A) and their ECs, values were double-digit nM (Table 1). These inhibitors did not show any
binding to pro-MMP-9 at concentrations up to 1 uM (Fig 1B), while anti-MMP-9 antibody
GS-5745 [37] bound to both active and pro-MMP-9 (S3 Fig). In the enzyme assay using the
peptide substrate, all inhibitors strongly inhibited MMP-9 activity and the K; values of all
inhibitors were low single-digit nM (Fig 1C and Table 1). They also showed MMP-9 inhibitory
activity in the enzyme assay using gelatin as a protein substrate (Fig 1D and Table 1). These
results demonstrated that the obtained MMP-9 inhibitors had potent inhibitory activity.

For the cross-reactivity test, we evaluated the inhibitory activities against MMP-1, -2, -8,
and -13, the primary sequence in the catalytic domain of each of which is similar to that of
MMP-9 (54 Fig). Although the chemical active-site inhibitor sc-311438 completely inhibited
all of the MMPs, our MMP-9 inhibitors did not inhibit them at a final concentration of 1 uM
(Fig 2). Additionally, they did not show any inhibitory activity against the other tested MMPs
(S1 Table). Therefore, the obtained MMP-9 inhibitors showed potent inhibition with high
specificity to MMP-9.

M91005 interacts with catalytic domain of MMP-9

The question arises as to why, despite MMPs showing high sequence homology with each
other, the obtained inhibitors achieved high specificity. To address this, we investigated how
the inhibitor recognizes MMP-9 using the most potent inhibitor, M91005.

At the beginning of this investigation, we examined which domain of MMP-9 was involved
in the interaction with M91005. MMP-9 inhibitory assays were performed using full-length
MMP-9, the form with the HPX domain deleted (MMP-9_Cat), and the form with both Fn-
like domain and HPX domain deleted (the catalytic domain). M91005 inhibited all forms of
active MMP-9 with similar inhibitory activities (S7 Fig), suggesting that it interacts with the
catalytic domain but not the Fn-like domain or the HPX domain. Therefore, we focused on
the catalytic domain in the following analysis.

M91005 binds to catalytic glutamate residue and active-site cleft of MMP-9

We investigated which region of the catalytic domain contributes to the interaction with
M91005. Given that M91005 bound not to pro-MMP-9 but to active MMP-9, it would be
expected to bind to the region including the active site and the active-site cleft, which are hid-
den by the pro-peptide in pro-MMP-9.

First, to reveal whether M91005 recognizes the active site, we performed the assay using the
active-site mutant of MMP-9. The active site of MMP-9 consists of a catalytic zinc ion, catalytic
glutamate residue (Glu-402; Fig 3 blue), and three histidine residues (His-401, His-405, and
His-411; Fig 3 green) chelating catalytic zinc. Four kinds of active-site mutants (H401A,
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Fig 1. Binding and inhibitory activity of engineered SPINK2-derived inhibitors. (A) The binding activity to active MMP-9 was
measured by ELISA. Various concentrations of engineered SPINK2-derived inhibitors or wild-type SPINK2 (1-1,000 nM) were
added to the biotinylated active MMP-9_Cat-Avi (50 nM)-coated plate, and then inhibitors bound to active MMP-9 were detected
by HRP-conjugated anti-S tag antibody. (B) The binding activities to pro- and active MMP-9 were measured by ELISA. Biotinylated
pro-MMP-9_Cat-Avi or biotinylated active MMP-9_Cat-Avi (50 nM each) was coated on the plate, to which inhibitors (1 pM) were
then added. The inhibitors bound to MMP-9 were detected by HRP-conjugated anti-S tag antibody. (C) MMP-9 inhibitory activity
of M91005 was measured by enzymatic assay using peptide substrate. Active MMP-9_Cat-H6 (0.4 nM) was incubated with various
concentrations of M91005 (0-25 nM) for 1 h at 37°C, and then peptide substrate 3226-v (10 uM) was added. MMP-9 activity was
determined by monitoring the hydrolysis of the peptide substrate, and the activity in the absence of M91005 was taken as 100%. (D)
MMP-9 inhibitory activity of engineered SPINK2-derived inhibitors was measured by enzymatic assay using the macromolecular
substrate. Active MMP-9_Cat-H6 (0.6 nM) was incubated with various concentrations of inhibitors (0-100 nM) for 1 h at 37°C, and
then DQ-gelatin (10 pg/ml) was added. MMP-9 activity was determined by monitoring the hydrolysis of DQ-gelatin and the activity
in the absence of inhibitor was taken as 100%. Data are shown as the mean of duplicate experiments in (A) and the mean + S.D.

(n = 3) in (B-D). All curves were obtained by non-linear curve fitting as described in “Materials and methods”.

https://doi.org/10.1371/journal.pone.0244656.9001

E402Q, H405A, and H411A) were constructed in accordance with a previous report [38]. Pro-
MMP-9_Cat_E402Q-H6 was well expressed in HEK293F cells, while the other active-site
mutants H401A, H405A, and H411A were not expressed (S8 Fig). Similar to the wild-type
MMP-9 (pro-MMP-9_Cat-H6), pro-MMP-9_Cat_E402Q-H6 was successfully processed by
MMP-3 (S1B Fig). Because the pro-peptide-removed E402Q mutant (MMP-
9_Cat_E402Q-H6) does not show any proteolytic activity [39], the interaction between
M91005 and Glu-402 was confirmed by not the enzymatic assay but the SEC binding assay. By
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Table 1. Binding affinity and inhibitory activity of inhibitors against active MMP-9.

Clone ELISA ECsy (nM)*? Peptide Gelatin
K; (aM)® ICs (nM)° R’
M91002 47 23+0.6 8.5+2.1 0.984
M91005 46 1.4+0.2 8.2+1.2 0.991
M9I1011 16 1.6 £ 0.1 50x0.5 0.993
M91012 46 2.1+0.1 8.6+ 1.7 0.993
sc-311438 N/A¢ 1.5+£0.2 23+0.1 0.997

“ECso was determined by ELISA as the mean (n = 2).

YK; was determined by the MMP-9 inhibitory assay with 10 uM peptide substrate 3226-v. The K; values are shown as
the mean + standard deviation (S.D.) (n = 3).

‘ICs was determined by the MMP-9 inhibitory assay with 10 pg/ml DQ-gelatin substrate. The ICs, values are shown
as the mean = S.D. (n = 3).

IN/A denotes “not applicable”.

https://doi.org/10.1371/journal.pone.0244656.t001
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Fig 2. Cross-reactivity of engineered SPINK2-derived inhibitors against MMP-9. The cross-reactivities against MMP-1, -2, -8, and -13
were measured by enzymatic assay using the peptide substrate. Each active MMP (MMP-1, 5 nM; MMP-2, 1.4 nM; MMP-8, 0.6 nM; MMP-
13, 2 nM) was incubated with inhibitors (1 uM) for 10 min (for MMP-13) or 60 min (for MMP-1, -2, and -8) at 37°C, and then peptide
substrate 3226-v (10 uM for MMP-1, -8, and -13, or 50 uM for MMP-2) was added. Enzymatic activity was determined by monitoring the
hydrolysis of the peptide substrate, and each remaining enzymatic activity was normalized to the activity in the absence of inhibitors. Each
bar represents the mean + S.D. (n = 3).

https://doi.org/10.1371/journal.pone.0244656.9002

pre-incubation with TIMP-1 or M91005, the retention time of the peak of active MMP-9_Cat-
H6 was shifted from 7.0 min to 6.4 or 6.7 min, respectively (Fig 4A). These findings showed
that TIMP-1 and M91005 bound to active MMP-9_Cat-Hé6. In the case of MMP-
9_Cat_E402Q-HS6, the retention time of the peak was shifted from 7.1 min to 6.5 min by pre-
incubation with TIMP-1, but not shifted by pre-incubation with M91005 (Fig 4B). M91005
interacted with active MMP-9_Cat-H6 but not with MMP-9_Cat_E402Q-HS6, suggesting that
M91005 directly recognized the catalytic Glu-402 residue of MMP-9.

Next, to explore the interacting residues in the region surrounding the active site, the so-
called active-site cleft, we designed MMP-9 mutants with mutations in the active-site cleft and
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Fig 3. Design of MMP-9 mutants for analysis of interaction between MMP-9 and M91005. (Top) The sequence alignment
between MMP-9 and MMP-2 in the active-site cleft and exosite of MMP-9. The residues are numbered according to the generic
MMP-9 nomenclature. Catalytic Glu-402 is indicated by an asterisk and shown in blue. Three histidine residues (His-401, His-405,
and His-411) that chelate catalytic zinc ion are indicated by a “Z” and shown with a green background. Alanine substitution sites in
the active-site cleft (for cleft mutants) and MMP-9/-2 chimeric mutation sites in the exosite (for exosite mutants) are highlighted in
magenta and cyan, respectively. Three residues (Ala-189, His-190, and Ala-191) in the active-site cleft, the side chain of which is not
exposed to solvent, are shown with an orange background. (Bottom) The structure of the catalytic domain of active MMP-9, colored
in gray (Protein Data Bank code 4H3X). Each residue is shown with coloring as in the top panel.

https://doi.org/10.1371/journal.pone.0244656.9003

carried out enzymatic assays using them. To obtain a comprehensive understanding of the
interacting residues, we selected 13 residues (Phe-110, Tyr-179, Asp-185, Gly-186, Leu-187,
Leu-188, Phe-192, Tyr-393, Leu-397, Val-398, Leu-418, Pro-421, and Tyr-423; Fig 3 magenta)
that met the following criteria: (i) involved in interaction with peptide substrate based on the
structural information of the complex of MMP-9 and peptide substrate reported previously
(Protein Data Bank code 4J1J), (ii) identical to those of MMP-2, and (iii) having a side chain
exposed to the solvent. These residues were mutated to alanine as the cleft mutants. The N-ter-
minal residue of the cleft mutants was designed to be Phe to mimic the N-terminus after diges-
tion by MMP-3 [6]. For convenient preparation of these mutants, an enterokinase (EK)
recognition site was inserted between the pro-peptide and the N-terminus of the catalytic
domain (Phe-107), resulting in the mutants being uniformly processed and highly purified
(S5A and S5B Fig). Except for the L188A mutant, all of the cleft mutants with sufficient proteo-
lytic activity could be prepared (S5C Fig). In enzymatic assays using the peptide substrate,
F110A, Y179A, L187A, F192A, Y393A, and Y423 A mutants significantly weakened the inhibi-
tory activities of M91005 compared with that of wild-type MMP-9 (Fig 5A and Table 2). These
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Fig 5. M91005 recognizes residues in the active-site cleft and the exosite of MMP-9. MMP-9 inhibitory activities of M91005
towards the cleft mutants (A) and the exosite mutants (B) were measured by enzymatic assay using peptide substrate. Active MMP-
9_Cat (WT) or the MMP-9 mutants activated by EK (1 nM each) were incubated with various concentrations of M91005 (0-330 nM
or 0-1,000 nM) for 1 h at 37°C. Enzymatic activities were determined by monitoring the degradation of peptide substrate 3226-v
(10 uM). Each enzymatic activity was normalized to the activity of the MMP-9 mutant without M91005. Data are shown as the
mean * S.D. (n = 3). All curves were obtained by non-linear curve fitting.

https://doi.org/10.1371/journal.pone.0244656.9005
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Table 2. Inhibitory activity of M91005 against cleft mutants.

MMP-9 ICso (nM)* R? P value®
WT 17+7 0.965 -

F110A 69 + 12 0.845 <0.001
Y179A 55+ 13 0.989 <0.001
D185A 29+5 0.990 0.69
G186A 15+0 0.999 0.9997
L187A 120 + 10 0.991 <0.001
F192A > 1,000 0.926 <0.001
Y393A 48+ 14 0.985 0.0085
L397A 37+10 0.986 0.15
V398A 39+3 0.999 0.10
L418A 93+29 0.988 0.96
P421A 23+9 0.961 0.99
Y423A 230 + 20 0.980 <0.001

“ICso was determined by the MMP-9 inhibitory assay with 10 uM peptide substrate 3226-v. The ICs, values are
shown as the mean + S.D. (n = 3).
bStatistical analysis of cleft mutants versus WT was performed by one-way ANOVA with Dunnett’s post tests for

multiple comparisons.

https://doi.org/10.1371/journal.pone.0244656.t002

results suggested that M91005 also interacted with Phe-110, Tyr-179, Leu-187, Phe-192, Tyr-
393, and Tyr-423 residues, located in the active-site cleft of MMP-9.

M91005 recognizes the exosite in the catalytic domain of MMP-9

Considering the high specificity of M91005 despite the high homology in amino acid
sequences and structures of MMPs, M91005 should interact not only with the active site and
the active-site cleft but also with an additional region in the catalytic domain that differentiates
MMP-9 from the other MMPs. M91005 inhibited MMP-9 but not MMP-2, suggesting that
M91005 recognizes structural differences between these two members of the MMP family

in the form of an exosite. To investigate this hypothesis, we designed MMP-9/-2 chimeric
mutants as the exosite mutants. Ten residues (GIln-108, Thr-109, Glu-111, Pro-193, Ile-198,
GIn-199, Asp-410, Ser-413, Tyr-420, and Met-422; Fig 3 cyan) were selected based on the fol-
lowing criteria: (i) being near the active-site cleft and (ii) not being identical to that of MMP-2.
These residues were mutated to the corresponding amino acid of MMP-2. All exosite mutants
were well expressed in HEK293F cells, and then purified pro-form proteins were efficiently
activated by using EK by the same method as for the cleft mutants (S5 Fig). In enzymatic assays
using the peptide substrate, Q199G, Y420A, and M422I mutants significantly weakened the
inhibitory activities of M91005 compared with that of wild-type MMP-9 (Fig 5B and Table 3).
These results suggested that M91005 also interacted with GIn-199, Tyr-420, and Met-422,
which were located away from the active site of MMP-9. Collectively, catalytic Glu-402 (Fig 6
blue), Phe-110, Tyr-179, Leu-187, Phe-192, GIn-199, Tyr-393, Tyr-420, Met-422, and Tyr-423
(Fig 6 magenta) were suggested to be interacted with M91005.

Discussion

In this study, we succeeded in obtaining MMP-9 inhibitors with high potency and specificity
from our proprietary engineered SPINK2 phage display library without any affinity matura-
tion. The potency and specificity of M91005 were comparable to those of the MMP-9
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Table 3. Inhibitory activity of M91005 against exosite mutants.

MMP-9 ICso (nM)* R? P value®
WT 17+7 0.965 -
Q108N 206 0.981 0.9995
T109F 15+4 0.977 0.9995
E111P 3149 0.983 0.50
P193A 13+3 0.992 0.999
1198V 16+4 0.989 0.9998
Q199G 40 £ 16 0.967 0.043
D410E 22+9 0.975 0.999
$413Q 30 + 14 0.949 0.50
Y420A 54+8 0.995 <0.001
M4221 45+ 18 0.959 <0.001

“ICso was determined by the MMP-9 inhibitory assay with 10 uM peptide substrate 3226-v. The ICs, values are
shown as the mean + S.D. (n = 3).
YStatistical analysis of exosite mutants versus WT was performed by one-way ANOVA with Dunnett’s post tests for

multiple comparisons.

https://doi.org/10.1371/journal.pone.0244656.t1003

inhibitory antibody CALY-001 [40]. CALY-001 did not bind to pro-MMP-9; however, it
showed non-competitive inhibition against MMP-9, suggesting that it is not an active-site
inhibitor. On the other hand, M91005 did not interact with the active-site mutant MMP-
9_Cat_E402Q (Fig 4B), suggesting that it may recognize the active site. The result that M91005
bound to active MMP-9 and not to pro-MMP-9 (Fig 1B) supports the view that M91005 recog-
nizes the active site. Taking these findings together, the recognition mechanism of M91005 dif-
fers from that of CALY-001. To our knowledge, M91005 is the first MMP-9-specific inhibitor,
based on protein, to recognize the active site.

It was strongly suggested that M91005 interacted with the active site; however, it remained
unclear why M91005 achieved specific inhibition toward MMP-9 despite the active sites being
highly conserved among MMP family members. To understand the mechanism behind this
high specificity, we analyzed the binding sites by assays using several MMP-9 mutants having
alanine substitution in the active-site cleft (cleft mutants) and MMP-9/-2 chimeric mutation in
the exosite (exosite mutants). For the enzymatic assay using MMP-9 mutants, it is critically
important that they have sufficient purity and enzymatic activity. To create activated MMP-9
mutants with high stability, we found that autolysis of activated MMP-9, which occurred upon
long-term incubation at 25°C (S10 Fig), was prevented by activation using EK at 4°C. In most
of the mutants, despite their good purity and processing by EK, the cleavage activities of pep-
tide substrates were reduced compared with that of the wild-type (S5C Fig); however, in our
preliminary experiment, V398A, L418A, and P421A mutants significantly affected the inhibi-
tory activities of sc-311438 compared with that of wild-type MMP-9 (S6A Fig), consistent with
the previous report describing that sc-311438 interacts with the S1’ pocket of MMPs [41],
which was formed by residues including Val-398, Leu-418, and Pro-421 in MMP-9. Therefore,
we concluded that enzymatic assays using these mutants are available to explore the residues
of MMP-9 interacting with the inhibitors.

The results using the cleft mutants (Fig 5A and Table 2) strongly suggested that M91005
recognized Phe-192 and Tyr-423. As they are conserved in MMP-1, -2, -8, -9, and -13 (54 Fig),
additional recognition sites are required to achieve the specific inhibition of MMP-9. For fur-
ther analysis, we selected MMP-2, which has the highest homology to MMP-9 among MMP
family proteins, and performed enzymatic assays using exosite mutants. The results (Fig 5B
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Fig 6. Mapping of the possible interaction sites with M91005 onto the structure of active MMP-9. In accordance with the results
of binding and enzymatic assay using MMP-9 mutants, the residues identified as being involved in the interaction with M91005
were mapped onto the structure of the catalytic domain of active MMP-9 (gray, Protein Data Bank code 4H3X). The results of the
binding assays (Fig 4) suggested that catalytic Glu-402 (blue) contributed to the interaction between M91005 and MMP-9. The
results of enzyme inhibitory assays (Fig 5, Tables 2 and 3) suggested that M91005 recognized Phe-110, Tyr-179, Leu-187, Phe-192,
GIn-199, Tyr-393, Tyr-420, Met-422, and Tyr-423 (magenta). The interaction with characteristic residues, Gln-199 and Met-422
(black dotted circle), is likely to contribute to the specific inhibition of M91005 toward MMP-9.

https://doi.org/10.1371/journal.pone.0244656.9006

and Table 3) suggested that M91005 recognized GIn-199, Tyr-420, and Met-422, which are
characteristic residues of MMP-9 compared with the other MMPs. In terms of their location,
GIn-199 is near Phe-192 and Met-422 is near Tyr-423 (Fig 6), consistent with the suggestion
that M91005 recognizes both Phe-192 and Tyr-423. Interestingly, both GIn-199 and Met-422
are unique sequences that are found only in MMP-9 among the five MMP family proteins (54
Fig). It was suggested that M91005 recognizes not only highly homologous Phe-192 and Tyr-
423 but also unique Gln-199 and Met-422 located near these residues. Therefore, it was in turn
suggested that M91005 specifically inhibits MMP-9 by recognizing both GIn-199 and Met-422
in the exosite (Fig 6 black dotted circle).

PLOS ONE | https://doi.org/10.1371/journal.pone.0244656 December 29, 2020 11/21


https://doi.org/10.1371/journal.pone.0244656.g006
https://doi.org/10.1371/journal.pone.0244656

PLOS ONE

MMP-9-specific inhibitor targeting the active site

GIn-199 and Met-422, which are distant from each other, are located on the non-prime side
and prime side of the catalytic domain of MMP-9, respectively. The side chain of GIn-199 is
thought to be involved in forming the S4 subsite of MMP-9 [42,43]. Met-422 forms a groove
recognizing the region from the P2’ to the P4’ position of the substrate [44]. Thus, it was sug-
gested that M91005 interacts with the region including S4 and the S4 subsite as well as the
active site of MMP-9. Based on the structural information of MMP-9, the distance from Co. of
Gln-199 to that of Met-422 is over 20 A. This is a long distance comparable to the large inter-
face between KLK4 and the engineered SPINK2-derived KLK4 inhibitor, K41043, which we
previously demonstrated [24]. K41043 recognized the large surface area containing both the
S1 pocket of KLK4 and the region surrounding the pocket, and showed high specificity. Simi-
lar to K41043, the large interaction area generated by the randomized loop presented by the
engineered SPINK2 may have allowed M91005 to recognize both active site and exosite of
MMP-9. Nam et al. reported that the engineered antibody Fab 3A2, which accessed the active
site of target MMP-14 and showed high specificity, recognized the Phe-260 residue, which
forms the S1’ subsite of MMP-14 [45]. Phe-260 of MMP-14 corresponds to Met-422 of MMP-
9 in the sequence alignment and is a characteristic residue in the exosite of MMP-14. The
importance of exosite recognition for high specificity has also been suggested in another
report, supporting our finding that the binding of M91005 to the exosite contributed to its
specificity to MMP-9 in this study.

We speculated that M91005 interacted with Gln-199 and Met-422 of MMP-9 by enzymatic
assays using the MMP-9 mutants. ELISA or enzymatic assays using mutant enzymes provided
some insights into the interacting residues of the inhibitors in previous reports [45-48]. Simi-
larly, our results using the MMP-9 mutants contributed to providing meaningful information
regarding the mechanism by which M91005 recognizes MMP-9 in this research. Future inves-
tigation including X-ray crystallographic analysis of the complex of M91005 and MMP-9 may
offer additional insights into the mechanism behind the potent and specific inhibition of
MMP-9 by M91005.

Using the engineered SPINK2 library, we obtained MMP-9-specific inhibitors with high
potency, and they recognized exosites distant from each other in addition to the active site,
which could be achieved by the large interaction area provided by the loop of the SPINK2 scaf-
fold. The characteristic recognition mechanism shown by engineered SPINK2-derived inhibi-
tors may also be useful in the creation of specific active-site inhibitors of other MMPs, and the
engineered SPINK2 library may contribute to the discovery of specific inhibitors useful for
basic and clinical research on MMPs.

Materials and methods
Reagents

Fluorescence-quenching peptide substrates, MOCAc-Arg-Pro-Lys-Pro-Val-Glu-Nva-Trp-
Arg-Lys(Dnp)-NH, (3168-v, Lot No. 610613) and MOCAc-Lys-Pro-Leu-Gly-Leu-A,pr(Dnp)-
Ala-Arg-NH, (3226-v, Lot No. 650414), were purchased from Peptide Institute. Dye-quenched
(DQ) gelatin (D-12054, Lot No. 1694715) was obtained from Thermo Fisher Scientific. The
broad MMP inhibitor N-hydroxy-1-(4-methoxyphenyl)sulfonyl-4-(4-biphenylcarbonyl)piper-
azine-2-carboxamide (sc-311438) was obtained from Santa Cruz Biotechnology.

The full-length active hMMP-2 and active hMMP-15 catalytic domain were purchased
from EMD Millipore. The catalytic domains of active hMMP-7, active hAMMP-10, and active
hMMP-12 were obtained from Enzo Life Sciences. Active hMMP-14 catalytic domain was
purchased from Thermo Fisher Scientific. The catalytic domains of pro-hMMP-16 and pro-
hMMP-17 were purchased from R&D Systems. Pro-MMP-16 was activated by Furin, and pro-
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MMP-17 was activated by 4-aminophenylmercuric acetate (APMA; Sigma-Aldrich), in accor-
dance with each manufacturer’s protocol.

Protein expression and purification

All pro-MMPs with the native leader sequences were cloned into pcDNA3.3 vector (Thermo
Fisher Scientific) and their constructs were as follows. Each catalytic domain of pro-hMMP-1
(residues 20-261), pro-hMMP-8 (residues 21-262), or pro-hMMP-13 (residues 20-267) was
fused to the N-terminal Hisg tag. Pro-hMMP-9 catalytic domain with an insertion of fibronec-
tin-like domain (residues 20-449; pro-MMP-9_Cat) was fused to the C-terminal His, tag
(pro-MMP-9_Cat-H6). For preparation of biotinylated MMP-9 protein, pro-MMP-9_Cat
was fused to the N-terminal His, tag, C-terminal FLAG tag, and biotin acceptor peptide (pro-
MMP-9_Cat-BAP). For activation of pro-MMP-9 using enterokinase (EK), pro-MMP-9_Cat
was fused to the N-terminal Hisg tag, followed by insertion of the EK cleavage site (amino acid
sequence: DDDDK) between Arg-106 and Phe-107 (pro-EK-MMP-9_Cat). Pro-MMP-9_Cat
cleft mutants (pro-EK-MMP-9_Cat_F110A, Y179A, D185A, G186A, L187A, L188A, F192A,
Y393A, L397A, V398A, L418A, P421A, and Y423A) and pro-MMP-9/MMP-2 chimeric
mutants (pro-EK-MMP-9_Cat_Q108N, T109F, E111P, P193A, 1198V, Q199G, D410E, S413Q,
Y420A, and M422I) were constructed from pro-EK-MMP-9_Cat by single-amino-acid substi-
tution using KOD -Plus- Mutagenesis Kit (TOYOBO). Pro-MMP-9 E402Q mutant (pro-
MMP-9_Cat_E402Q-H6) was generated from pro-MMP-9_Cat-H6 using QuikChange Site-
Directed Mutagenesis Kit (Agilent).

All pro-MMPs were transiently expressed in HEK293F cells (Thermo Fisher Scientific).
Six days after transfection, all pro-MMP proteins were purified using HisTrap excel gel (GE
Healthcare), followed by buffer exchange into PBS. Pro-EK-MMP-9_Cat and mutants were
further purified using gelatin-Sepharose resin (GE Healthcare), followed by buffer exchange
into PBS. Pro-MMP-9_Cat-BAP was biotinylated using biotin-protein ligase BirA (Avidity),
in accordance with the manufacturer’s protocol.

Human TIMP-1 (residues 1-207) with a C-terminal FLAG tag was cloned into the
pcDNA3.3 vector. TIMP-1 was transiently expressed in HEK293F cells and purified using
ANTI-FLAG M2 Affinity Gel (Sigma-Aldrich), followed by buffer exchange into PBS.

Activation of MMP

MMP-1, -3, -8, and -13 were activated using APMA in TNC buffer (50 mM Tris-HCI, 200 mM
NaCl, 2 mM CaCl,, pH 7.5) at 37°C as follows. Active forms of MMP-1 and MMP-8 were gen-
erated by incubation of pro-MMP-1 (15.8 pM) or pro-MMP-8 (15.9 uM) with 500 uM APMA
for 1 h. Active MMP-3 was generated by incubation of pro-MMP-3 (9.4 uM) with 500 uM
APMA for 4 h. Active MMP-13 was generated by incubation of pro-MMP-13 (15.5 pM) with
50 uM APMA for 1 h. After activation of all MMPs using APMA, buffers were exchanged into
PBS at 4°C using Sephadex G-25 (GE Healthcare).

For MMP-9 activation using MMP-3, the final 10.2 pM pro-MMP-9_Cat-H6 or biotiny-
lated pro-MMP-9_Cat-BAP was incubated with 1.1 pM active MMP-3 in TNC buffer for 4 h
at 37°C. For MMP-9 activation using EK, the final 4 uM pro-EK-MMP-9_Cat or mutants were
incubated with 32 U/ml EKMax Enterokinase (Thermo Fisher Scientific) in the cleavage buffer
(20 mM Tris-HCI, 50 mM NaCl, 2 mM CaCl,, pH 7.4) for 2 h at 4°C. EK was removed by
EKapture Agarose (EMD Millipore). After the activation of MMP-9, buffers were exchanged
into PBS at 4°C using an Amicon-Ultra centrifugal filter (10,000 NMWL; EMD Millipore).
The purity of each active MMP-9 mutant was confirmed by SDS-PAGE.
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For the preparation of MMP-9 E402Q mutant (MMP-9_Cat_E402Q-H6) the pro-peptide
of which was removed, a final concentration of 10.2 uM pro-MMP-9_Cat_E402Q-H6 was
incubated with 3.4 uM active MMP-3 in TNC buffer for 4 h at 37°C. After incubation, buffer
was exchanged into PBS at 4°C using Amicon-Ultra centrifugal filter (10,000 NMWL). The
purity of MMP-9_Cat_E402Q-H6 was confirmed by SDS-PAGE.

Phage panning

The engineered SPINK2 phage library (functional diversity, 1.2 x 10'°) was previously estab-
lished, and phage panning was performed following methods described previously [24].
Briefly, for the first round of panning, 50 nM biotinylated active MMP-9_Cat-BAP was immo-
bilized on Dynabeads M-280 Streptavidin (Thermo Fisher Scientific) for 2 h at 4°C. The beads
were blocked with 3% BSA in TNC-T buffer (0.05% Tween 20 in TNC buffer) for 1 h at 4°C.
Then, the engineered SPINK2 phage library (approximately 1.8 x 10'* phages) was incubated
with active MMP-9_Cat-BAP immobilized on beads in 3% BSA in TNC-T buffer overnight at
4°C. The beads were washed with TNC-T buffer, and then the bound phages were eluted using
ACTEV Protease (Thermo Fisher Scientific). The recovered phage repertoire was amplified in
Escherichia coli XL1-Blue cells (Agilent Technologies), which were then subjected to the next
round of panning. In the second and third rounds, the amplified phages were incubated with 5
nM biotinylated active MMP-9_Cat-BAP at 4°C overnight. Phages bound to biotinylated
active MMP-9_Cat-BAP were collected using Dynabeads M-280 Streptavidin blocked with 3%
BSA in TNC-T buffer for 30 min at 4°C. Bound phages were washed with TNC-T bulffer, fol-
lowed by elution using AcTEV Protease. During subsequent selection rounds, the number of
washing steps was gradually increased.

Expression and purification of inhibitors

Engineered SPINK2-derived MMP-9 inhibitors were produced following methods described
previously [24]. Briefly, the enriched phagemid DNA was cloned into the EcoRI/NotI sites of
the expression vector pET32a (EMD Millipore). Origami B (DE3) (EMD Millipore) was trans-
formed with the resulting vectors. The transformed E. coli was cultured in 2-YT medium
(Thermo Fisher Scientific) at 37°C; then, isopropyl B-D-1-thiogalactopyranoside (IPTG) was
added to a final concentration of 1 mM for induction. After cultivation at 16°C overnight, the
cell pellet was collected and lysed using BugBuster Master Mix (EMD Millipore). His, tag-fused
inhibitor with an N-terminal thioredoxin tag was purified using TALON Metal Affinity Resin
(Clontech). The purified proteins were used for the primary screening of inhibitors. For further
evaluation of the inhibitors, thioredoxin and His, tag were removed using Thrombin Cleavage
Capture Kit (EMD Millipore). The inhibitors were finally purified by affinity chromatography
using TALON Metal Affinity Resin, followed by size-exclusion chromatography (SEC) using
Superdex 75 (GE Healthcare). The purified inhibitors had an N-terminal S tag for detection.

ELISA for MMP-9 binding of inhibitors

Biotinylated pro-MMP-9_Cat-BAP or biotinylated active MMP-9_Cat-BAP (each 50 nM) in PBS
was coated on a 96-well Nunc Immobilizer streptavidin clear plate (Thermo Fisher Scientific) for
2 h at 4°C. The plate was washed with PBS-T (0.05% Tween 20 in PBS) and blocked with 3% BSA
in PBS-T for 1 h at room temperature. Then, twofold serially diluted inhibitors (1-1,000 nM) in
PBS-T were added and incubated for 90 min at room temperature. After washing with PBS-T,
horseradish peroxidase (HRP)-conjugated anti-S tag antibody (Bethyl Laboratories) was added
(1:10,000 dilution in PBS-T) and incubated for 1 h at room temperature. After washing with
PBS-T, the reaction was developed with 2,2’-azino-di-(3-ethylbenzthiazoline sulfonic acid)

PLOS ONE | https://doi.org/10.1371/journal.pone.0244656 December 29, 2020 14/21


https://doi.org/10.1371/journal.pone.0244656

PLOS ONE

MMP-9-specific inhibitor targeting the active site

substrate (Nacalai Tesque) at room temperature. The absorbance at 405 nm was measured using
an EnSpire fluorescence plate reader (PerkinElmer). The ECs, values were determined by a four-
parameter logistic fit of the absorbance data using GraphPad Prism version 5.0 (GraphPad Soft-
ware). Results are means of at two independent experiments.

Size-exclusion chromatography analysis for MMP-9 binding of inhibitors

The purified inhibitor and active MMP-9_Cat-H6 or MMP-9_Cat_E402Q-H6 were incubated
at a molar ratio of 3:1 for 1 h at 4°C. Then, they were analyzed by SEC using an ACQUITY
UPLC BEH200 column (Waters) in PBS. Gel filtration standard (Bio-Rad) was used as a
molecular weight marker.

Enzymatic assays

All enzymatic assays were carried out at 37°C in a 96-well PROTEOSAVE black plate (Sumi-
tomo Bakelite). As the assay buffer, TC buffer (50 mM Tris-HCI, 10 mM CaCl,, pH 7.5) was
used in the MMP-17 enzymatic assay, while TNC buffer was used in the enzymatic assays for
the other MMPs. The increase of fluorescence signal of the substrate was measured on EnSpire.
The excitation and emission wavelengths of each substrate were as follows: 328 and 393 nm for
3168-v and 3226-v; and 495 and 515 nm for DQ-gelatin. Initial reaction velocities were deter-
mined by a linear fit of raw experimental data traces (fluorescence versus time) as the slopes of
the regression lines. The ICs, values were calculated from a four-parameter logistic fit of the
initial reaction velocities using GraphPad Prism.

For the primary screening of inhibitors, each clone was incubated with 0.6 nM active
MMP-9_Cat-H6 for 10 min. Then, peptide substrate 3226-v was added to a final concentration
of 10 uM. The ICs, values were calculated from at least two independent experiments.

For the enzymatic assay with MMP-9 mutants activated by EK, 1 nM active MMP-9_Cat or
mutants were incubated with threefold serially diluted inhibitors (0-330 nM or 0-1,000 nM)
for 1 h. Following incubation, the substrate 3226-v was added to achieve a final concentration
of 10 pM. The ICs, values are mean + S.D. from three independent experiments.

For enzyme kinetic measurements of the inhibitors, 0.4 nM active MMP-9_Cat-H6 was
incubated with various concentrations of inhibitors (0-25 nM) for 1 h. The reactions were
initiated by the addition of substrate 3226-v at a final concentration

of 10 uM. The inhibition constant (K;) values were determined by fitting the Morrison equa-
tion for tightly binding inhibitors [49]. Data were plotted as relative reaction velocity versus
inhibitor concentration and fitted by nonlinear regression to Eq 1 using GraphPad Prism:

v B, 0 k) e
A (1)
v, o,

k= (1+2) 2)

where V is the initial reaction velocity; V} is the initial reaction velocity in the absence of inhib-
itor; [E], is the total concentration of enzyme; [I] is the inhibitor concentration; [S] is the
substrate concentration; K,,, is the Michaelis-Menten constant; and K;**® is the apparent inhi-
bition constant given by Eq 2. The K,,, values were determined by measuring the initial reac-
tion velocities of hydrolysis of 3226-v (2.5-10 uM) by active MMP-9_Cat-H6 [50]. Results are
mean + S.D. for three independent experiments.
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For enzymatic assay with a macromolecular substrate, 0.6 nM active MMP-9_Cat-H6 was
incubated with threefold serially diluted inhibitors (0-100 nM) for 1 h. Following incubation,
DQ-gelatin was added to achieve a final concentration of 10 pg/ml. The ICs, values are
mean * S.D. for three independent experiments.

For specificity experiments, enzymatic assays using 12 human MMPs were carried out.
Each active MMP was incubated with 1 uM inhibitors for 10 or 60 min, followed by the addi-
tion of each fluorescence-quenching peptide substrate. Data are expressed as the percentage of
uninhibited activity. Experimental conditions of each MMP are described in S2 Table.

Statistical analyses

All statistical analyses were performed using GraphPad Prism version 5.0 (GraphPad Soft-
ware). Sample size for each experimental group was reported in the figure legends. The data
are presented as mean * S.D. One-way analysis of variance (ANOVA) followed by Dunnett’s
test was used to determine the statistical significance in the comparison of IC50 value of the
inhibitor against MMP-9 mutants versus wild-type MMP-9. P values less than 0.05 were con-
sidered statistical significant.

Supporting information

S1 Fig. SDS-PAGE analysis of purified MMP-9. (A) Pro-MMP-9_Cat-H6 was purified
and activated by active MMP-3, as described in “Materials and methods.” (B) Pro-MMP-
9_Cat_E402Q-H6 was purified and processed by active MMP-3, as described in “Materials
and methods.” SDS-PAGE analysis of the purified pro-MMP-9 (1 ug per gel lane), active
MMP-9_Cat-H6, and MMP-9_Cat_E402Q-H6 (0.5 pg per gel lane) was performed under
reducing conditions followed by Coomassie Brilliant Blue G-250 staining.

(TIF)

S2 Fig. Scheme of a randomized region of the engineered SPINK2. (A) Amino acid sequence
of wild-type SPINK2. Lines indicate disulfide bonds (Cys-14-Cys-44, Cys-22-Cys-41, Cys-30-
Cys-62). (B) Region randomized to create the engineered SPINK?2 library. (C) Three-dimen-
sional structure of wild-type SPINK2 (PDB code, 2JXD). SPINK?2 is shown as a gray and red
semi-transparent surface model; red indicates the randomized region. The right figure repre-
sents the left image turned 90° counterclockwise about the y-axis. (D) Aligned sequences of
the engineered SPINK2-derived inhibitors against MMP-9.

(TIF)

S3 Fig. The binding properties of inhibitors were evaluated by ELISA. Various concentra-
tions of pro-MMP-9_Cat-Avi or active MMP-9_Cat-Avi (0.8-100 nM) were added to M91005
or GS-5745 (10 pg/ml each)-coated plates, and then C-terminal FLAG tag of captured MMP-9
was detected by HRP-conjugated anti-FLAG tag antibody. All curves were obtained by non-
linear curve fitting.

(TIF)

$4 Fig. Sequence alignment of pre-pro-form lacking the hemopexin domain of MMP-1, -2,
-8, -9, and -13. The residues are numbered according to the generic MMP-9 nomenclature.
Fn-like domain of MMP-2 and -9 is represented as XXX. Symbols denote catalytic glutamate
residue (asterisk), and residues interacting with catalytic zinc ion (Z1), structural zinc ion (Z2),
and calcium ions (Ca). Conserved residues among the five MMPs are shown with a gray back-
ground.

(TIF)
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S5 Fig. Purification and activation of MMP-9 mutants. (A) and (B) Pro-EK-MMP-9_Cat
(WT), pro-forms of the cleft mutants, and exosite mutants were purified using HisTrap excel
gel and gelatin-Sepharose resin. Each pro-MMP-9 (4 uM) was incubated with EKMax Entero-
kinase (32 U/ml) for 2 h at 4°C. After the activation of MMP-9, EK was removed by EKapture
Agarose and buffer was exchanged for PBS at 4°C. SDS-PAGE analysis of the purified pro-
MMP-9 (A, 1 ug per gel lane) and activated MMP-9 (B, 0.5 pg per gel lane, asterisk indicates

1 pg per gel lane) was performed under reducing conditions followed by Coomassie Brilliant
Blue G-250 staining. All of the pro- and active MMP-9 mutants were highly purified. (C)
MMP-9 activities of each mutant were determined by enzymatic assay using peptide substrate.
Active MMP-9_Cat (WT) or activated mutants (1 nM each) were incubated with peptide sub-
strate 3226-v (10 pM), and then MMP-9 activities were determined by monitoring the increase
of fluorescence signal of the substrate. The activities of each mutant were normalized to that of
WT. Most of the activated mutants, except for the L188A mutant, showed sufficient proteolytic
activity to use for enzymatic assays. Each bar represents the mean + S.D. (n = 3).

(TIF)

S6 Fig. MMP-9 inhibitory activities of sc-311438 towards the cleft mutants (A) and the
exosite mutants (B). All assay conditions and data presentation are the same as in Fig 5, and
Tables 2 and 3. Statistical analysis of cleft mutants versus WT was performed by one-way
ANOVA with Dunnett’s post tests for multiple comparisons.

(TIF)

S7 Fig. MMP-9 inhibitory activities of M91005 towards three different MMP-9 constructs.
For enzymatic assay with three different MMP-9 constructs, namely, full-length MMP-9, the
form with HPX domain deleted (MMP-9_Cat), and the form with both Fn-like domain and
HPX domain deleted (the catalytic domain), 0.4 nM active MMP-9 was incubated with three-
fold serially diluted inhibitors (0-100 nM) for 1 h. Following incubation, substrate 3226-v was
added to achieve a final concentration of 10 uM. The other assay conditions are the same as in
Fig 1C.

(TIF)

S8 Fig. Expression of active-site mutants of MMP-9 (H401A, H405A, and H411A). Western
blot analysis of the culture supernatants (6.5 pl per gel lane) of HEK293F cells transfected with
each MMP-9 expression vector was performed under reducing conditions. After electrophore-
sis, the proteins were transferred to a PVDF membrane followed by blocking with 5% skim
milk in PBS-T. After washing with PBS-T, Penta His HRP Conjugate (QIAGEN, 34460) was
added (1:10,000 dilution in PBS-T with 0.5% skim milk) and incubated for 1 h at room tem-
perature. After washing with PBS-T, the reaction was developed with ECL Prime Western
Blotting Detection Reagent (GE Healthcare) at room temperature. The pre-stained visible pro-
tein markers and the chemiluminescent signals were captured using a ChemiDoc XRS+ CCD
camera-based imager system (Bio-Rad). Black arrowhead indicates the band of full-length
MMP-9 fused to a C-terminal Hisg tag.

(TTF)

S9 Fig. C-terminal degradation of MMP-9 during activation reaction using trypsin. For
MMP-9 activation using trypsin, the final 4 pM pro-MMP-9_Cat-H6 was incubated with

2.7 uM TPCK trypsin (Thermo Fisher Scientific, 20233) in TNC buffer at 37°C. Western blot
analysis of the activation reaction solution (0.6 pug of MMP-9 per gel lane) was performed
under reducing conditions. The experimental conditions after electrophoresis were carried
out according to S8 Fig. Black arrowhead and red arrowhead indicate the band of the product
obtained by the activation reaction using trypsin and the band of C-terminal fragment of pro-
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MMP-9_Cat-HS6, respectively.
(TIF)

S10 Fig. Autolysis of active MMP-9 upon long-term incubation at 25°C. To evaluate the sta-
bility of the bait protein, 2.4 uM of biotinylated active MMP-9_Cat-BAP was incubated in PBS
at 25°C for 16 h. SDS-PAGE analysis of the biotinylated active MMP-9_Cat-BAP after incuba-
tion (0.5 pg per gel lane) was performed under reducing conditions followed by Coomassie
Brilliant Blue G-250 staining. Black arrowhead and red arrowhead indicate the band of the
biotinylated active MMP-9_Cat-BAP and the band of degradation product, respectively.

(TIF)

S1 Table. MMP inhibitory activities of inhibitors against eight MMPs. The cross-reactivities
against MMP-3, -7, -10, -12, -14, -15, -16, and -17 were measured by enzymatic assay using
peptide substrate. Each active MMP was incubated with inhibitors (1 uM), and then the pep-
tide substrate (10 uM 3168-v for MMP-3, 10 uM 3226-v for the other MMPs) was added as
described under “Materials and methods.” Enzymatic activity was determined by monitoring
the hydrolysis of the peptide substrate and each remaining enzymatic activity was normalized
to the activity in the absence of inhibitors. Data are shown as the mean + S.D. (n = 3).

(DOCX)

$2 Table. MMP enzymatic assay conditions.
(DOCX)

S3 Table. PCR primers used for site-directed mutagenesis.
(DOCX)

S1 Protocol. Protocol for ELISA assay using anti-MMP-9 antibody GS-5745.
(DOCX)

S1 Raw images. The original uncropped and unadjusted image to prepare the final figures.
Images were captured using a ChemiDocXRS+ CCD camera-based imager system (Bio-Rad).
The part of the blot or gel shown in the final figure is within the red box. Lanes marked with
an "X" were not included in the final figure.

(PDF)

Acknowledgments

We thank Dr. Shiho Kodama for help with calculation of the Ki values of the inhibitors. We
also thank Aya Yamaguchi for help with preparation of the inhibitors. We are grateful to Dr.
Akiyoshi Fukamizu for his thoughtful advice.

Author Contributions

Conceptualization: Hidenori Yano, Daisuke Nishimiya, Ryuji Hashimoto.
Data curation: Hidenori Yano, Daisuke Nishimiya.

Formal analysis: Hidenori Yano, Daisuke Nishimiya, Yoshirou Kawaguchi.
Investigation: Hidenori Yano, Daisuke Nishimiya, Yoshirou Kawaguchi.
Methodology: Hidenori Yano, Daisuke Nishimiya, Ryuji Hashimoto.
Project administration: Ryuji Hashimoto.

Supervision: Ryuji Hashimoto.

PLOS ONE | https://doi.org/10.1371/journal.pone.0244656 December 29, 2020 18/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0244656.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0244656.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0244656.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0244656.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0244656.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0244656.s015
https://doi.org/10.1371/journal.pone.0244656

PLOS ONE

MMP-9-specific inhibitor targeting the active site

Visualization: Hidenori Yano, Yoshirou Kawaguchi.

Writing - original draft: Hidenori Yano, Daisuke Nishimiya, Yoshirou Kawaguchi, Masakazu

Tamura, Ryuji Hashimoto.

Writing - review & editing: Hidenori Yano, Daisuke Nishimiya, Yoshirou Kawaguchi, Masa-

kazu Tamura, Ryuji Hashimoto.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Hu J, Van den Steen PE, Sang QXA, Opdenakker G. Matrix metalloproteinase inhibitors as therapy for
inflammatory and vascular diseases. Nat Rev Drug Discov. 2007; 6: 480—498. https://doi.org/10.1038/
nrd2308 PMID: 17541420

Gialeli C, Theocharis AD, Karamanos NK. Roles of matrix metalloproteinases in cancer progression
and their pharmacological targeting. FEBS J. 2011; 278: 16-27. https://doi.org/10.1111/].1742-4658.
2010.07919.x PMID: 21087457

Vandenbroucke RE, Libert C. Is there new hope for therapeutic matrix metalloproteinase inhibition? Nat
Rev Drug Discov. 2014; 13: 904—927. https://doi.org/10.1038/nrd4390 PMID: 25376097

Zitka O, Kukacka J, Krizkova S, Huska D, Adam V, Masarik M, et al. Matrix metalloproteinases. Curr
Med Chem. 2010; 17: 3751-3768. https://doi.org/10.2174/092986710793213724 PMID: 20846107

Elkins PA, Yen SH, Smith WW, Janson CA, D’Alessio KJ, McQueney MS, et al. Structure of the C-termi-
nally truncated human ProMMP9, a gelatin-binding matrix metalloproteinase. Acta Crystallogr Sect D
Biol Crystallogr. 2002; 58: 1182—-1192. https://doi.org/10.1107/s0907444902007849 PMID: 12077439

Ogata Y, Enghild JJ, Nagase H. Matrix metalloproteinase 3 (stromelysin) activates the precursor for the
human matrix metalloproteinase 9. J Biol Chem. 1992; 267: 3581-3584. PMID: 1371271

Okada Y, Gonoji Y, Naka K, Tomita K, Nakanishi |, Iwata K, et al. Matrix metalloproteinase 9 (92-kDa
gelatinase/type IV collagenase) from HT 1080 human fibrosarcoma cells. Purification and activation of
the precursor and enzymic properties. J Biol Chem. 1992; 267: 21712-9. Available: http://www.ncbi.
nlm.nih.gov/pubmed/1400481

Collier IE, Wilhelm SM, Eisen AZ, Marmer BL, Grant GA, Seltzer JL, et al. H-ras oncogene-transformed
human bronchial epithelial cells (TBE-1) secrete a single metalloprotease capable of degrading base-
ment membrane collagen. J Biol Chem. 1988; 263: 6579-6587. PMID: 2834383

Murphy G, Ward R, Hembry RM, Reynolds JJ, Kuhnt K, Tryggvasont K. Characterization of gelatinase
from pig polymorphonuclear leucocytes. Biochem J 258, 463—472. 1989; 258: 463—472. https://doi.org/
10.1042/bj2580463 PMID: 2539808

Vandooren J, Van Den Steen PE, Opdenakker G. Biochemistry and molecular biology of gelatinase B
or matrix metalloproteinase-9 (MMP-9): The next decade. Crit Rev Biochem Mol Biol. 2013; 48: 222—
272. https://doi.org/10.3109/10409238.2013.770819 PMID: 23547785

Turk BE, Huang LL, Piro ET, Cantley LC. Determination of protease cleavage site motifs using mixture-
based oriented peptide libraries. Nat Biotechnol. 2001; 19: 661-667. https://doi.org/10.1038/90273
PMID: 11433279

Maskos K. Crystal structures of MMPs in complex with physiological and pharmacological inhibitors.
Biochimie. 2005; 87: 249-263. hitps://doi.org/10.1016/j.biochi.2004.11.019 PMID: 15781312

Steffensen B, Wallon MU, Christopher OM. Extracellular Matrix Binding Properties of Recombinant
Fibronectin Type II-like Modules of Human 72-kDa Gelatinase/Type IV Collagenase. J Biol Chem.
1995; 270: 11555—11566. https://doi.org/10.1074/jbc.270.19.11555 PMID: 7744795

O’Farrell TJ, Pourmotabbed T. The fibronectin-like domain is required for the type V and XI collagenoly-
tic activity of gelatinase B. Arch Biochem Biophys. 1998; 354: 24—-30. https://doi.org/10.1006/abbi.1998.
0662 PMID: 9633594

Xu X, ChenZ, Wang Y, Yamada Y, Steffensen B. Functional basis for the overlap in ligand interactions
and substrate specificities of matrix metalloproteinases-9 and -2. Biochem J. 2005; 392: 127-134.
https://doi.org/10.1042/BJ20050650 PMID: 16008524

Sela-Passwell N, Kikkeri R, Dym O, Rozenberg H, Margalit R, Arad-Yellin R, et al. Antibodies targeting
the catalytic zinc complex of activated matrix metalloproteinases show therapeutic potential. Nat Med.
2012; 18: 143-147. https://doi.org/10.1038/nm.2582 PMID: 22198278

Gomis-Rith FX, Maskos K, Betz M, Bergner A, Huber R, Suzuki K, et al. Mechanism of inhibition of the
human matrix metalloproteinase stromelysin-1 by TIMP-1. Nature. 1997; 389: 77-81. https://doi.org/10.
1038/37995 PMID: 9288970

PLOS ONE | https://doi.org/10.1371/journal.pone.0244656 December 29, 2020 19/21


https://doi.org/10.1038/nrd2308
https://doi.org/10.1038/nrd2308
http://www.ncbi.nlm.nih.gov/pubmed/17541420
https://doi.org/10.1111/j.1742-4658.2010.07919.x
https://doi.org/10.1111/j.1742-4658.2010.07919.x
http://www.ncbi.nlm.nih.gov/pubmed/21087457
https://doi.org/10.1038/nrd4390
http://www.ncbi.nlm.nih.gov/pubmed/25376097
https://doi.org/10.2174/092986710793213724
http://www.ncbi.nlm.nih.gov/pubmed/20846107
https://doi.org/10.1107/s0907444902007849
http://www.ncbi.nlm.nih.gov/pubmed/12077439
http://www.ncbi.nlm.nih.gov/pubmed/1371271
http://www.ncbi.nlm.nih.gov/pubmed/1400481
http://www.ncbi.nlm.nih.gov/pubmed/1400481
http://www.ncbi.nlm.nih.gov/pubmed/2834383
https://doi.org/10.1042/bj2580463
https://doi.org/10.1042/bj2580463
http://www.ncbi.nlm.nih.gov/pubmed/2539808
https://doi.org/10.3109/10409238.2013.770819
http://www.ncbi.nlm.nih.gov/pubmed/23547785
https://doi.org/10.1038/90273
http://www.ncbi.nlm.nih.gov/pubmed/11433279
https://doi.org/10.1016/j.biochi.2004.11.019
http://www.ncbi.nlm.nih.gov/pubmed/15781312
https://doi.org/10.1074/jbc.270.19.11555
http://www.ncbi.nlm.nih.gov/pubmed/7744795
https://doi.org/10.1006/abbi.1998.0662
https://doi.org/10.1006/abbi.1998.0662
http://www.ncbi.nlm.nih.gov/pubmed/9633594
https://doi.org/10.1042/BJ20050650
http://www.ncbi.nlm.nih.gov/pubmed/16008524
https://doi.org/10.1038/nm.2582
http://www.ncbi.nlm.nih.gov/pubmed/22198278
https://doi.org/10.1038/37995
https://doi.org/10.1038/37995
http://www.ncbi.nlm.nih.gov/pubmed/9288970
https://doi.org/10.1371/journal.pone.0244656

PLOS ONE

MMP-9-specific inhibitor targeting the active site

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Sharabi O, Shirian J, Grossman M, Lebendiker M, Sagi |, Shifman J. Affinity- and specificity-enhancing
mutations are frequent in multispecific interactions between TIMP2 and MMPs. PLoS One. 2014; 9.
https://doi.org/10.1371/journal.pone.0093712 PMID: 24710006

Arkadash V, Yosef G, Shirian J, Cohen |, Horev Y, Grossman M, et al. Development of high affinity and
high specificity inhibitors of matrix metalloproteinase 14 through computational design and directed evo-
lution. J Biol Chem. 2017; 292: 3481-3495. hitps://doi.org/10.1074/jbc.M116.756718 PMID: 28087697

Shirian J, Arkadash V, Cohen |, Sapir T, Radisky ES, Papo N, et al. Converting a broad matrix metallo-
proteinase family inhibitor into a specific inhibitor of MMP-9 and MMP-14. FEBS Lett. 2018; 592: 1122—
1134. https://doi.org/10.1002/1873-3468.13016 PMID: 29473954

Dufour A, Sampson NS, Li J, Kuscu C, Rizzo RC, Deleon JL, et al. Small-molecule anticancer com-
pounds selectively target the hemopexin domain of matrix metalloproteinase-9. Cancer Res. 2011; 71:
4977-88. https://doi.org/10.1158/0008-5472.CAN-10-4552 PMID: 21646471

Alford VM, Kamath A, Ren X, Kumar K, Gan Q, Awwa M, et al. Targeting the Hemopexin-like Domain of
Latent Matrix Metalloproteinase-9 (proMMP-9) with a Small Molecule Inhibitor Prevents the Formation
of Focal Adhesion Junctions. ACS Chem Biol. 2017; 12: 2788—-2803. https://doi.org/10.1021/
acschembio.7b00758 PMID: 28945333

Hariono M, Nuwarda RF, Yusuf M, Rollando R, Jenie RI, Al-Najjar B, et al. Arylamide as Potential Selec-
tive Inhibitor for Matrix Metalloproteinase 9 (MMP9): Design, Synthesis, Biological Evaluation, and
Molecular Modeling. J Chem Inf Model. 2020; 60: 349-359. https://doi.org/10.1021/acs.jcim.9b00630
PMID: 31825614

Nishimiya D, Kawaguchi Y, Kodama S, Nasu H, Yano H, Yamaguchi A, et al. A protein scaffold, engi-
neered SPINK2, for generation of inhibitors with high affinity and specificity against target proteases.
Sci Rep. 2019; 9: 11436. https://doi.org/10.1038/s41598-019-47615-5 PMID: 31391482

Itoh T, Tanioka M, Matsuda H, Nishimoto H, Yoshioka T, Suzuki R, et al. Experimental metastasis is
suppressed in MMP-9-deficient mice. Clin Exp Metastasis. 1999; 17: 177-81. https://doi.org/10.1023/
a:1006603723759 PMID: 10411111

Mondal S, Adhikari N, Banerjee S, Amin SA, Jha T. Matrix metalloproteinase-9 (MMP-9) and its inhibi-
tors in cancer: A minireview. Eur J Med Chem. 2020; 194: 112260. https://doi.org/10.1016/j.ejmech.
2020.112260 PMID: 32224379

Rosenberg GA. Matrix metalloproteinases in neuroinflammation. Glia. 2002; 39: 279-91. https://doi.
org/10.1002/glia.10108 PMID: 12203394

Weiss N, Miller F, Cazaubon S, Couraud P-O. The blood-brain barrier in brain homeostasis and neuro-
logical diseases. Biochim Biophys Acta. 2009; 1788: 842-57. https://doi.org/10.1016/j.bbamem.2008.
10.022 PMID: 19061857

LinC, WuW, LuH, LiW, Bao Z, Wang Y, et al. MMP-9 Inhibitor GM6001 Prevents the Development of
ssTBI-Induced Parkinson’s Disease via the Autophagy Pathway. Cell Mol Neurobiol. 2020. https://doi.
org/10.1007/s10571-020-00933-z PMID: 32770297

Kaplan A, Spiller KJ, Towne C, Kanning KC, Choe GT, Geber A, et al. Neuronal matrix Metalloprotei-
nase-9 is a determinant of selective Neurodegeneration. Neuron. 2014; 81: 333—-348. https://doi.org/10.
1016/j.neuron.2013.12.009 PMID: 24462097

Mishiro K, Ishiguro M, Suzuki Y, Tsuruma K, Shimazawa M, Hara H. A broad-spectrum matrix metallo-
proteinase inhibitor prevents hemorrhagic complications induced by tissue plasminogen activator in
mice. Neuroscience. 2012; 205: 39-48. https://doi.org/10.1016/j.neuroscience.2011.12.042 PMID:
22244977

Ishida Y, Kuninaka Y, Nosaka M, Kimura A, Taruya A, Furuta M, et al. Prevention of CaCl2-induced aor-
tic inflammation and subsequent aneurysm formation by the CCL3-CCRS5 axis. Nat Commun. 2020; 11:
5994. https://doi.org/10.1038/s41467-020-19763-0 PMID: 33239616

Rosenblum G, Van den Steen PE, Cohen SR, Grossmann JG, Frenkel J, Sertchook R, et al. Insights
into the Structure and Domain Flexibility of Full-Length Pro-Matrix Metalloproteinase-9/Gelatinase B.
Structure. 2007; 15: 1227-1236. https://doi.org/10.1016/j.str.2007.07.019 PMID: 17937912

Beckett D, Kovaleva E, Schatz PJ. A minimal peptide substrate in biotin holoenzyme synthetase-cata-
lyzed biotinylation. Protein Sci. 1999; 8: 921-929. https://doi.org/10.1110/ps.8.4.921 PMID: 10211839

O’Connell JP, Willenbrock F, Docherty AJ, Eaton D, Murphy G. Analysis of the role of the COOH-termi-
nal domain in the activation, proteolytic activity, and tissue inhibitor of metalloproteinase interactions of
gelatinase B. J Biol Chem. 1994; 269: 14967—-73. Available: http://www.ncbi.nlm.nih.gov/pubmed/
8195131

Kridel SJ, Chen E, Kotra LP, Howard EW, Mobashery S, Smith JW. Substrate hydrolysis by matrix
metalloproteinase-9. J Biol Chem. 2001; 276: 20572-8. https://doi.org/10.1074/jbc.M100900200 PMID:
11279151

PLOS ONE | https://doi.org/10.1371/journal.pone.0244656 December 29, 2020 20/21


https://doi.org/10.1371/journal.pone.0093712
http://www.ncbi.nlm.nih.gov/pubmed/24710006
https://doi.org/10.1074/jbc.M116.756718
http://www.ncbi.nlm.nih.gov/pubmed/28087697
https://doi.org/10.1002/1873-3468.13016
http://www.ncbi.nlm.nih.gov/pubmed/29473954
https://doi.org/10.1158/0008-5472.CAN-10-4552
http://www.ncbi.nlm.nih.gov/pubmed/21646471
https://doi.org/10.1021/acschembio.7b00758
https://doi.org/10.1021/acschembio.7b00758
http://www.ncbi.nlm.nih.gov/pubmed/28945333
https://doi.org/10.1021/acs.jcim.9b00630
http://www.ncbi.nlm.nih.gov/pubmed/31825614
https://doi.org/10.1038/s41598-019-47615-5
http://www.ncbi.nlm.nih.gov/pubmed/31391482
https://doi.org/10.1023/a%3A1006603723759
https://doi.org/10.1023/a%3A1006603723759
http://www.ncbi.nlm.nih.gov/pubmed/10411111
https://doi.org/10.1016/j.ejmech.2020.112260
https://doi.org/10.1016/j.ejmech.2020.112260
http://www.ncbi.nlm.nih.gov/pubmed/32224379
https://doi.org/10.1002/glia.10108
https://doi.org/10.1002/glia.10108
http://www.ncbi.nlm.nih.gov/pubmed/12203394
https://doi.org/10.1016/j.bbamem.2008.10.022
https://doi.org/10.1016/j.bbamem.2008.10.022
http://www.ncbi.nlm.nih.gov/pubmed/19061857
https://doi.org/10.1007/s10571-020-00933-z
https://doi.org/10.1007/s10571-020-00933-z
http://www.ncbi.nlm.nih.gov/pubmed/32770297
https://doi.org/10.1016/j.neuron.2013.12.009
https://doi.org/10.1016/j.neuron.2013.12.009
http://www.ncbi.nlm.nih.gov/pubmed/24462097
https://doi.org/10.1016/j.neuroscience.2011.12.042
http://www.ncbi.nlm.nih.gov/pubmed/22244977
https://doi.org/10.1038/s41467-020-19763-0
http://www.ncbi.nlm.nih.gov/pubmed/33239616
https://doi.org/10.1016/j.str.2007.07.019
http://www.ncbi.nlm.nih.gov/pubmed/17937912
https://doi.org/10.1110/ps.8.4.921
http://www.ncbi.nlm.nih.gov/pubmed/10211839
http://www.ncbi.nlm.nih.gov/pubmed/8195131
http://www.ncbi.nlm.nih.gov/pubmed/8195131
https://doi.org/10.1074/jbc.M100900200
http://www.ncbi.nlm.nih.gov/pubmed/11279151
https://doi.org/10.1371/journal.pone.0244656

PLOS ONE

MMP-9-specific inhibitor targeting the active site

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

Appleby TC, Greenstein AE, Hung M, Liclican A, Velasquez M, Villasenor AG, et al. Biochemical char-
acterization and structure determination of a potent, selective antibody inhibitor of human MMP9. J Biol
Chem. 2017; 292: 6810—-6820. https://doi.org/10.1074/jbc.M116.760579 PMID: 28235803

Roeb E, Behrmann I, Grétzinger J, Breuer B, Matern S. An MMP-9 mutant without gelatinolytic activity
as a novel TIMP-1-antagonist. FASEB J. 2000; 14: 1671-1673. https://doi.org/10.1096/fj.99-0947fje
PMID: 10973913

Roderfeld M, Weiskirchen R, Wagner S, Berres M-L, Henkel C, Grétzinger J, et al. Inhibition of hepatic
fibrogenesis by matrix metalloproteinase-9 mutants in mice. FASEB J. 2006; 20: 444—454. https://doi.
org/10.1096/fj.05-4828com PMID: 16507762

Goffin L, Fagagnini S, Vicari A, Mamie C, Melhem H, Weder B, et al. Anti-MMP-9 Antibody: A Promising
Therapeutic Strategy for Treatment of Inflammatory Bowel Disease Complications with Fibrosis.
Inflamm Bowel Dis. 2016; 22: 2041-2057. https://doi.org/10.1097/MIB.0000000000000863 PMID:
27542125

Cheng M, De B, Pikul S, Almstead NG, Natchus MG, Anastasio MV, et al. Design and synthesis of
piperazine-based matrix metalloproteinase inhibitors. J Med Chem. 2000; 43: 369-80. https://doi.org/
10.1021/jm990366q PMID: 10669564

Higashi S, Miyazaki K. Identification of amino acid residues of the matrix metalloproteinase-2 essential
for its selective inhibition by 3-amyloid precursor protein-derived inhibitor. J Biol Chem. 2008; 283:
10068—-10078. https://doi.org/10.1074/jbc.M709509200 PMID: 18238779

Hashimoto H, Takeuchi T, Komatsu K, Miyazaki K, Sato M, Higashi S. Structural basis for matrix metal-
loproteinase-2 (MMP-2)-selective inhibitory action of f-amyloid precursor protein-derived inhibitor. J
Biol Chem. 2011; 286: 33236—33243. https://doi.org/10.1074/jbc.M111.264176 PMID: 21813640

Tranchant |, Vera L, Czarny B, Amoura M, Cassar E, Beau F, et al. Halogen bonding controls selectivity
of FRET substrate probes for MMP-9. Chem Biol. 2014; 21: 408—413. https://doi.org/10.1016/j.
chembiol.2014.01.008 PMID: 24583051

Nam DH, Rodriguez C, Remacle AG, Strongin AY, Ge X. Active-site MMP-selective antibody inhibitors
discovered from convex paratope synthetic libraries. Proc Natl Acad Sci U S A. 2016; 113: 14970—
14975. https://doi.org/10.1073/pnas. 1609375114 PMID: 27965386

Marshall DC, Lyman SK, McCauley S, Kovalenko M, Spangler R, Liu C, et al. Selective allosteric inhibi-
tion of MMP9 is efficacious in preclinical models of ulcerative colitis and colorectal cancer. PLoS One.
2015;10. https://doi.org/10.1371/journal.pone.0127063 PMID: 25961845

Ciferri C, Lipari MT, Liang W-C, Estevez A, Hang J, Stawicki S, et al. The trimeric serine protease HtrA1
forms a cage-like inhibition complex with an anti-HtrA1 antibody. Biochem J. 2015; 472: 169—-181.
https://doi.org/10.1042/BJ20150601 PMID: 26385991

Scannevin RH, Alexander R, Haarlander TM, Burke SL, Singer M, Huo C, et al. Discovery of a highly
selective chemical inhibitor of matrix metalloproteinase-9 (MMP-9) that allosterically inhibits zymogen
activation. J Biol Chem. 2017; 292: 17963—17974. https://doi.org/10.1074/jbc.M117.806075 PMID:
28860188

Morrison JF. Kinetics of the reversible inhibition of enzyme-catalysed reactions by tight-binding inhibi-
tors. Biochim Biophys Acta. 1969; 185: 269—286. https://doi.org/10.1016/0005-2744(69)90420-3 PMID:
4980133

Johnson K, Goody R. The Original Michaelis Constant. Biochemistry. 2012; 50: 8264—8269.

PLOS ONE | https://doi.org/10.1371/journal.pone.0244656 December 29, 2020 21/21


https://doi.org/10.1074/jbc.M116.760579
http://www.ncbi.nlm.nih.gov/pubmed/28235803
https://doi.org/10.1096/fj.99-0947fje
http://www.ncbi.nlm.nih.gov/pubmed/10973913
https://doi.org/10.1096/fj.05-4828com
https://doi.org/10.1096/fj.05-4828com
http://www.ncbi.nlm.nih.gov/pubmed/16507762
https://doi.org/10.1097/MIB.0000000000000863
http://www.ncbi.nlm.nih.gov/pubmed/27542125
https://doi.org/10.1021/jm990366q
https://doi.org/10.1021/jm990366q
http://www.ncbi.nlm.nih.gov/pubmed/10669564
https://doi.org/10.1074/jbc.M709509200
http://www.ncbi.nlm.nih.gov/pubmed/18238779
https://doi.org/10.1074/jbc.M111.264176
http://www.ncbi.nlm.nih.gov/pubmed/21813640
https://doi.org/10.1016/j.chembiol.2014.01.008
https://doi.org/10.1016/j.chembiol.2014.01.008
http://www.ncbi.nlm.nih.gov/pubmed/24583051
https://doi.org/10.1073/pnas.1609375114
http://www.ncbi.nlm.nih.gov/pubmed/27965386
https://doi.org/10.1371/journal.pone.0127063
http://www.ncbi.nlm.nih.gov/pubmed/25961845
https://doi.org/10.1042/BJ20150601
http://www.ncbi.nlm.nih.gov/pubmed/26385991
https://doi.org/10.1074/jbc.M117.806075
http://www.ncbi.nlm.nih.gov/pubmed/28860188
https://doi.org/10.1016/0005-2744%2869%2990420-3
http://www.ncbi.nlm.nih.gov/pubmed/4980133
https://doi.org/10.1371/journal.pone.0244656

