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Abstract

Tuberculosis (TB) is caused by Mycobacterium tuberculosis, and remains a major,
worldwide health concern. The emergence of M. tuberculosis strains that are resistant
to front line antimicrobacterial drugs such as isoniazid and rifampicin have greatly
complicated efforts to control the spread of TB. Of the various resistance mechanisms, the
most effective involves the production of B-lactamases that hydrolyze B-lactam antibiotics.
One approach to overcoming resistance to B-lactam antibiotics is to find new drugs or
additives that can prevent the B-lactam antibiotic from being hydrolyzed by f-lactamases.
The spectrum of anti-TB drugs consisting of non p-lactam scaffolds has been expanded by
the development of new boronic acid derivatives and cationic peptidic inhibitors that proved
effective in neutralizing bacterial resistance, especially when administered in combination
with antibiotics. The intrinsic resistance to B-lactam antibiotics was due mainly to the
presence of a chromosomally-encoded gene (blaC) in M. tuberculosis for a Class A, Ambler
B-lactamase (BlaC). The BlaC enzyme has already been validated as one of the leading
targets of tuberculosis therapy. In the search for new fB-lactamase inhibitors we employed
the on-line server Pharmit (pharmit.csb.pitt.edu) to discover new 3-D pharmacophores and
search different databases of chemical libraries, and commercial compounds. Autodock
Vina was employed to perform molecular docking of selected compounds from ChEMBL/
MolPort/ZINC databasesusingthe M. tuberculosis PB-lactamase 3M6B.pdb as the target
protein. This combination of 3-D pharmacophore screening and molecular docking lead to
the discovery of natural products, and novel, small molecules inhibitors of Y-493-lactamase
from Mycobacterium tuberculosis. Notably new 3D-pharmacophores derived from
hydroxyphenylglycine and fragments from the family of biphenyls, aromatic ketones, and
stilbenes emerged as potential inhibitors of the recombinant Y-49 f-lactamase exhibiting
in vitro inhibitory constants (Ki), in the low 5uM-200uM range. These newly discovered
pharmacophore features enabled by in silico screening are extending the chemical space for
discovery of novel and potent inhibitors of B-lactamases.
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Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb),
is a worldwide health concern. The world health organization in its
2017 tuberculosis report states, “TB is the ninth leading cause of
death worldwide and the leading cause from a single infectious agent,
ranking above HIV/AIDS”."* The failure to control TB is due to the
emergence of Mtbstrains that are resistant to first line beta lactam
antibiotics, because of overuse. One of the most effective resistance
mechanisms to f-lactam antibiotics involves the production of
B-lactamases which cleave the amide bond in the target -lactam ring
hydrolyzing the drug before it reaches its target. The beta-lactamases
are classified into four classes: A, B, C and D. These classes are based
on conserved and distinguishing amino acid motifs.'? Classes A, C,
and D include enzymes that hydrolyze their substrates by forming
an acyl enzyme through an active site serine. Class B p-lactamases
are metalloenzymes that utilize at least one active-site zinc ion to

facilitate B-lactam hydrolysis. One of the most efficient and prevalent
mechanisms of resistance to -lactam antibiotics is the production of
B-lactamases in both Gram-negative and Gram-positive bacteria that
hydrolyze the drugs before they can reach their target and exert the
desired effect. These resistance mechanisms are important, and each
bacterium can create a combination of defenses depending on the
selective pressures placed on it."* The intrinsic resistance to f3-lactam
antibiotics was demonstrated to be mainly due to the presence of a
chromosomally-encoded gene (blaC) in M. tuberculosis for a Class
A, Ambler B-lactamase (BlaC). The BlaC enzyme has already been
validated as one of the leading targets of tuberculosis therapy. This
enzyme is extremely active against penicillins and cephalosporins, but
weaker against carbapenems.””’ The BlaC enzyme can be inhibited by
clavulanate, avibactam, and boronic acids.>'° The first B-lactamase
inhibitor to be used clinically was clavulanic acid, from Streptomyces
clavuligerus. When combined with traditional B-lactams such as
amoxicillin and ticarcillin, clavulanic acid produces a broad-spectrum
of antibiotic combinations effective against many [-lactamase-
producing bacteria.>”
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The success of clavulanic acid established pB-lactamase inhibitors
as one solution to the problem of B-lactam antibiotic-resistant
bacteria. To date only four B-lactamase inhibitors have been approved
by the Food and Drug Administration and are being clinically used:
clavulanic acid; the two penicillanic acid sulfones (tazobactam and
sulbactam); and most recently, avibactam. However, resistance has
emerged even to these potent antibiotic combinations among formerly
susceptible bacteria.®'® Research studies in the last decade have
shown that the most promising approach to overcoming resistance to
B-lactam antibiotics requires high throughput screening of new non
B-lactam scaffolds, those demonstrating inhibitory activity against
a large family of B-lactamases, in addition to the improvement of
established antibiotics.!" !

This research aimed to discover new [-lactamase inhibitors by
employing a combination of molecular docking and biochemical
kinetics assays. We first focused on discovery of novel
3D-pharmacophores and fragments from the family of diphenyl,
aromatic ketone, hydroxy-phenyl derivatives and stilbene, all
previously described by others to exhibit antibacterial activity.'®"
The in vitro screening platform, using kinetics of [(-lactamase
inhibition with nitrocefin substrate, enabled the discovery of potential
inhibitors of Y-49 B-lactamase exhibiting inhibitory constants, Ki, in
the lowmM range. The finding of these novel pharmacophore features
exhibiting anti-B-lactamase inhibition offered additional strength
to the structure-based drug design (SBDD) approach by selectively
defining the chemical space of the ligand libraries during in silico
screening using the on-line server Pharmit (pharmit.csb.pitt.edu)?
Specifically, we searched different databases of chemical librariesand
commercial compounds such as ChEMBL/MolPort/ZINC* where the
pharmacophore features of the ligands could be chosen to resemble
the chemical space of selected stilbenes and other small organic
compounds discovered to inhibit the Y-49 (-lactamase using the in
vitro, enzymatic screening assay. This strategy defined the in silico
targeted screening approach for ligand profiling, and the discovery
of Y-49 B-lactamase active site binders. An independent in silico
screening approach used a wider chemical space for ligand profiling,
albeit constrained by their physical chemical properties as defined
by the Lipinski rule.? Autodock Vina*® was employed to perform
molecular docking of selected compounds from databases using the
M. tuberculosis B-lactamase 3M6B.pdb as the target protein.

This research highlights the importance of coupling the validation
assays for the enzyme inhibition or ligand binding to the target
protein with the optimized platform for in silico screening of 3-D
pharmacophores and molecular docking, specifically tailored for
each molecular target of interest. The data presented herein support
the need for multiple rounds of docking and minimization of the type
allowed in Pharmit. This approach improved the discovery of novel
3D-pharmacophore features, and in turn enabled drug discoveries
using the SBDD method. Additionally, the new docking platforms
described here may provide new avenues for overcoming 3-lactamase-
based resistance that remains a key clinical challenge.

Materials and methods

Nitrocefin substrate for p-lactamase was purchased from
Calbiochem, CA. Unless otherwise noted, all other chemicals,
including the compounds used in kinetics for 3-lactamase inhibition,
were obtained from Sigma-Aldrich (St. Louis, MO).

Methods

Bioinformatics analysis of Y-49 B-lactamase

The FASTA sequence of Y-49 B-lactamase was subjected to

Copyright:
©2018 Gonzalez et al. 13

sequence similarity search using BLASTP algorithm?* and the protein
hits with more than 99% sequence identity were further searched
against the Brookhaven RCSB PDB database for finding of additional
proteins with sequence and structural identity using the VAST (+)
algorithm andmMDB database.? The top ten hits displaying more than
99% sequence identity and less than 0.25A RMSD for their structural
similarity were identified and further analyzed for the resolution and
accuracy of their X-Ray structure.

Preparation of target 3Mé6B protein structure for
analysis of protein-ligand interactions using the
Molecular Operating Environment (MOE)

Molecular modeling was initially performed with MOE (from
CCG, Montreal, Canada) to extract the main pharmacophore features
that define the main interactions between the ligand ertapenem
(RG1) and B-lactamase protein in the 3M6B.pdb structure, reported
by John Blanchard group at Albert Einstein College Inc.?® The
MOE automatically corrected the crystallographic data, including
missing loops, empty residues, chain termini or breaks, etc. using the
“Structure Preparation” application. The hydrogen bonding network
wand the individual atomic protonation states were optimized using
the “Protonate3D” module.?”?* The built-in 2D-diagram option was
used to visualize the amino acid residues in close contact with the
RGI1 (ertapenem) ligand, and to identify the main hydrogen bonds,
salt bridges, hydrophobic interactions, cation-m, and the ligand solvent
exposure. The original pose of RG1 was minimized in the active site
of B-lactamase using the Amber12: EHT force field provided by MOE
that employs Amber12 parameters for macromolecules, and Extended
Hiickel Theory (EHT) parameterization for small molecules that
accounts for electronic effects.?” The contribution of each protein
residue-ligand atom interaction to the final reported free energy
describing 3M6B/RG1 complex was extracted using the built-in
MOE algorithm after minimization, and generation of a 2D-diagram
for protein-ligand interaction (the RG1 is covalently adducted to the
Ser 84 in the 3M6B structure).

Virtual screening of large compound databases and SBDD using
online Pharmit server (http:/pharmit.csb.pitt.edu)

To assist in the discovery of active site directed B-lactamase
inhibitors the online comprehensive platform Pharmit was used for
analyzing the best combination of pharmacophore features: hydrogen
bond acceptor; hydrogen bond donor; hydrophobic; aromatics; and
electrostatics. Accordingly, a predefined pharmacophore query was
generated by Pharmit based on the analysis of the complex interaction
between ertapenem (RG1) and B-lactamase, provided by the structure
3M6B.pdb.* For each defined combination of pharmacophore
features query, we selected and searched the pre-built compound
libraries in Pharmit for matching compounds, including MolPort,
CHEMBL21, ChemDiv, NCI Open Chemical Repository, PubMed
and ZINC. A variety of filtering and ranking criteria were applied,
including those combining drug-like properties, observing Lipinski’s
“rule of five”.?> We chose any two combinations of the following:
molecular mass (MW) less than 500 Daj; high lipophilicity (expressed
as LogP less than 5); less than 5 hydrogen bond donors; less than 10
hydrogen bond acceptors and a topological surface area (TPSA) less
than 200 (a measure of drug ability to permeate the cell membranes).??
The crystallographic water found in the active site of 3M6B structure
was allowed by Pharmit to be part of the receptor active site. The
hits were further refined and ranked using the energy minimization
option provided in Pharmit that employs the AutoDock Vina? scoring
function (kcal/mol) and smina, a fork of AutoDock Vina with enhanced
minimization functionality.?” The minimization procedure enabled the
optimization of both the pose and conformation of the identified hits
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and improved the speed of structure-based drug discovery of novel,
non-beta lactam scaffolds and compounds that are potential inhibitors
of Y-49 B-lactamase.

The final hits were sorted according to predicted binding affinity
inkcal/mol, eliminating poses with unfavorable binding energies (e.g.
>-8.0kcal/mol (more negative values are more favorable). We also
included an additional scoring function, namely the minimized RMSD
(mRMSD) that is the RMSD between the query-aligned pose and the
minimized pose. This score provides an indication of how far the
compound has deviated from the original query.”> Minimized results
were also thus sorted to exclude poses with significant deviations
from the original query (e.g. 2A). We performed an independent
analysis of the pharmacophore features to assess the contribution
to the relative free energy of interaction between the ligand hits and
3M6B protein by employing Molegro Molecular Viewer (MMV), and
Molegro Virtual Docker (MVD) software. In addition, the Molegro
Dock software generated EPair energy terms, expressed as MolDock
scoring functions. The MolDock scoring function consisted of mainly
the pairwise (PLP) steric and hydrogen bonding energy of interaction
between each lead compound and the amino acid residues from the
active site of target B-lactamase protein (Depicted as chain A in Table
2).

Bioinformatics of Y-49 f-lactamase primary sequence

CLC bio Sequence Viewer (version 6.5, from QIAGEN) was
used to create and edit the primary sequence alignments for selected
B-lactamase proteins-class A-that are important pharmacological
targets, such as those from the Mycobacterium, Streptomyces, and
Bacillus species using the built-in progressive alignment algorithm
tools.® We selected eighteen Class A B-lactamase proteins that were
known or potential pharmacological targets of interest for combating
a wide range of bacterial infections, including bacteria with high
resistance to antibiotics.'>® The sequence logos for the identified
conserved motifs in beta-lactamase proteins were displayed using
the built-in algorithm provided by CLC bio Sequence Viewer. The
overall height of each stack indicates the sequence conservation at
that specific amino acid position; the height of symbols within each
stack reflects the relative frequency of the corresponding amino
acid. The three-dimensional visualization of amino acids identified
in the four conserved motifs was performed by molecular graphics
analysis provided by UCSF Chimera package from the Resource for
Biocomputing, Visualization, and Informatics at the University of
California, San Francisco (https://www.cgl.ucsf.edu/chimera/).

Kinetics of Y-49 p-lactamase inhibition by different
pharmacophore fragments and compounds

We measured the ability of different pharmacophore fragments
and compounds to inhibit the recombinant Y-49 f-lactamase. The
cloning, expression, and purification of Y-49 f-lactamase was
performed using a modified workflow described elsewhere,’!' and
is the subject of another upcoming manuscript. The host for the
recombinant protein expression was E. Coli Topl0 (Invitrogen),
containing the pTrcHis B plasmid (Invitrogen), expressing Y-49
from Mycobacterium tuberculosis. We are indebted to Douglas S.
Kernodle, M. D., Vanderbilt University School of Medicine, Division
of Infectious Diseases, Nashville, TN for this gift. After determining
the kinetic parameters for the recombinant Y-49 B-lactamase and
nitrocefin substrate (i.e., km=95+£10uM and kcat=15.34+0.5sec!), we
performed the inhibition assays using 24uM chromogenic nitrocefin
substrate (£,,,=20 500M"cm™) and 0.05-5nM enzyme concentration
in a 200-250uL final volume of 25mM HEPES buffer, pH=7.4. All
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kinetics assays were performed in 96 microplates, and different
compounds were tested at different concentrations, ranging 0.5-
300uM. A BIOTEK Synergy 4 multi detection microplate reader was
used to record the data by monitoring the absorption at 486nM. When
present, the DMSO was kept below 5% in the final reaction mix. The
reaction was initiated with the addition of the enzyme to the reaction
mix containing the constant concentration of nitrocefin substrate, and
different concentrations of the tested compound. The initial velocities
(in uM/min) were calculated for the reaction run both in the absence
(control V ) and the presence of different inhibitor concentrations (V).
The graph plotting the initial velocity (WM/min) vs the concentration
of inhibitor (in uM) was used to determine the apparent inhibitory
constant (Ki®P) by fitting the data to the Morrison equation provided
by the GraphPad Prism 7.0 (GraphPad Software, La Jolla, California,
USA). The following parameters were constrained during the fit
with Morrison equation: Km=95uM; Et=0.00005-0.005uM and
[S]=24uM. An independent assessment of Ki®® was performed by
fitting the relative velocity (i.e. Vi=V/V|) vs the concentration of
inhibitor (in uM) and fitting the data to the equation Ki=[[I]-[E](Vr-
D)]/(1/Vr-1) as described originally elsewhere.?? The experimental free
energy of interaction (inkcal/mol) was calculated using the formula:
DG=-RTInKeq (where R=-0.001987kcal.K".mol"; T=310 K (37°C);
and Keq=1/Ki).

Statistics

Statistical analysis was performed using Windows GraphPad
Prism 7.0 (GraphPad Software, La Jolla, California, USA). Numerical
results are reported as mean +/- SE or +/-SDV when appropriate.
Unless stated otherwise, the data are derived from a minimum of three
independent experiments.

Results and discussion

Development of a platform for in silico-based virtual
high throughput screening and molecular docking
analysis of compounds as potential active site directed
inhibitors of Y49 B-lactamase

The main purpose of this research was to find new
3D-pharmacophores, i.e., non-f lactam scaffolds that are potential
active site, directed inhibitors of Y-49 B-lactamase. The first step in
the development of a robust platform for molecular docking and in
silico-based virtual high throughput screening of compounds requires
finding a suitable X-Ray structure of the protein target of interest,
preferably solved at high resolution (<1.5A).*" Given that all our
in vitro enzymatic assays for screening of anti -lactamase inhibitors
were conducted with the Y-49 protein we began a bioinformatics
search to find the structure of the protein template well-suited for in
silico-based virtual screening involving large libraries of compounds.
The Y-49 recombinant B-lactamase was identified previously as
being the protein produced by a chromosomal gene coming from
M. tuberculosis strain H37Rv, sequenced by the Sanger Center
Cambridge, UK.3' The complete genome of H37Rv has 3999 coding
genes. The list of expressed proteins in this genome acknowledged
a class “A” [B-lactamase protein having the following identifiers:
accession number NP_216584.1 and locus tag Rv2068c (other names
for Y-49 B-lactamase: blaC, blaA Rv2068c, MTCY49.07¢c (6)). The
FASTA sequence of Y-49 [B-lactamase was subjected to sequence
similarity search using BLASTP and the protein hits with more
than 99% sequence identity were searched against the Brookhaven
RCSB PDB database and further screened for additional proteins with
sequence and structural identity using the VAST (+) algorithm and
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mMDB database (Figure 1) (Figure 2). This bioinformatics screening
retrieved top ten hits having more than 99% sequence identity and
less than 0.25A RMSD for their structural similarity (Figure 2). One
of the top ten hits, the 3M6B.pdb, revealed 100% sequence identity
with Y-49 protein, except for a 42-amino acid sequence located at
N-terminus of Y-49 that is used as the signal peptide for insertion in
the membrane (highlighted in yellow in Figure 1B, (6)). The 100%
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a target protein in the molecular docking experiments. Moreover, any
of the top ten X-Ray reported structures shown in Figure 2 could be
used for further structure-based drug discovery and virtual screening
of active site binders for Y-49 B-lactamase because of their 99% and
higher sequence identity with the original chosen target structure,
3M6B.pdb. Thus, these structures can be used in the future to validate
the drug discovery screening platform optimized using 3M6B.pdb.

sequence identity of the two proteins justified the use of 3M6B.pdb as
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Figure | The protein BLAST (BLASTp) search against the annotated NCBI protein database retrieved the Y-49 protein sequence as a class A -lactamase (A).
Further alignment of the Y-49 amino acid sequence with the amino acid sequence reported for 3M6B.pdb revealed 100% identity (with no gaps) spanning 265
amino acids in both proteins, except for a 42-amino acid sequence located at N-terminus of Y-49, used for insertion into membrane (6) (highlighted in yellow)
(B). 3M6B.pdb was used as a target protein in the molecular docking experiments.
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Figure 2 Top ten X-Ray structures retrieved by MMDB and VAST+ algorithm during searching for protein structures having more than 99% sequence identity
with Y-49 protein. The potential proteins target suitable for performing the molecular docking and structure-based design were tracked for their structural
similarities with the original chosen target 3M6B.pdb by employing the VAST+ analysis at MMDB and NCBI (25).

To determine whether compounds known as potential inhibitors of  genera, we performed an independent bioinformatics analysis on the
Y-49 B-lactamase could also exhibit inhibitory activity against other conserved amino acids motifs within the active site of Y49, and 3M6B.
class A B-lactamases from other species of Mycobacterium or related  Specifically, we used CLC bio Sequence Viewer (version 6.5, from
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QIAGEN) to perform the primary sequence alignments for selected
B-lactamase proteins from class A that are important pharmacological
targets. These included those from the Mycobacterium, Streptomyces,
and Bacillus species: Mycobacterium kansasii, the causative agent
of a pulmonary infection that resembles tuberculosis; M. marinum,
which is the only Mycobacterium that is not aerobic; and M. ulcerans,
the third most common mycobacterial pathogen in humans, after M.
tuberculosis and M. leprae.**** In addition, we focused on finding the
conserved amino acids motifs within the active site of Y49 protein in
the B-lactamases from the Streptomyces species that are known for
producing antibiotics. More than half of presently marketed antibiotics
are produced by species belonging to the Streptomyces genus
(A), such as cefoxitin, chloramphenicol, neomycin, streptomycin,
tetracycline, and clavulanic acid.*® We also investigated the sequence
similarities between Y49 protein and some beta lactamases from the
Bacillus species known to produce a class A p-lactamase.>

The results from the primary sequence alignments are displayed
in Figure 3 and highlight the presence of four distinct and highly
conserved motifs within the active site of 3M6B and other
B-lactamases from class A. Motif 1 consists of the sequence SXXK
that contains the active site Ser84 residue. Motif 2 consists of the
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SDN/G loop between helices a4 and a5. This Serl42 is involved
in maintaining the functional position of the two domains and the
protonation of the substrate’s leaving group.®3¢ Motif 3 consists of
the acidic residue Glul82 having its side chain pointing into the
substrate’s binding cavity. Motif 4 consists of KTG sequence that
is in the B3 strand facing the SDN/G loop on the other side of the
active site Ser84. The sequence logos for the identified conserved
motifs in beta-lactamase proteins are presenting schematically the
sequence conservation at each specific amino acid position; the height
of symbols within each stack reflects the relative frequency of the
corresponding amino acid (Figure 3). The four conserved motifs
within the active site of Y-49 B-lactamase were further mapped in the
3D-structure of 3M6B using the molecular graphics software “UCSF
Chimera” from the Resource for Biocomputing, Visualization, and
Informatics at UCSF (https://www.cgl.ucsf.edu/chimera/) (Figure
4). Consequently, the bioinformatics analysis of primary and tertiary
structures of Y-49 B-lactamase revealed conserved amino acids motifs
spanning the active site of many B-lactamases from class A. This
information was further used to perform structure-based design for
discovery of non-f lactam inhibitors of B-lactamase that could exhibit
a wider antibacterial effect.
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Figure 3 Analysis of the conserved motifs among the proteome of eighteen B-lactamases known as being of clinical interest. PSI-BLAST was used to identify
homologues of 3MéB.pdb protein in the RefSeq and protein NCBI databases (figure 1).The top eighteen proteins hits from PSI-BLAST output were exported
and imported in the CLC Sequence Viewer where the alignment was performed to identify conserved sequence motifs. Sequence alignment displays the four
highly distinct and conserved areas among the investigated -lactamase family. The sequence logos of four conserved motifs in beta-lactamase proteins were
displayed together with the position within the amino acid sequence. The overall height of each stack indicates the sequence conservation at that position,
whereas the height of symbols within each stack reflects the relative frequency of the corresponding amino acid.

The 3M6B X-Ray structure allowed us to extract the coordinates
of the ligand carbapenem (ertapenem (RG1)) co-crystalized as an
adducted complex to the Ser84 within the active site of 3M6B, and
further input these data in the molecular docking platform. We next
set up to develop and optimize the platform for performing the in
silico-based virtual screening of large compound databases coupled
with molecular docking using the online Pharmit server (http://
pharmit.csb.pitt.edu) (Figure 5). The MOE (molecular operating
environment) (from CCG, Montreal, Canada) was used to extract the
main pharmacophore features that define the interactions between the
ligand ertapenem (RG1) and B-lactamase protein in the 3M6B.pdb
structure. The MOE 2D-diagram option generated the 2D-view of the
amino acid residues in close contact with the RG1 (ertapenem) ligand
and displayed the main hydrogen bonds, salt bridges, hydrophobic
and cation-m interactions established by RG1 within the active site
of 3M6B (Figure 5A). The original pose of RG1 was minimized in

the active site of B-lactamase using the Amber12: EHT force field
and the contribution of each protein residue-ligand atom interaction
to the final reported free energy describing 3M6B/RG1 complex
was calculated (Figure 5B). Remarkable contributions to the free
energy of interaction between ertapenem and 3M6B [-lactamase are
provided by the backbone amide nitrogen from Thr253 and Ser84.
The oxygen atoms from some active site residues’ side chains are
further providing new hydrogen bonds donors (Glul82) or hydrogen
bond acceptors (Serl42, Thr251) complementing the hydrogen
bonding network that contribute more than “-17.0kcal/mol” to the
relative free energy of interaction between RG1 and 3M6B. Selected
water molecules are also contributing to more than “-5.0kcal/mol,”
while the ionic interactions mediated by the side chains of Lys250
and Arg236 contribute less than “-2.0kcal/mol” to the relative free
energy of interaction. Notably, the functional groups in the RG1
ligand that establish the hydrogen bonding with the above-mentioned
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active site residues are carbonyl, free hydroxyl, carboxylate oxygen,
and protonated amino groups. Hence, these chemical functional
groups on the ligand can be beneficial in the first step for defining
the next pharmacophore features. The map of the ligand-protein
interactions in the original RG1/3M6B structure helped us to design
the main steps for the platform enabling the on-line pharmacophore
searching and screening of active site directed inhibitors for Y-49
B-lactamase (Figure 5B). The structure-based drug design (SBDD)
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approach required, as a first step, the interactive discovery of the
best combination of pharmacophore features, i.e. hydrogen bonding
acceptors and donors, hydrophobics, aromatics and electrostatics
interactions describing the ligand-3M6B interactions within the active
site, a task that was achieved with the help of Pharmit server (http://
pharmit.csb.pitt.edu). Virtual screening of large compound databases
and SBDD using online Pharmit server (http://pharmit.csb.pitt.edu).
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Figure 4 Three-dimensional view of 3M6B.pdb highlighting the amino acids identified by PSI-BLAST and CLC Sequence Viewer to be part of the four conserved
motifs (elements) in class A B-lactamase proteins. Molecular graphics images were produced by employing the UCSF Chimera package from the Resource for
Biocomputing, Visualization, and Informatics at the University of California, San Francisco (https://www.cgl.ucsf.edu/chimera/).
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2. Import the 3M6B.pdb in the Pharmit interface server (http:

B =

3. Select the interacting pharmacophore features and perform the in silico screening of compounds
for discovery of active site directed beta lactamase binders.

4. Perform the energy minimization of results for optimizing both the pose and the conformation of
the identified hits using the AutoDock Vina provided by the Pharmit interface.

Figure 5 Workflow describing the procedure used to perform the in-silico screening of active site directed binders for Y-49 B-lactamase by employing

pharmacophore searching and molecular docking with AutoDock Vina provided at the Pharmit server (http://pharmit.csb.pitt.edu).

The MOE (Molecular

Operating Environment) package was used to extract and visualize the main protein-ligand (carbapenem ertapenem (RG1)) interactions within 5 A from the
ligand, in the target protein structure 3M6B.pdb (A). Details of the active site amino acid contribution to the free energy of interaction between the original
ligand (RG1) and Y-49 B-lactamase are displayed as hydrogen bonding, electrostatic (ionic) and steric interactions with the original ligand from 3M6B.pdb (B).

In-silico mediated virtual screening of active site directed
B-lactamase inhibitors was performed using the online comprehensive
platform Pharmit. The best combination of pharmacophore features,
i.e. hydrogen bond acceptor; hydrogen bond donor; hydrophobic;
aromatics; and electrostatics were extracted from the original
RG1/3M6B structure and accordingly, a predefined pharmacophore
query was generated by Pharmit. For each selected pharmacophore
features query we searched the compound libraries for matching
compounds, including MolPort, CHEMBL21, ChemDiv, NCI Open
Chemical Repository, PubMed and ZINC. The search was further

restricted by applying a variety of filtering and ranking criteria,
including those combining drug-like properties, observing Lipinski’s
“rule of five”, as described in detail in the methods section.”?> A
selected example of output from in silico-mediated virtual screening
and molecular docking using AutoDock Vina at Pharmit server is
reported in Figures 6 & 7. The SDF files generated from the virtual
ligand screening in Pharmit were used as “chemical ligand libraries”
to perform the docking in AutoDock Vina using the active site
coordinates of 3M6B.pdb B-lactamase that in turn produced a ranked
list of docked ligands from MolPort database (displayed in Figures 6
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& 7). In addition to the list of compounds displayed in Figures 6 & 7
other remarkable hits included: N2,N7-bis(2,3-dimethylphenyl)-9H-
fluorene-2,7-disulfonamide (MolPort-000-687-571; characterized by
an energy of interaction with 3M6B of “-9.9kcal/mol”) and N-benzyl-
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mol”). The compounds from sulfonamides and carboxamides series
were previously shown by other research groups to be inhibitors of
B-lactamase.’’*® Therefore, the original output from Pharmit validated
our first platform designed to perform in silico screening of a large

2-9([2,5-dimethylphenyl]amino)-5-oxo-5H-(1,3,4) thiadiazolo
(2,3-b) quinazoline-8-carboxamide (MolPort-007-764-070;
characterized by an energy of interaction with 3M6B of “-9.3kcal/

dataset of compounds by providing the above mentioned positive hits,
i.e., known inhibitors for -lactamase.
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Figure 6 The pharmacophore searching page opened at the Pharmit server displaying the 3M6B.pdb structure of Y-49 [J-lactamase in complex with the Ser-
84 covalently adducted ertapenem (RGl), as primary query (CPK color). Each pharmacophore feature has a folding menu in the Pharmacophore panel (left)
where its type, location, and radius, as well as number of atoms (for hydrophobic features) or directionality can be defined (20). Filters were set to reduce
the number of hits by constraining the number of hits returned for a given conformer or molecule, or the overall number of hits (3-5 conformers/molecules).
Selected pharmacophore features turned on (or off) are displayed on the left panel, and the table containing the compounds hits after one selected round of in
silico screening are shown in the right panel, after energy minimization using the Autodock Vina provided by Pharmit. An example of a pharmacophore-aligned
hit from the CHEMBIOL2| dataset for a query derived from PDB 3M6B is shown colored in blue turquoise while the original ligand is shown in CPK color
(Right). The crystallographic water found in the active site of 3M6B structure are shown as red spheres. Pharmit allowed the water molecules to be chosen
as part of the receptor active site.
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Figure 7 Independent examples of virtual screening and ranking of compounds using AutoDockVina provided by the Pharmit server (20). The pharmacophore-
aligned hits from the Molport dataset for a query derived from PDB 3M6B are shown colored in blue turquoise while the original ligand is shown in CPK color.
The crystallographic water found in the active site of 3M6B structure are shown as red spheres. Pharmit allowed the water molecules to be chosen as part of
the receptor active site.
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Discovery of novel 3D-pharmacophores and fragments
from the family of diphenyl,aromatic ketones, hydroxy-
phenyl glycine, and stilbenes as potential inhibitors of
Y 49 B-lactamase

The virtual screening of large chemical libraries provided by
Pharmit webserver enabled us to retrieve selected pharmacophore
features, displayed for some hits in Figures 6 & 7. Specifically
the multiple aromatic, phenolic groups substituted with hydroxyl,
sulfonic groups and carbonylated compounds from the family of
benzophenone and hydroxyl-benzophenone emerged as the top
pharmacophore features candidates. We inquired further using a
literature search at the PubChem database (https:/pubchem.ncbi.
nlm.nih.gov). This database contains all pharmacological agents
described to have anti-bacterial and specifically anti-MTB activity,
and encompassing the above-mentioned pharmacophore features. Not
surprisingly we retrieved many lead compounds from the family of
stilbenes and resveratrol.** These findings prompted us to further
analyze the possible relationship between the structure of diphenyl-
hydroxylated compounds, e.g., stilbenes, and resveratrol, and their
potential as B-lactamase inhibitors. Our motivation to investigate
and determine whether there was a structure-activity relationship
(SAR) between different stilbenes/resveratrol compounds and their
anti- B-lactamase activity was also supported by all previous work
reported on these pharmacological agents as inhibitors of some MTB
strains growth.!¢1%3%40 In 1944 Faulkner discovered the bactericidal
properties of some stilbenes and diphenyl derivatives.!” The common
structural feature for all tested compounds displaying bactericidal
properties was the presence of one or more phenolic-type hydroxyl
groups attached to the ring, and ethyl groups between the rings.'¢"
Stilbenes are small molecules with molecular weights in the range
of 200 to 300g/mol. They are naturally-occurring plant secondary
metabolites and are derived from the phenylpropanoid pathway.
Stilbenes are structurally similar to estrogen and are produced in
many unrelated plant species.'®'* When a plant is subjected to abiotic
stress, such as drought, temperature, heavy metals, and salinity, the
phenylpropanoid pathway is activated, and stilbenes are produced
and secreted. Stilbenes are the plant’s protective molecules; they are
able to defend the plant from bacterial attack, as well as ultraviolet
exposure.'!® The most widely studied stilbene is resveratrol which
has been shown to slow the progress of cancer. Moreover, it has been
known for more than sixty years that resveratrol inhibits bacterial and
fungal growth in vitro.!%17340 In the last decade it has been discovered
that many stilbenes with a free hydroxyl groups were active against
both bacteria and fungi with MICs in the range 25-100pg/ml.!6:34

However, no specific molecular targets were reported to be
responsible for the observed antibacterial effects of resveratrol, or of
other stilbenes with free hydroxyl groups. We first hypothesized that
the structural features of such compounds would enable both good
hydrophobic, van der Waals contacts and hydrogen bonding networks
with selected amino acids from the Y49 B-lactamase. Indeed, when
we analyzed the protein template 3M6B in complex with resveratrol
we found the presence of selected hydrogen bonds between the ligand
and active site residues. The “ligand map” generated by Molegro
Viewer enabled the 2D-representation of all favorable hydrogen
bonds, steric and electrostatic interactions established between the
amino acids in the active site of 3M6B and resveratrol displayed in
Figure 8 and summarized in Table 2. It can be seen from Table 2 that
the amino acids from the active site of B-lactamase that established the
hydrogen bonding network with the original ligand ertapenem, RG1,
are also involved in making selected contribution to the relative free

Copyright:
©2018 Gonzalez et al. 19

energy of interaction between the hydroxyl groups of resveratrol and
3M6B B-lactamase (i.e., Arg236, Glul82, Ser84, Ser142, Thr251 and
Thr253). In addition, new active site residues show new contribution
to the relative free energy of interaction of about “-6.8kcal/mol.”
Specifically, the free hydroxyl from stilbene resveratrol make
favorable hydrogen bonds with side chains of nitrogen and oxygen
atoms from Lys87, Ser142, Asn186, Glu292, and with the backbone
amide of Ile117 of B-lactamase (Figure 8). Consequently, we further
hypothesized that the presence of free hydroxyl groups substituted to
the benzene rings of other natural products derived from stilbenes,
diphenyl compounds and other phenyl-hydroxyl containing fragments
would enable similar hydrogen networks and thus provide relatively
good binding affinity for the Y49 B-lactamase. To test our hypothesis,
we selected some compounds from stilbenes, diphenyl derivatives
(containing different double bonds positions, alkyl and substituted
hydroxyl, amino and sulfonic functional groups), in addition to
resveratrol, and performed the in vitro enzymatic assays to study
their ability to inhibit the recombinant Y49 B-lactamase. In addition,
we used other small organic molecules and fragments reported to
display anti-bacterial activities and possessing phenyl, hydroxyl, and
amino functionalities, e.g., D(-)-4-hydroxyphenylglycine. D(-)-4-
hydroxyphenylglycine is an important intermediate for the synthesis
of penicillin, cephalosporin-type antibiotics including amoxycillin,
celadroxil and cefatrizin and other semi-synthetic antibiotics, so its
potential for inhibiting beta lactamase activity needed to be assessed.*!
As can be seen from Figures 6 & 7, many of the selected small organic
fragments and molecules are also constituents of the pharmacophore
scaffolds displayed among the top drug candidates retrieved from
the virtual screening of the Pharmit server. We next performed the
inhibition assays using 24pM chromogenic nitrocefin substrate and
0.05-5nM enzyme concentration in a 200-250uL final volume of
25mM HEPES buffer, pH=7.4. All kinetics assays tested different
compounds at different concentrations, ranging 0.5-300uM. The final
Ki values were calculated from Morrison equation provided by the
GraphPad Prism 7.0 (GraphPad Software) using initial rates approach
described in detail in the methods. The Kis of selected compounds are
reported in Table 1 together with the chemical ID structure (retrieved
at PubChem database), and with the Autodock Vina predicted free
energy of interaction with the target 3M6B. Table 1 also presents
the experimentally-determined free energy of interaction between
different compounds and f-lactamase for comparison with the
theoretical prediction. It was observed that Autodock Vina predicted
with more than 80% accuracy the free energy of interaction between
some of the tested small organic molecules and their target protein
(in this research 3M6B), as was the case with resveratrol and most
of the tested stilbenes reported in Table 1. However, Table 1 also
displays that Autodock Vina failed to predict with similar accuracy
the affinity for some small organic fragments, such as benzylamine,
hydroxybenzylamine, hydroxyglycine and 2-aminohexanol.

Selected kinetics traces for the assays performed with the fragment
inhibitors benzophenone and 2-aminohexanol are displayed in Figure
9. It can be seen from Table 1 that benzophenone and dibenzylsulfone
showed relative good inhibition against recombinant Y49 -lactamase
(K, forbenzophenone=25.42uMandK  for dibenzylsulfone=16.56uM).
We hypothesized that both compounds, having good electrophilic
functional groups, could eventually be subjected to the interaction
with the nucleophilic YO of the active site Ser84. The nucleophilic
attack of gamma oxygen (yO) from Ser84 to the carbonyl carbon
of benzophenone and the sulphur center of dibenzylsulfone (+2
oxidation state) should mimic the same interaction with a -lactam
antibiotic. This hypothesis was indirectly confirmed by the fact that
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the benzophenone imine and diphenyl amine had no inhibitory effect
(not shown in Table 1). We explained their lack of activity being
due to presence of the imine C=N bond that is less polar than C=0
bond, giving the nucleophilic of YO Ser84 no attack site, and leaving
the lone pair electrons of nitrogen in diphenylamine involved in -1t
interactions with the phenyl groups. This resonance effect would
make it less susceptible to nucleophilic attack. The requirement for
having electrophilic centers and free hydroxyl groups in the structure
of the pharmacophore exhibiting potential inhibitory activity against

Glu 292
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Y49 B-lactamase was further validated by the weak inhibition
obtained with the diphenyl fragment that is non-polar, and that does
not have electrophilic centers (relative high Ki=123uM). In addition
to the requirement of having diphenyl and multiple free hydroxyl
groups, the SAR presented in Table 1 shows that other fragments and
3D-chemical scaffolds could be further explored as potential anti Y49
B-lactamase inhibitors; remarkably, the scaffold provided by D(-)-
4-Hydroxyphenylglycine is a new fragment lead with an inhibitory
constant Ki=5uM, being followed by dibenzylsulfone with Ki=17uM.

Figure 8 Molegro Viewer enabled the three-dimensional display of the structural details describing the interaction between the best docked pose of resveratrol
(CPK colored) and the active site residues of 3M6B [B-lactamase (left panel). AutoDock Vina was used to perform the rigid docking which predicted a free
energy of about “-7.0 kcal/mol” characterizing the interaction between the resveratrol and B-lactamase. The hydrogen bonds established between the hydroxyl
oxygen groups from resveratrol and the selected amino acids and water molecules in the active site of B-lactamase are displayed as dotted blue lines (right panel).

Table | Structure activity relationship (SAR) for the fragment pharmacophores, small organic molecules and selected non-beta lactam scaffolds originally
discovered from the in-silico screening of selected chemical scaffolds provided by the Pubchem open chemistry database (https://pubchem.ncbi.nlm.nih.gov), and
the pharmacophore features screening provided by the Pharmit web server (as shown in figures 6 and 7). The fragment pharmacophores and the compounds
were originally tested for their ability to inhibit the Y-49 beta-lactamase in an in vitro enzymatic assay using the chromogenic nitrocefin substrate.Virtual screening
and molecular docking using AutoDock Vina provided the predicted free energy for the interaction between the ligand and protein target 3MéB (i.e. the affinity
score, in “kcal/mol”). The experimental free energy of interaction (in kcal/mol) was calculated using the formula: AG=-RTInKeq (where R= -0.001987 kcal K"'.

mol;T=310 K (37 °C); and Keq=1/Ki).

Compound Name Pubchem ID(CID)/Structure

AutodockVina

Predicted Affiniey ~ C<perimental Ki

Experimental

Score (kcal/mol) (MM) Affinity (kcal/mol)
Benzylamine
CID 7504 -4.3 4143 -6.22
2-hydroxybenzylamine
CID 70267 -4.9 31£2 -6.40
D (-)-4-Hydroxyphenylglycine b
) CID 89853 5.7 542 -7.20
e e )
5 -6.3
Benzophenone CID 3102 25+2 -6.52
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Table Continued....
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Compound Name Pubchem ID(CID)/Structure

AutodockVina

Predicted Affinicy ~ C<perimental Ki

Experimental

Score (kcalimol) (M) Affinity (kcal/mol)
(]
o ‘
[

i (g -6. + -6.
Dibenzylsulfone ] CID 69282 6.2 173 6.70
dl-2-Amino- | -hexanol

42 19+4 -6.69
CID 249006
2,4-Diaminoazobenzene T
CID 10317 -6.8 306 -6.40
2,2-Dihydroxybenzophenone T
CID 70038 -6.5 40+5 -6.24
N ( ]
4-Hydroxystilbene N CID 5284650 -6.1 141£12 -5.40
4,4'-Diaminostilbene-2,2'- o
disulphonic acid
CID 6668 -7.1 115 -7.03
[
4-Nitrostilbene JJ
.y
) CID 98001 -6.7 56+8 -6.03
r
(>
Diethylstilbestrol -
0
= CID 448537 -6.5 3245 -6.40
Resveratrol [ ""‘f,\
.
3,5,4'-(Trihydroxystilbene) ) \’:’j’ i CID 445154 -6.8 1414 -6.9

We finally were able to define a 3D pharmacophore featuring the
key structural requirements characterizing the interaction between the
tested stilbenes, aromatics ketones and diphenyl compounds with the
amino acids residues within the active site of Y49 B-lactamase: 1)
interaction of any electrophilic center with either the active-site Ser84
or Lys87 to putatively form a hydrogen bond within the active site
cavity, and 2) correct orientation of the OH (or other amino, carboxyl,
carboxyamide, sulfonamide) groups to elicit hydrogen bonding
interactions with either the main chain carbonyl oxygen of Ser142 and
Gly252 or the amino group from the side chain of Asn186. Moreover,
the molecular docking experiments predicted that the establishment of
additional hydrogen bonding networks involving the residues Asn186,
Glu292, Thr251, Thr253, Arg 236, and Lys250 would increase their

relative binding affinity for Y49 B-lactamase (see Table 2 for the case
of resveratrol).

The SAR presented in Table 1 are, to our knowledge, the first to
show one of the possible molecular mechanisms of action for some
stilbenes, resveratrol and diphenyl derivatives which could explain
their already reported antibacterial activities.!® %% Consequently,
the development of stilbenes derivatives and other diphenyl
compounds with selected electrophilic functionalities could provide
an independent approach to develop non-f-lactam compounds
inhibitors of f-lactamases from class A, and complement other
approaches used today to overcome the Mycobacterium tuberculosis
resistance to antibiotics.
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Figure 9 Selected kinetics traces run at different concentrations for the tested chemical fragment inhibitor benzophenone. Initial velocity experiments
were performed in 25 mM HEPES buffer, pH 7.4, in presence of chromogenic nitrocefin substrate (24 yM) and recombinant Y-49 B-lactamase (0.5-5 nM) for
the selected time points and at different concentrations of compound (20-70 uM).The reaction initial velocity was calculated using the reported extinction
coefficient for nitrocefin at 486 nm (¢ = 20,500 M-I cm-1I), and plotted as a function of each inhibitor concentration: benzophenone (B). The final Ki values
were calculated from Morrison equation provided by the GraphPad Prism 7.0 (GraphPad Software), and independently from a plot of Ki=[[I]-[E](Vr-1)]/(1/Vr-1);
where Vr=V/V0 is the relative velocity, [I]=concentration of inhibitor (in pM) and [E]= concentration of enzyme (in pM) (32).

Table 2 EPair energy terms, expressed as MolDock scoring functions generated by Molegro Dock software for one selected lead compound, resveratrol, using
the virtual screening protocol at Pharmit server.The presented MolDock scoring function consists of mainly the pairwise (PLP) steric and hydrogen bonding
energy of interaction between the resveratrol and the amino acid residues from the active site of Y-49 p-lactamase target 3MéB [chain A]. The compound was
predicted to have less than “-7.0kcal/mol” relative free energy of interaction with Y-49 B-lactamase based on the scoring function generated by the molecular
docking module AutoDock Vina provided by the Pharmit server.The pose predicted to have the best free energy of interaction with B-lactamase in the context
of 3M6B structure is displayed in Figures 8

Target atoms: molecule (Resveratrol) Residue ID EPair
3M6B [A] Arg 236  -5.98847
3M6B [A] Asn 186  -4.07778
3M6B [A] Asp 143 -1.08071
3M6B [A] Glu 182 -4.7988
3M6B [A] Glu 292 -3.46133
3M6B [A] Gly 144 -1.82584
3M6B [A] Gly 252 -1.44514
3M6B [A] Gly 254 -0.30411
3M6B [A] lle 117 -19.8017
3M6B [A] Lys 87 -3.42984
3M6B [A] Ser 84 -4.6
3M6B [A] Ser 16  -2.35401
3M6B [A] Ser 142 -847773
3M6B [A] Thr 232 -7.33538
3M6B [A] Thr 251 -3.87346
3M6B [A] Thr 253 -16.692
HOH 21 (water) I -1.90048
HOH 323 (water) 37 -3.30957
HOH 341 (water) 57 -1.97339
HOH 351 (water) 68 -3.40334
HOH 358 (water) 75 25.0547
HOH 362 (water) 80 11.8365
HOH 371 (water) 90 9.83372
HOH 397 (water) 118  -2.96275
HOH 426 (water) I51 -1.49992
HOH 475 (water) 200  -0.3066

Citation: Gonzalez |, Lendebol E, Shen A, et al. In silico-mediated virtual screening and molecular docking platforms for discovery of non B-lactam inhibitors of
y-49 B-lactamase from Mycobacterium tuberculosis. MOJ Proteomics Bioinform. 2018;7(1):12-24. DOI: 10.15406/mojpb.2018.07.00207


https://doi.org/10.15406/mojpb.2018.07.00207

In silico-mediated virtual screening and molecular docking platforms for discovery of non f-lactam

inhibitors of y-49 fp-lactamase from Mycobacterium tuberculosis

Conclusion

In conclusion, the research presented herein demonstrated the
successful development of an in silico-based virtual screening coupled
with molecular docking platform that enabled the discovery of
novel, non-B-lactam P-lactamase inhibitors of Y-49B-lactamase from
Moycobacterium tuberculosis. This was accomplished by employing the
3D-pharamacophore-based virtual screening provided by the on-line
server Pharmit (pharmit.csb.pitt.edu), coupled with multiple rounds
of in vitro screening platform using kinetics of B-lactamase inhibition
with nitrocefin substrate. Specifically, the in-silico virtual screening
of large chemical datasets provided by Pharmit (such as Molport,
CHEMBL21, ChemDiv, NCI Open Chemical Repository, PubMed
and ZINC database) allowed us to improve the structure-based drug
design and discovery of novel inhibitors of Y-49 -lactamase. Notably,
new 3D-pharmacophore and fragments from the family of diphenyl,
aromatic ketone, hydroxy-phenyl glycine, stilbenes and resveratrol
emerged as potential inhibitors of Y-49 B-lactamase and exhibited
inhibitory constants, Ki, in the low 5uM-200uM in an in vitro
enzymatic assay with nitrocefin substrate. To our knowledge, this new
SBDD and SAR on stilbenes, resveratrol and hydroxylated diphenyl
compounds is the first to show that their inhibitory activity against
Y49 B-lactamase, possibly revealing the molecular mechanisms that
explain their already reported antibacterial activities. These newly-
discovered pharmacophores features are extending the chemical
space for discovery of novel and potent non B-lactam inhibitors of
B-lactamases.
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