Proposal of selective inhibitor for bacterial zinc metalloprotease:

Molecular mechanics and ab initio molecular orbital calculations

Kyohei Imai?®, Ryosuke Saito?, Takuya Ezawa?, Satoshi Sugiyama?,
Ingebrigt Sylte® and Noriyuki Kurita®"

¢ Department of Computer Science and Engineering,
Toyohashi University of Technology, Toyohashi, 441-8580, Japan

b Department of Medical Biology, Faculty of Health Sciences,
UiT The Arctic University of Norway, NO-9037 Tromsa, Norway

* Corresponding author:

Noriyuki Kurita, Associate Professor, Ph. D.
Toyohashi University of Technology

Department of Computer Science and Engineering
Tempaku-cho, Toyohashi, 441-8580, Japan

Tel. & Fax: 81-532-44-6875

E-mail: kurita@cs.tut.ac.jp


mailto:kurita@cs.tut.ac.jp

Abstract

The zinc metalloprotease pseudolysin (PLN) secreted from Pseudomonas aeruginosa
degrades extracellular proteins to produce bacterial nutrition, and various types of PLN
inhibitors have been developed to suppress the bacterial growth. However, as the structure of
the ligand-binding pocket of PLN has large similarities to those of human matrix
metalloproteinases (MMPs) and other human zinc metalloprotease, there is a risk that PLN
inhibitors also inhibit human zinc proteases. In this study, we propose a novel agent that may
bind stronger to PLN than to MMPs. The compound is proposed based on the specific
molecular interactions between existing agents and PLN/MMP metalloproteases evaluated by
the present molecular simulations. First, we confirmed that the binding energies of PLN agents
evaluated using the ab initio fragment molecular orbital method were comparable to the ICso
values obtained through previous experiments. In addition, the specific molecular interactions
between these agents and MMP-9 were investigated to elucidate the fact that some of the
agents bind weaker to MMP than PLN. Based on the results, we proposed a novel agent and
investigated its binding properties with PLN and MMP. The results may provide useful
information for the development of potent inhibitors for PLN with few potential side effects

in human bodies.

Keywords
Metalloprotease; Bacterial virulence; Molecular simulation; Fragment molecular

orbital; Protein—ligand interactions; Drug design; Antimicrobial resistance; Selective inhibitor



1. Introduction

Bacteria are pivotal in the pathogenesis of various infectious diseases, and
antimicrobial agents that inhibit the growth of bacteria have been widely used in the treatment
for infectious diseases. However, prolonged use of the same agent at high concentrations
increases the risk of the emergence of novel bacteria with antimicrobial resistance (AMR)
against the agent. In fact, according to a 2019 report [1] from the Centers for Disease Control
and Prevention in United States, more than 2.8 million antibiotic-resistant infections occur in
United States each year, and more than 35,000 people die as a result. In the countries of the
European Union and its economic area, the burden of deaths caused by antibiotic-resistant
bacteria was estimated to be over 33,000 in 2015 [2]. It was estimated that the burden of deaths
from AMR could increase to 10 million lives lost each year by 2050 unless action is taken.
The number of deaths will become larger than those caused by cancer [3]. Along with human
costs, AMR also has a large economical burden, which will continue to grow if resistance is
not tackled [2, 3]

In bacterial pathogens, the outer membrane and active efflux pumps are the main
components for reducing the susceptibility of these organisms to a number of antibiotics [4].
Accordingly, the inhibition of these components offers potential for the rejuvenation of a broad
range of antibacterial agents. However, if a novel agent attacks bacteria directly to reduce its
activity, there is a risk for producing mutant-type of bacteria with AMR against the novel agent.
Thus, it is necessary to develop novel agents that do not attack the bacteria directly in order to
reduce the risk of producing antimicrobial-resistant bacteria.

The genus Pseudomonas consists of more than 120 species that are ubiquitous in
moist environments, such as water and soil ecosystems, and are pathogenic to plants, animals,
and humans [5]. Within the Pseudomonas species, P. aeruginosa is most frequently associated
with causing human infection, although it is rarely associated with causing chronic infections
in previously healthy patients. However, due to the frequent use of antimicrobial agents,
multidrug-resistant P. aeruginosa (MDRPA) was created and spread widely throughout the
world. As a consequence, in 2017, the World Health Organization delivered a strong warning
that P. aeruginosa is included in the list of the priority 1 (critical) bacteria, for which new
antibiotics are urgently needed [6]. Particularly, the list highlighted the threat of MDRPA.
Therefore, various therapeutic challenges associated with MDRPA were undertaken.

Pseudomonas aeruginosa secretes the virulence factor pseudolysin (PLN), which is
a proteolytic enzyme of the M4 family of metalloproteases [7]. Since PLN degrades
extracellular proteins and peptides that P. aeruginosa uses for nutrition prior to sporulation,
the growth of P. aeruginosa may be effectively suppressed by the binding of inhibitors to the
PLN active site. Novel inhibitors against PLN have therefore been developed as putative novel



antimicrobial agents [8—11]. As these agents do not attack the bacteria directly, there is a
reduced risk for producing drug-resistant bacteria.

As shown in Figure S1 of the Supplementary Information (SI), PLN contains a Zn
and a Ca ion [12]. The Ca ion contributes to stabilizing the PLN structure, while the Zn ion is
necessary for catalytic activity and is located close to the cleavage site. The specificity of a
protease is mainly determined by the topology of the active site, which contains specific
binding pockets for the substrate. Binding pockets that interact with an amino acid’s N-
terminal for the cleavage site in the substrate are called non-prime sites (S), while the pockets
binding an amino acid’s C-terminal for the cleave site are called prime sites (S"). The topology
of the active site is not only important for the specificity and binding of substrates, but small
molecule inhibitors also interact with the Zn ion and surrounding non-prime and prime sites.
In PLN, the S1’ pocket includes Leul32 and Vall137, and preferentially recognizes aromatic
and hydrophobic amino acids, while the S2’ pocket includes Asn112, Phe129, Ile186, Leul97
to recognize hydrophobic amino acids. In contrast, the S1 pocket composed of Tyr114, Trp115,
and Tyrl155 recognizes hydrophilic amino acids. Among these pockets, the S1° pocket was
revealed to be more important for specific binding with the PLN inhibitors [13], and Arg198
located between the S1° and S2’ pockets can perturb the entrance into the S1° pocket.

Matrix metalloproteinases (MMPs) comprise a family of zinc-dependent
endopeptidases consisting of more than 21 human MMPs and numerous homologues from
other species [14]. MMPs are synthesized as inactive zymogens and are activated by
proteinase cleavage. In human bodies, MMPs play important roles in degrading extracellular
matrix (ECM) proteins to produce nutrition for living cells [15]. MMPs contain Zn and Ca
ions, and the Zn ion exists at the active site for degrading ECM [16]. Since the structures of
the active sites of PLN and MMPs are quite similar to each other, there is a chance that an
antimicrobial agent would inhibit the activities of both proteinases. As a consequence, side
effects could be caused in the cellular functions of the recipient of the agent. To avoid such a
tragic situation, it is necessary to develop agents that selectively inhibit PLN activity.

MMPs can promote cancer progression by increasing cancer cell growth, migration,
invasion, metastasis, and angiogenesis. The expression of MMPs is often associated with poor
survival. Some MMPs (e.g., MMP-7) are expressed by cancer cells, while other MMPs (e.g.,
MMP-2 and MMP-9) are synthesized by tumor stromal cells, including fibroblasts,
myofibroblasts, inflammatory cells, and endothelial cells [17, 18]. MMP-9 was revealed to be
active even at pH=5.5 in osteoclastic cells [15]. Therefore, we employed MMP-9 (Figure S1b)
as one of the target proteins in the present molecular simulations.

In a recent study [19], a novel agent (Compound 13) was developed as a potent

selective inhibitor for PLN. As shown in Figure 1a, Compound 13 has a succinimide group



and binds selectively to PLN, while it does not bind strongly to MMPs such as MMP-1, MMP-
2, MMP-3, MMP-7, MMP-8, and MMP-14. However, the inhibition effect of Compound 13
on MMP-9 was not elucidated. As the structures of the ligand-binding pocket of the MMP
family are similar to one another, it is likely that Compound 13 cannot bind strongly to MMP-
9. Therefore, Compound 13 is expected to be a potent PLN inhibitor with few risks of side
effects in human bodies.

Additionally, novel Compounds 15, 50, and 51 (Figures 1b, 1c, and 1d) were
synthesized on the basis of Compound 13, and their inhibitory affinities (ICso values) for PLN
were investigated [19]. Although their chemical structures were similar to that of Compound
13, their ICso values were significantly different, as listed in Table S1 of SI. The reason for
this significant difference in the ICso values has not been elucidated yet.

In the present study, we first investigated the specific interactions between these
compounds and PLN to elucidate the reason for the remarkable difference in the ICso values
of these compounds. Since PLN includes a Zn ion in its ligand-binding pocket, and the Zn ion
significantly contributes to the binding between PLN and the compounds, we carefully
considered the protonation states of the residues existing around the Zn ion using molecular
simulations based on molecular mechanics (MM) and fragment molecular orbital (FMO)
methods. Subsequently, to confirm the selective binding of Compound 13 to PLN, rather than
the MMP family, we investigated the interactions between the compounds and MMP-9 in the
same manner. Based on the results evaluated for PLN and MMP-9, we finally proposed a novel
compound with a higher selective binding affinity to PLN, and its binding properties with
regard to PLN/MMP-9 were investigated to confirm the selectivity. The present results may
provide helpful information for the development of novel inhibitors that target PLN and not
MMP families.

2. Details of ab initio molecular simulations
2.1 Constructions and optimizations of PLN/MMP-9 + compound complexes

As initial 3D structures of PLN and MMP-9, we employed the X-ray crystal structures
registered in the protein data bank (PDB); their PDB IDs are 6FZX [20] and 4H3X [21],
respectively. Since these structures have no information on the positions of hydrogen atomes,
it is necessary to add hydrogen atoms at the appropriate positions of the protein, in order to
conduct realistic molecular simulations. In fact, if hydrogen atoms are not added to the
appropriate positions of the target protein, the simulated results cannot explain the results
obtained by experiments, as indicated in our previous molecular simulations for the vitamin D
receptor protein [22]. In addition, PLN and MMP-9 contain a Zn ion at the active site of the

proteins, with histidine (His) and glutamine-acid (Glu) residues coordinated with the Zn ion.



Therefore, it is likely that the protonation states of Zn coordinating His and Glu residues have
a significant effect on the specific interactions between PLN/MMP-9 and their ligands. Thus,
we carefully considered their protonation states in the complexes of PLN/MMP-9 and their
ligands in our present molecular simulations.

In previous molecular simulations [23—25] of the metalloprotease thermolysin (TLN),
whose structure is very similar to the PLN structure, the catalytic Glu residue existing near the
Zn ion was assigned to have a non-protonated Glu™ state, considering the structure around the
catalytic Zn ion and the Glu residue. In addition, our previous molecular simulations [26]
elucidated that Glul41 of PLN frequently occupies the Glu™ state rather than the protonated
Glh-1 and Glh-2 states, whose chemical structures are shown in Figure S2 of SI. Therefore,
we employed the Glu™ state for Glul41 in PLN. We assigned the same Glu™ state to Glu227
of MMP-9, which correspond to Glul41 in PLN.

The protonation states of His residues were determined based on the pKa values
predicted by the PROPKA 3.1 program [27, 28]. His residues with a pKa value greater than
six, and were located on the surface of the protein were assigned the Hip” protonation, whereas
His residues with a lower pKa value located inside the protein were assigned the Hid or Hie
protonation states. Figure S3 (see SI) shows the chemical structures of His residues with these
protonation states. Since His residues located inside a protein can be in either the Hid or Hie
state, depending on the structure of the surrounding residues, we assigned protonation states,
considering the steric hindrance to the surrounding residues of PLN and MMP-9. In particular,
the protonation states of His residues existing near the Zn ion were carefully determined, since
their protonation states significantly aftect the specific interactions between PLN/MMP-9 and
their ligands.

The structures of the compounds shown in Figure 1 were optimized in vacuum by the
B3LYP/6-31G(d,p) method of the ab initio molecular orbital calculation program Gaussian16
(G16) [29]. The charge distributions of the optimized structures were evaluated by restrained
electrostatic potential (RESP) analysis [30] using the HF/6-31G(d) method of G16. Based on
these charge distributions, atomic charge parameters of the force fields employed in the MM
optimizations were constructed for each of the compounds. Notably, these RESP charges of
the compounds are essential for accurately describing the electrostatic interactions between
the compounds and the residues of PLN/MMP-9 protein in the docking as well as the MM
simulations.

To produce candidate structures for the complexes between PLN/MMP-9 and the
compound, we conducted molecular docking studies using AutoDock4.2.6 [31]. In the docking
simulations, the size of the grid box for the docking positions was set as 1.5 times as the size

of the compound, and the center of the grid box was set to the center of the ligand in the PDB



structure (PDB ID: 6FZX [20] and 4H3X [21]). The structure of the protein was fixed, while
all rotatable bonds of the compound were freely rotating. The number of created candidate
poses was 256, and the threshold of the root mean square distance for clustering these poses
was set as 2 A. From the various clusters generated by AutoDock, we selected clusters with
the largest number of poses. The representative structures of these clusters were used in the
subsequent MM and FMO calculations because there is a higher probability that the compound
would possess one of the conformations contained in the cluster with a larger number of poses.
It was noted that the RESP charge was assigned to each atom of the compound, while a +2
charge was assigned to Zn and Ca ions in the protein.

The representative structures of the clusters obtained from the docking simulations
were fully optimized in water using the classical MM and molecular dynamic simulation
program AMBERI18 [32]. To properly consider the solvation effect on the complex, we added
water molecules with a layer of 8 A around the complex. The FF14SB force field [33], TIP3P
model [34], and general AMBER force field [35] were assigned to the proteins, water
molecules, and compounds, respectively. The criterion for the convergence of structure

optimization was set as 0.0001 kcal/mol/A.

2.2 Ab initio FMO calculations for the PLN/MMP-9 + compound complexes

To elucidate the specific interactions and binding affinities between PLN/MMP-9 and
the compounds, we investigated the electronic properties of the complexes using the ab initio
FMO method [36]. This method has been applied to many biomolecules to obtain accurate
results comparable with experimental results. Since water molecules can contribute to the
specific interactions between PLN/MMP-9 and the compounds, the water molecules existing
within 8 A of the compound were explicitly considered. The number of water molecules
considered in the FMO calculations was unified for all clusters of a complex to determine the
most stable cluster from the comparison of the total energies evaluated by the FMO method.
Additionally, to predict the binding affinity between the compound and PLN/MMP-9, we
evaluated the total inter-fragment interaction energies (IFIEs) [37] between the compound and
all residues of PLN/MMP-9 using the ab initio FMO method [36].

In the present study, the effect of entropy on the binding affinity was not considered
because a vibrational analysis for the solvated protein—compound complex is not practical
when using the ab initio FMO method. Furthermore, the entropic effect is unlikely to be
markedly different for each of the compounds, as they have quite similar chemical structures
(as shown in Figure 1) and bind at the same positions of PLN or MMP-9. Thus, we investigated
the total IFIEs between the compound and all residues of PLN/MMP-9 using ab initio FMO

calculations and estimated the trends of the binding affinities under the assumption that the



entropic effects were the same for each of the compounds. In our previous study [38], the
binding properties between the androgen receptor (AR) protein and its ligands were
investigated using the same FMO calculations. The evaluated total IFIEs between the AR
residues and the ligands were confirmed to correlate well with the binding affinities of these
ligands obtained through experiments. The correlation coefficient (R?) was 0.94 for all the
nine different ligands, confirming that our evaluated total IFIEs can explain the trend of the
observed binding affinities between AR and these ligands. Therefore, the present FMO
calculations are expected to obtain accurate binding properties between the PLN/MMP-9
residues and the compounds.

In FMO calculations, the target molecule is divided into units, each of which is called
a fragment, and the electronic properties of the target molecule are estimated based on the
electronic properties of the monomers and the dimers of the fragments. The specific
interactions between the fragments can be investigated based on the interaction energies
obtained by the FMO calculations. In the present FMO calculations, each amino acid residue
corresponding to a target site on PLN, MMP-9, a selected compound, and individual water
molecule were assigned to a fragment, as this fragmentation would allow evaluation of the
interaction energies between each residue of the protein and the compound under the effect of
water molecules. It should be noted that the Zn ion and some His residues of PLN/MMP-9
were directly coordinated. Therefore, these His residues were considered as part of the same
fragment as the Zn ion to precisely describe the coordination bonds among them. Table S2 of
SI lists the His residues included in the Zn group for PLN and MMP-9 proteins. In contrast,
as Ca ions are not coordinated with the residues of PLN and MMP-9, each Ca ion was
considered as a separate fragment. In PLN, Cys31 and Cys58, and Cys270 and Cys297 form
disulfide bonds, respectively, and the cysteine pairs forming disulfide bonds were included in
the same fragment.

Here we used the MP2/6-31G method [39] of the FMO calculation program ABINIT-
MP v6.0 [40] to accurately investigate the n—n stacking, NH—n and CH—x interactions as well
as the hydrogen bonding and electrostatic interactions between the PLN/MMP-9 and the
compound. In addition, to elucidate which residues contributed to the binding of the compound,
we investigated the IFIEs [37] obtained by the FMO calculations. Since metalloproteases PLN
and MMP-9 have Zn ions, the convergence of the self-consistent charge in the FMO
calculation was very slow. Therefore, we lowered the criteria for the convergence from
0.5x107% to 0.5x10~° Hartree.

3. Results and discussion
3.1 Stable structures of the PLN/MMP-9 + compound complexes



First, we assigned protonation states of His residues in PLN based on the pKa values
predicted by the PROPKA 3.1 program [27, 28]. Since His residues within a protein can either
be in the Hid or Hie state, depending on the structure of the surrounding residues, we assigned
the protonation state of each His residue considering the steric hindrance produced by the
surrounding residues. Table S3 (see SI) lists the pKa values, protonation states, and positions
of the His residues in PLN. It is noted, that the Zn ion is coordinated with the nitrogen atoms
at the e-sites of the imidazole rings of both the His140 and His144 residues, and that these
coordination bonds do not form if a proton is added to the e-site. Accordingly, these His
residues should possess Hid protonation states. His77 and His224, which are located far from
the Zn active site, were assigned the Hie and Hid state, respectively, considering their steric
hindrance by Thr39 and the crystal water molecule, as listed in Table S3. In contrast, His223
can either be in the Hid or Hie state, since there is no residue to interact with His223. Therefore,
we constructed two structures of PLN with the Hid223 or Hie223 protonation state and docked
the compound to both PLN structures. Some of the docked structures were fully optimized in
water using the MM method, and finally the total energies of the optimized structures were
evaluated precisely by ab initio FMO method, to determine a more stable protonation state
based on the total energies. As described below, the protonation states of His223 have a
significant influence on the structure and the electronic properties around the Zn ion of PLN.

MMP-9 has 11 His residues and their protonation states were assigned uniquely as
listed in Table S4 of SI, using the same conditions as for PLN. Particularly, since His175,
His190, His203, His226, His230, and His236 are coordinated with one of the two Zn ions in
MMP-9, their protonation states were assigned carefully by considering their coordination
bonds with the Zn ion. His257 is located near Asp259, and if it has a Hid protonation state, a
steric hindrance is caused between Hid257 and Asp259. Accordingly, we assigned the Hie257
protonation state. The other His residues have pKa values higher than six and are located on
the surface of MMP-9, so that they were assigned to have the Hip* protonation state.

Table 1 lists the results of the simulations of each compound docking to PLN. Here
we considered two types of PLN structures, which possess the Hid223 or the Hie223
protonation state. When Compounds 13 and 15 were docked, only two clusters were created
by AutoDock, and the top-ranked cluster contained almost all of the created poses. This result
indicates that Compounds 13 and 15 prefer to bind certain specific sites of PLN. Although we
usually employed the cluster with the largest number of poses in the MM and FMO
calculations, here we employed the two clusters and determined a more stable structure based
on their total energies evaluated by FMO calculations. As listed in the last column of Table 1,
when PLN possesses Hid223, Cluster 2 is more stable, while Cluster 1 is more stable for the
PLN with Hie223. Therefore, our docking and FMO results for Compounds 13 and 15 revealed



that the protonation state of His223 in PLN has significant influence on the relative stability
among the clusters creased by AutoDock.

In contrast, when Compounds 50 and 51 were docked to PLN, a large number of
clusters were created, as presented in Table 1. Among the clusters, we selected those including
more than 20 poses, and their representative structures were employed in the subsequent MM
and FMO simulations because the larger number of poses in the cluster meant a higher
possibility that each compound had one of the conformations of the poses in the cluster. For
the PLN (Hid) + Compound 50 complex, Clusters 1, 2, and 3 were employed, and Cluster 3
was found to be the most stable. For the other complexes, the top-ranked Cluster 1 created by
AutoDock was found to be the most stable.

In the simulations of the ligand docking to a protein, we usually employed only the
top-ranked cluster created by AutoDock. The binding energy (BE) between the protein and
ligand is evaluated by the classical MM method in AutoDock and may contain errors, and it is
therefore a risk that the ranking of clusters which is based on the BE may be incorrect. In
particular, when there is charge transfer between protein and ligand, the BE evaluated by the
MM method can cause a significant error because the effect of the charge transfer cannot be
considered in the MM method. In contrast, the ab initio FMO method can describe the charge
transfer and evaluate the BEs precisely. Consequently, we employed certain clusters created
by AutoDock and determined the most stable structure based on the total energies evaluated
using the FMO method. Table 1 clearly indicates that the top-ranked cluster in AutoDock does
not necessarily correspond to the most stable structure in the FMO calculations. This result
warrants the need for careful consideration in selecting clusters from AutoDock results.

In the present study, we considered two types of His protonation states for His223 in
PLN and investigated which state is more preferable in the PLN + compound complexes using
the FMO method. From Table 1a and 1b, we picked up the most stable clusters for each
complex and compared their total energies. For the PLN + Compound 15 complex, the
structure with Hid223 is 41 kcal/mol more stable than the structure with Hie223. For the other
complexes, the structure with Hie223 is at least 22 kcal/mol more stable. This result indicates
the possibility that binding of different ligands may induce different protonation states of
His223 in PLN. A similar result was predicted in our previous FMO study [22] for the
complexes of the vitamin D receptor and its ligands. Therefore, our present FMO calculations
reveal that His223 in PLN can be significantly affected by the ligand binding to PLN. In the
following calculations, we employed the structures with the more stable protonation state for
His223 in PLN.

In the same manner as PLN, the most stable structures for the MMP-9 + compound

complexes were determined using the FMO method. As presented in Table 2, when
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Compounds 13 and 15 were docked to MMP-9, only one cluster was created by AutoDock,
indicating that these compounds had higher binding affinities to a specific site of MMP-9 with
similar conformations. In contrast, Compounds 50 and 51 could bind to many different sites
of MMP-9. In addition, it was found that Cluster 4 is significantly (291 kcal/mol) more stable
than the top-ranked structure for the MMP-9 + Compound 51 complex. Accordingly, we

employed the most stable structure for each MMP-9 complex in the following calculations.

3.2 Binding properties between PLN/MMP-9 and compound

To check the adequacy of the present molecular simulations, we first evaluated total
IFIEs between each of the compounds and all amino acid residues of PLN using the ab initio
FMO method. These values are compared with the ICso values obtained through experiments
[19] in Table 3. Additionally, as shown in Figure S4 of SI, the correlation between the total
IFIEs and the ICso values of the four compounds was analyzed to elucidate that the total IFIEs
correlate well with the ICso values. The correlation coefficient (R?) was 0.94. Accordingly, it
is confirmed that our evaluated total IFIEs can explain the trend of the observed binding
affinities between PLN and these compounds.

As shown in Figures la and 1c, Compounds 13 and 50 contain two CI atoms at the
phenyl ring, and they bind more strongly to PLN rather than MMP-9, as listed in Table 3.
Therefore, they are expected to be potent and selective inhibitors of PLN rather than MMP-9.
In contrast, as for Compounds 15 and 51, in which the CI atoms are replaced with F atoms,
the sizes of their total IFIEs of PLN are smaller than those of MMP-9, indicating that these
compounds prefer to bind to MMP-9, and may cause side effects in humans. Table 3 also
indicates that Compound 13 has the largest selective binding to PLN rather than to MMP-9.
Accordingly, Compound 13 is expected to be potent and more selective inhibitor to PLN.

To elucidate the cause of the selective binding of Compound 13 to PLN, we
investigated the IFIEs between Compound 13 and each of the residues of PLN and MMP-9.
As shown in Figure 2a, Compound 13 interacts strongly with the Zn group, Glul41, and
Tyr114 of PLN. In particular, the Zn group and Glul41 interact strongly with Compound 13,
indicating that they are important sites for strong binding between PLN and Compound 13. In
contrast, as shown in Figure 2b, Compound 13 binds strongly with only the Znl group of
MMP-9. As a result, the total IFIE of MMP-9 is 39 kcal/mol smaller than that of PLN.
Therefore, as indicated in Figure 2, Glul41 of PLN is important for selective binding of
Compound 13 to PLN in front of MMP-9.

To reveal the reason for the difference in IFIEs of Compound 13 for PLN and MMP-
9, we further analyzed the interactions between Compound 13 and some important residues of

PLN or MMP-9. As shown in Figure 3a, one of the oxygen atoms of Compound 13 is
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coordinated strongly with the Zn ion at 1.9 A. In addition, the SH group of Compound 13
forms a hydrogen bond with the terminal COO™ group of the Glul41 side chain. This group
also interacts electrostatically with the CH group of the phenyl ring in Compound 13, resulting
in the significant attractive interaction between Glul41 and Compound 13, as shown in Figure
2a. Compound 13 also interacts electrostatically with Asn112 at 2.6 A and Tyr155 at 2.8 A,
respectively. These strong interactions between Compound 13 and PLN residues, as well as
with the Zn ion, were determined to be the main reason for the strong binding of Compound
13 to PLN.

In the MMP-9 + Compound 13 complex (Figure 3b), one of the oxygen atoms of
Compound 13 is coordinated strongly with the Zn ion at 1.9 A, while the other oxygen atom
forms a hydrogen bond with the NH group of the backbone between Leul87 and Leul88. In
addition, Compound 13 interacts electrostatically with many MMP-9 residues such as Leul87,
Alal89, Hid226, and Tyr248. The phenyl ring of Compound 13 forms a n—n stacking
interaction with Hid226. However, there is no MMP-9 residue that interacts strongly with
Compound 13 in a similar manner as Glu141 of PLN. As a consequence, the total IFIE between
Compound 13 and MMP-9 residues is significantly smaller than the total IFIE between
Compound 13 and PLN. In particular, Figure 3a elucidates that the interactions between
Compound 13 and the terminal COO™ group of the Glul41 side chain of PLN are essential for
enhancing the interaction between Compound 13 and PLN.

Compound 15 has almost the same structure as Compound 13, however the size of
its total IFIE is larger than that of Compound 13, as listed in Table 3. To clarify the difference
in their interactions with PLN, we compared their IFIEs with the PLN residues in Figure 4a.
It was found that Compound 13 interacts more strongly with Glul41, while Compound 15
interacts more strongly with the Zn group of PLN. Totally, the binding affinities of these
compounds with PLN are similar to each other. Figure 4b shows the interactions between
Compound 15 and some residues of PLN. Although Compound 15 has similar structure as
Compound 13, its interactions with PLN residues are significantly different from those (Figure
3a) of Compound 13. In particular, the strong hydrogen bond between the SH group of
Compound 13 and the terminal COO™ group of Glul41 is not formed between Compound 15
and Glul41. It is likely that the replacement of Cl atoms in Compound 13 by F atoms reduces
the steric hinderance around Compound 13, leading to the change of relative position between
Compound 13 and Glul41 and the disappearance of hydrogen bond between Compound 15
and Glul41.

As listed in Table 3, Compound 15 interacts strongly with MMP-9 as well as PLN.
Thus, it is likely that Compound 15 can inhibit MMP-9 function to cause a side effect in the

human body. To clarify the cause for this strong interaction, we investigated the specific
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interactions between Compound 15 and each of the MMP-9 residues using the FMO method.
Figure 5a shows the difference in IFIEs between each MMP-9 residue and Compounds 15 and
13, indicating that Compound 15 interacts stronger with the Znl group of MMP-9 than
Compound 13. This difference is considered as a main reason for the larger total IFIE between
Compound 15 and MMP-9 residues. In fact, as shown in Figure 5b, Compound 15 is
coordinated at a 2.0 A distance with the Znl ion and interacts strongly with the COO™ group
of the Glu227 side chain. Since Glu227 is coordinated with the Znl ion and included in the
Znl group, the IFIE between Compound 15 and the Znl group becomes larger. In contrast,
Figure 3b indicates that there is no strong interaction between Compound 13 and Glu227,
although Compound 13 is strongly coordinated with the Zn1 ion. As a result, the IFIE between
the Zn1 group and Compound 13 is significantly smaller than that for Compound 15, as shown
in Figure 5a. Therefore, as shown in Figures 3b and 5b, the replacement of two Cl atoms at
the phenyl ring of Compound 13 by F atoms causes a significant change in interactions
between the Znl group and Compounds 13 and 15, resulting in the stronger binding of
Compound 15 to human MMP-9. Thus, it can be concluded that Compound 13 is more suitable
as a candidate compound with less effect on the MMPs, and perhaps fewer side effects in the
human body.

As shown in Figure 1, Compounds 50 and 51 are made by replacing the SH group of
Compounds 13 and 15 by the CH>SH group, respectively. To elucidate the effect of the
replacement on the interactions between the compounds and PLN residues, we investigated
the IFIEs between PLN residues and Compounds 50 and 51. As indicated in Figure 6a,
Compound 50 interacts more strongly with the Zn group and Hie223 than Compound 13.
However, the interaction between Compound 13 and Glul41 is significantly (47.1 kcal/mol)
reduced by the replacement of the SH group. As a consequence, the total IFIE between
Compound 50 and PLN is smaller than that for Compound 13, as listed in Table 3. Compound
50 interacts with the Zn ion and the Glul41 side chain in a similar manner as Compound 13
as shown in Figure 6b. However, there is only one electrostatic interaction between Compound
50 and the COO™ group of Glul41, while Compound 13 (Figure 3a) interacts strongly with
both of the two oxygen atoms. As a result, the IFIE between Compound 50 and Glul41 is
significantly smaller than that for Compound 13.

Figure 7a shows the difference in IFIEs between PLN residues and Compound 51 or
13, indicating that Glul41 binds weaker to Compound 51. To elucidate the reason for this
difference, we investigated the structure of interactions between Compound 51 and PLN
residues. As shown in Figure 7b, the two oxygen atoms of the COO™ group of Glul41 interact
electrostatically with Compound 51 in a similar manner as Compound 13 (Figure 3a). In
contrast, there is no hydrogen bond between the SH group of Compound 51 and the COO™
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group. This bond contributes significantly to the strong interaction between Compound 13 and
Glul41, as indicated in Figure 3a. Therefore, it is elucidated that the replacement of the SH
group of Compound 13 by the CH>SH group causes a change in conformation of Compound
13 in the ligand-binding pocket of PLN, resulting in the smaller total IFIE between Compound
51 and PLN.

To elucidate the reason for the significant difference in total IFIEs (Table 3) between
MMP-9 and Compounds 15, 50, and 51, we investigated the IFIEs between MMP-9 residues
and these compounds. As shown in Figure 8a, Compound 15 interacts very strongly with the
Znl group, and the Zn2 group has some contribution to the binding between Compound 15
and MMP-9. Compound 50 interacts with MMP-9 in a similar manner as Compound 15.
However, Figure 8b elucidates that the size of the IFIE between Compound 50 and the Znl
group is about half of that for Compound 15. In addition, the size for compound 51 is about a
fourth of compound 15, as shown in Figure 8c. Therefore, it is apparent from Figure 8 that the
interactions between the Zn1 group of MMP-9 and these compounds significantly depend on
the structure of the compound and that Compound 15 has the largest total IFIE because it
interacts most strongly with the Zn1 group of MMP-9.

The interaction structures between some important MMP-9 residues and Compounds
15, 50, and 51 are compared to reveal the reason for the difference in IFIEs between the
compounds. As shown in Figure 5b, Compound 15 interacts strongly with the Znl ion, the
Glu227 side chain, and the NH group of the main chain between Leul88 and Alal89. As a
result, the two oxygen atoms of Compound 15 significantly contribute to the interactions
between Compound 15 and MMP-9 residues. The SH group and an F atom of Compound 15
also contribute to the interactions with MMP-9. In contrast, Figure 9a elucidates that
Compound 50 has no interaction with Glu227, although it interacts with Zn1, Leul88, Pro246,
and Tyr248. Compound 51 has similar interactions with the MMP-9 residues as Compound
50, as shown in Figure 9b. Therefore, the change in the interaction between Glu227 of MMP-
9 and Compounds 15, 50, and 51 was found to be main cause for the larger total IFIE of
Compound 15 compared with Compounds 50 and 51.

From the present FMO results shown in Table 3 for the existing Compounds 13, 15,
50, and 51 [19], it is elucidated that Compound 13 is the most suitable candidate for being a
selective PLN inhibitor, binding stronger to virulence factor PLN than to the human MMP-9.
Accordingly, based on Compound 13, we proposed a novel compound as a selective inhibitor

and investigated its binding properties with PLN and MMP-9 in the next section.

3.3 Proposal of novel compound inhibiting specifically PLN

As listed in Table 3, our present FMO calculations revealed that Compound 13 is
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more suitable as a selective PLN inhibitor. Therefore, we attempted to propose a novel
compound based on Compound 13. Since the previous study [20] indicated that compounds
with a hydroxamic acid group has high binding affinity for PLN, we introduced this group into
Compound 13 to propose Compound N1, as shown in Figure le. A hydroxamic acid group
was introduced at the site next to the C=0 group of the five-membered ring because the oxygen
atom is coordinated with Zn ion of PLN.

We docked Compound N1 to PLN and MMP-9 in the same way as the other
compounds to produce several candidate structures of the complexes with these proteins. As
for the PLN, we employed the structures with a Hid223 or Hie223 protonation state, and the
more stable state was determined based on the total energies evaluated using the FMO method.
As listed in Table 4, many clusters were produced for the PLN + N1 complex. For PLN with
Hid223, only Cluster 1 had candidate poses numbering larger than 20, and the representable
structure of this cluster was employed for the subsequent MM and FMO calculations. In
contrast, for the PLN with Hie223, there were five clusters having many candidate poses, and
their representative structures were employed. These structures were optimized in water by
the MM method, and the total energies (TEs) of the optimized structures were evaluated
precisely using the FMO method. As listed in the last column of Table 4, Cluster 1 is the most
stable among the five selected structures for PLN with the Hie223 protonation state. To
delineate which protonation state of His223 that was more stable, we compared the TEs for
the most stable clusters of PLN-Hid and PLN-Hie. The structure of PLN-Hid was found to be
only 2.5 kcal/mol more stable than the PLN-Hie structure. In addition, the total IFIEs between
N1 and all residues of PLN-Hid was evaluated as —251.7 kcal/mol, whose size was
significantly (20.6 kcal/mol) larger than that of PLN-Hie structure. Accordingly, we employed
the PLN-Hid structure for the N1 complex in the subsequent interaction analysis.

N1 was also docked to MMP-9 using AutoDock to obtain four different clusters.
Since each of them had more than 20 poses, we employed all clusters to elaborate their TEs.
As presented in Table 4, Cluster 2 of MMP-9 is at least 111 kcal/mol more stable than the other
clusters. Therefore, we employed Cluster 2 for the subsequent interaction analysis.

To estimate the binding affinity of N1 to PLN and MMP-9, we investigated the total
IFIEs between N1 and all residues of PLN or MMP-9 using the FMO method and compared
the results with those for the existing compounds. As presented in Table 3, N1 binds
significantly more strongly to PLN than the existing compounds. Although N1 also binds
strongly to MMP-9, the difference in total IFIEs for PLN and MMP-9 is 142 kcal/mol, which
is considerably larger than that in the IFIEs for Compound 13. Accordingly, it can be
concluded that our proposed N1 may have higher PLN vs. MMP-9 selectivity than Compound
13.
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Furthermore, we analyzed the IFIE between N1 and each residue of PLN/MMP-9 to
determine the reason for the selective binding of N1. As shown in Figure 10a, N1 binds
strongly to the Zn group and Glul41, and the sizes of IFIEs were larger than 70 kcal/mol.
Figure 10b shows that the difference in IFIEs for Compounds N1 and 13, indicating that N1
interacts more strongly with the Zn group, Glul41, Arg198, and Tyr114, while Compound 13
interacts strongly with Asp168. As a result, the total IFIE for N1 becomes significantly larger
than that for Compound 13. Table S5 of SI summarizes the differences in IFIEs between
Compounds N1 and 13. Thus, it is concluded that the introduction of a hydroxamic acid group
into Compound 13 enhances the binding of Compound 13 to PLN.

As indicated in Figure 11b, the interactions between MMP-9 residue and Compound
13 are also enhanced significantly by the introduction of a hydroxamic acid group. In particular,
Znl and Zn2 groups of MMP-9 bind more strongly to Compound N1 compared with
Compound 13. However, the enhancement of IFIEs for MMP-9 is considerably smaller than
that (Figure 10b) for PLN. As a consequence, the selectivity for PLN, rather than MMP-9, of
Compound 13 is enhanced by the introduction of a hydroxamic acid group.

To reveal the reason for the change in IFIEs between PLN/MMP-9 and Compound
13 induced by the introduction of a hydroxamic acid group, we analyzed the interaction
structures between the compounds and selected important residues of PLN and MMP-9. As
shown in Figure 12a, the hydroxamic acid group of N1 significantly contributes to the
interactions of N1 to the Zn ion and Glul41 of PLN. The two oxygen atoms are coordinated
with the Zn 1on, and the terminal hydroxyl group forms a hydrogen bond with the COO™ group
of Glul41. In addition, the other parts of N1 interact electrostatically with many PLN residues
such as Argl198, Asnl112, and Tyr114, while a n—n stacking interaction is formed between N1
and the imidazole ring of Hid223. As a consequence, the interaction between N1 and PLN
becomes significantly stronger than that between Compound 13 and PLN.

As for the interactions between MMP-9 and Compound N1, Figure 12b indicates that
the oxygen atom and the hydroxyl group of the introduced hydroxamic acid group form a
coordination bond with Zn1 ion and a hydrogen bond with the oxygen atom of the main chain
between Alal89 and Hid190, respectively. The SH group of N1 also forms a hydrogen bond
with the same oxygen atom. Since Hid190 is coordinated with Zn2 and included in the Zn2
group in the present FMO calculations, the IFIE between Zn2 group and Compound 13 is
significantly enlarged by the introduction of the hydroxamic acid group. In addition, there are
n—n stacking and electrostatic interactions between N1 and the imidazole ring of Hid226, as
shown in Figure 12b. Since Hid226 is included in the Zn1 group, the IFIE between the Zn1
group and N1 is significantly larger than that for Compound 13, as indicated in Figure 11b. It

is apparent from Figures 10b and 11b that the introduction of the hydroxamic acid group into
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Compound 13 significantly enhances the interactions between Compound 13 and MMP-9 as

well as PLN and that the influence is more significant for PLN.

4. Conclusions

In the present molecular simulations based on protein—ligand docking, classical MM
optimization, and ab initio FMO methods, we investigated the specific interactions between
existing compounds and bacterial PLN as well as human MMP-9 to determine the reason for
their selectivity for PLN in front of MMP-9. To confirm the adequacy of the present molecular
simulations, we first investigated the binding affinity between PLN and the compounds. The
total IFIEs between PLN and the compounds evaluated using the FMO method cooperate well
with the ICso values obtained thorough the previous experiment [19], with a correlation
coefficient (R?) of 0.94. Accordingly, it is confirmed that our evaluated total IFIEs can explain
the trend of the observed binding affinities between PLN and these compounds. The
interactions of these compounds with MMP-9 were also investigated in the same manner to
elucidate that Compound 13 is more suitable as a selective inhibitor for PLN.

To design more selective PLN inhibitors as putative drugs against bacterial infections
with a low risk of side effects in human bodies, we proposed a novel Compound N1 (Figure
1e), consisting of a hydroxamic acid group introduced into Compound 13. N1 was docked to
PLN and MMP-9, and its binding properties with both proteins were investigated using the ab
initio FMO method. The results propose that N1 is a more selective inhibitor for PLN than the
existing compounds.
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Tables and Figures
Table 1 Lowest binding energy (BE: kcal/mol) and number of poses within the clusters obtained by
the AutoDock4.2.6 program [31]. The clusters were ranked in the order of BE between PLN and the
compound. Total energies (TEs: kcal/mol) for the representative structure within each cluster
evaluated using FMO, and relative value (ATE) compared with that for the most stable structure.

(a) Hid223 protonation

Compound Cluster BE Poses TE ATE
13 1 —7.59 245 —79224424.5 23.6
2 —6.95 11 —79224458.1 0.0
15 1 —6.61 223 —78629377.1 0.0
2 —6.30 33 —78629329.8 47.3
1 —7.86 182 —78580015.3 35
50 2 —-7.08 41 —78579906.9 111.9
3 —7.05 29 —78580018.8 0.0
4 —6.55 4 - -
1 —6.88 170 —78128232.5 0.0
2 —6.82 19 - -
3 —6.64 38 —78128220.4 12.1
51 4 —6.49 24 —78128203.0 29.5
5 —6.26 2 - -
6 —-5.59 1 - -
7 —-5.44 2 - -
(b) Hie223 protonation
Compound Cluster BE Poses TE ATE
13 1 —7.67 246 —79224505.1 0.0
2 —7.05 10 —79224397.1 108.0
15 1 —6.70 241 —78629335.9 0.0
2 —6.25 15 —78629325.8 10.1
1 -7.92 187 —78580067.0 0.0
2 -7.10 30 —78579992.4 74.6
50 3 —7.00 24 —78580033.6 334
4 —6.96 10 - -
5 —6.50 5 - -
1 -7.04 166 —78128254.4 0.0
2 —6.83 15 - -
51 3 —6.75 68 —78128227.6 26.8
4 —6.22 6 - -
5 —6.12 1 - -




Table 2 Lowest binding energy (BE: kcal/mol) and number of poses within the clusters obtained by
the AutoDock4.2.6 program [31]. The clusters were ranked in the order of BE between MMP-9 and
the compound. Total energies (TEs: kcal/mol) for the representative structure within each cluster

evaluated using FMO, and relative value (ATE) compared with that for the most stable structure.

Compound  Cluster BE Poses TE ATE
13 1 —8.09 256 —47063587.8 -
15 1 —7.61 256 —46611860.0 -

1 —8.49 116 —46753760.9 0.0

2 -7.85 5 - -

3 —7.78 62 —46753754.3 6.6
50 4 —-7.61 52 —46753609.0 150.9

5 -7.51 12 - -

6 -7.38 7 - -

7 —7.05 2 - -

1 —6.99 213 —46301762.7 291.2

2 —6.56 2 - -
51 3 —6.32 3 - -

4 —6.19 32 —46302053.9 0.0

5 —6.06 6 - -




Table 3 Total inter-fragment interaction energies (IFIEs)
(kcal/mol) between each compound and all amino acid
residues of PLN/MMP-9 evaluated using the FMO method
and I1Cso (uM) values for PLN obtained through experiments
[19]. The total IFIEs for our proposed Compound N1 are also
listed for comparison.

Compound Total IFIE ICs0 (LM)
PLN MMP-9 for PLN

13 —109.8 —71.0 34+£0.2

15 —116.6 —126.7 35+0.2

50 -102.3 -79.3 54+0.7

51 —69.2 —73.7 10.1+£1.4

N1 —251.7 —109.4 -




Table 4 Lowest binding energy (BE: kcal/mol) and number of poses within the clusters obtained
by AutoDock4.2.6 program [31] for complexes of our proposed Compound N1 with PLN or MMP-
9. Total energies (TEs: kcal/mol) for the representative structure within each cluster evaluated
using FMO, and relative value (ATE) compared with that for the most stable structure. TEs are

evaluated for the clusters with more than 20 docking poses.

Protein  Cluster BE Poses TE ATE
1 —9.06 232 —79376919.4 -
2 —7.00 7 - -
3 —6.46 4 - -
PLN-Hid 4 —6.28 4 - -
5 —6.19 5 - -
6 —5.48 2 - -
7 —4.80 2 - -
1 —7.53 40 —79376916.9 0.0
2 —-7.01 48 —79376838.1 78.8
3 —6.19 65 —79376735.7 181.2
4 —6.15 5 - -
PLN-Hie 5 —5.48 41 —79376776.6 140.3
6 —5.44 8 - -
7 —5.26 26 —79376854.5 62.4
8 —5.22 17 - -
9 —4.53 6 - -
1 -10.43 89 —46833951.2 111.4
MMP-9 2 —-8.17 23 —46834062.6 0.0
3 —7.50 91 —46833594.1 468.5
4 —7.25 53 —46833673.7 388.9
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Figure 1 Chemical structures of the existing inhibitors (a—d) for PLN [19] employed in the present
study and (e) our proposed novel Compound N1
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bond with Zn are indicated by red, blue, green, and purple lines, respectively.
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Figure 4 (a) Difference in the inter-fragment interaction energies (IFIEs) between each PLN

residue and Compounds 13 and 15. Glul41 interacts stronger with Compound 13 than Compound
15, while the Zn* group interacts stronger with Compound 15. (b) Interactions between Compound
15 (ball-and-stick model) and selected important PLN residues (stick model) in the optimized
complex of PLN + Compound 15. Hydrogen bonding, electrostatic interactions, and a coordination
bond with Zn are indicated by red, blue, and purple lines, respectively.
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Figure 5 (a) Difference in the inter-fragment interaction energies (IFIEs) between each MMP-9

residue and Compounds 13 and 15. The Znl group interacts stronger with Compound 15 than
Compound 13. (b) Interactions between Compound 15 (ball-and-stick model) and selected important
MMP-9 residues (stick model) in the optimized complex of MMP-9 + Compound 15. Hydrogen
bonding, electrostatic interactions, and a coordination bond with Zn are indicated by red, blue, and

purple lines, respectively.
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Figure 6 (a) Difference in the inter-fragment interaction energies (IFIEs) between each PLN residue
and Compounds 13 and 50. Glu141 interacts stronger with Compound 13 than Compound 50, while
the Zn* group and Hie223 interact stronger with Compound 50. (b) Interactions between Compound
50 (ball-and-stick model) and selected important PLN residues (stick model) in the optimized
complex of PLN + Compound 50. Electrostatic interactions and a coordination bond with Zn are

indicated by blue and purple lines, respectively.
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Figure 7 (a) Difference in inter-fragment interaction energies (IFIEs) between each PLN residue
and Compounds 51 and 13. Glul41 and Agr198 interact stronger with Compound 13 than 51, while
the Zn group and Asp168 interact stronger with Compound 51. (b) Interactions between Compound
51 (ball-and-stick model) and selected important PLN residues (stick model) in the optimized
complex of PLN + Compound 51. Electrostatic interactions and a coordination bond with Zn are

indicated by blue and purple lines, respectively.
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Figure 8 Inter-fragment interaction energies (IFIEs) between amino acid residues of MMP-9 and
each of the compounds (a) 15, (b) 50, and (c) 51. Some important residues that interact strongly to
the compounds are indicated.
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Figure 9 Interactions between selected important MMP-9 residues (stick model) and (a) Compound
50 (ball-and-stick model) or (b) Compound 51 in the optimized complex of MMP-9 + compound.
Hydrogen bonding, electrostatic interactions, and a coordination bond with Zn are indicated by red,

blue, and purple lines, respectively.
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Figure 10 (a) Inter-fragment interaction energies (IFIEs) between Compound N1 and each
amino acid residue of PLN with Hid223 protonation state and (b) difference in IFIEs
between the compound (13 or N1) and PLN. The Zn* group, Glul41, Arg198, and Tyr114
interact stronger with Compound N1 than Compound 13, while Asp168 interacts stronger
with Compound 13.
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Figure 11 (a) Inter fragment interaction energies (IFIEs) between Compound N1 and each amino
acid residue of MMP-9. (b) Difference in IFIEs between each MMP-9 residue and Compounds 13
and N1. The Zn1* and Zn2* groups interact stronger with Compound N1 than Compound 13.
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Figure 12 Interactions between Compound N1 (ball-and-stick model) and selected important
residues (stick model) in the optimized complex of Compound N1 with (a) PLN (Hid223) and (b)
MMP-9. Hydrogen bonding, electrostatic interactions, and m—m stacking interactions and a

coordination bond with Zn are indicated by red, blue, green, and purple lines, respectively.
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