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Abstract

Tuberculosis (TB) is one of the main causes of death from a single pathological agent, Mycobacterium tuberculosis (Mtb).
In addition, the emergence of drug-resistant TB strains has exacerbated even further the treatment outcome of TB patients.
It is thus needed the search for new therapeutic strategies to improve the current treatment and to circumvent the resistance
mechanisms of Mtb. The shikimate kinase (SK) is the fifth enzyme of the shikimate pathway, which is essential for the sur-
vival of Mtb. The shikimate pathway is absent in humans, thereby indicating SK as an attractive target for the development
of anti-TB drugs. In this work, a combination of in silico and in vitro techniques was used to identify potential inhibitors for
SK from Mtb (MtSK). All compounds of our in-house database (Centro de Pesquisas em Biologia Molecular e Funcional,
CPBMF) were submitted to in silico toxicity analysis to evaluate the risk of hepatotoxicity. Docking experiments were per-
formed to identify the potential inhibitors of MtSK according to the predicted binding energy. In vitro inhibitory activity
of MtSK-catalyzed chemical reaction at a single compound concentration was assessed. Minimum inhibitory concentration
values for in vitro growth of pan-sensitive Mtb H37Rv strain were also determined. The mixed approach implemented in

this work was able to identify five compounds that inhibit both M#SK and the in vitro growth of Mzb.
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Introduction

From 2020, with the emergence of COVID-19, tuberculosis
(TB) became the second leading cause of death worldwide
from a single pathological agent, Mycobacterium tubercu-
losis (Mtb). The COVID-19 pandemic has had a negative
impact on TB: for the first time in 10 years, there was an
increase in the number of TB deaths due to the lack of access
to both diagnosis and treatment [1]. In addition, the emer-
gence of TB drug-resistant strains makes the search for less
toxic drugs and shorter TB treatment urgent efforts to be
pursued. The shikimate pathway, which is present in bac-
teria, fungi and plants, but absent in humans, is interesting
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for the development of new anti-TB therapeutic agents with
likely reduced risk of toxicity to the host. In 2002, Parish and
collaborators performed the deletion of the aroK gene that
encodes the shikimate kinase (SK) enzyme in Mtb (MtSK),
proving the essentiality of this gene product for the viability
of the bacillus [2, 3].

The SK enzyme catalyzes the fifth step of the shikimate
pathway, which is the phosphorylation of shikimate (SKM),
using ATP as a phosphate donor to form shikimate-3-phos-
phate (S3P) and adenosine diphosphate (ADP). SK is a
member of the Nucleoside Monophosphate Kinase (NMP)
family, an important group of enzymes that catalyze the
reversible transfer of a phosphate of a nucleoside triphos-
phate to a specific nucleoside diphosphate. NMP kinases
undergo to major conformational changes during catalysis
[4, 5]. The determination of SKM binding pocket in a crys-
tallographic structure of SK complexed with ADP:SKM and
the structure ATP:shikimate 3-phosphotransferase allowed

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10822-022-00495-w&domain=pdf

118

Journal of Computer-Aided Molecular Design (2023) 37:117-128

a better understanding of the intermolecular interactions
between ligands and the enzyme [4-7].

Computational tools can be used to aid the development
of new drugs through the detailed understanding of pro-
tein-ligand interactions. In this work, we employed dock-
ing simulations to identify potential inhibitors of the MrSK
from the library of molecules synthesized by the CPBMF,
Brazil. The compounds presenting the best binding energy
predicted by docking simulations were submitted to in silico
prediction of toxicity and hepatotoxicity using the pkCSM
[8]. In addition, experiments of binding, enzyme inhibition,
and minimal inhibitory concentration (MIC) of in vitro
growth of pan-sensitive Mtb H37Rv strain were carried out
to evaluate the inhibitory potential of ligands selected by
the in silico approach. One novel and promising class of
inhibitors quinazolin-4(3H)-one was identified. Accordingly,
the results here described serve as a basis for further efforts
aiming at the rational design of new anti-TB agents targeting
the MrSK enzyme.

Methods
Expression and purification of MtSK

For the purification of the recombinant MtSK protein, cell
growth was performed on a larger scale with the expres-
sion condition determined and described by Oliveira et al.
[9] with modifications. Briefly, the recombinant plasmid
containing the aroK gene (pET-23a(+)::aroK) was used to
transform electrocompetent E. coli BL21(DE3) cells (Nova-
gen). Transformed cells were selected on LB agar plates
containing 50 ug mL~! ampicillin. For a pool of cells, 20
colonies from the plate were resuspended in 600 uL of liquid
LB medium. After homogenization, 50 uL of this pool were
inoculated into 1.5 L of LB medium containing 50 ug mL ™!
ampicillin. After reaching an optical density (ODgzonm) of
0.4-0.6, the cells were grown at 37 °C in shaker flasks at
180 rpm for a period of 23 h, without IPTG induction. Cells
were then collected by centrifugation at 6000xg for 20 min
at 4 °C and stored at — 80 °C.

The protein was purified using the AKTA purification
system (GE HealthCare) through a high-performance liquid
chromatography system based on the protocol described by
Rosado et al. [10] with modifications. Approximately 6 g of
cells were resuspended in 24 mL of 50 mM Tris HCI pH 7.6,
disrupted by sonication, and the insoluble fraction removed
by centrifugation (18,000 rpm, 30 min, 4 °C). MgCl, was
added to the supernatant at a final concentration of 40 mM,
followed by the addition of 1 mg of DNAse under stirring for
30 min at 4 °C and subsequently centrifuged (18,000 rpm,
30 min, 4 °C). The addition of MgCl, resulted in the pre-
cipitation of the target protein keeping other contaminants
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in the supernatant. The precipitate (insoluble fraction) was
resuspended in 20 mL of 50 mM Tris HCI 500 mM KCI pH
7.6 and then centrifuged (18,000 rpm, 15 min, 4 °C). To
the supernatant, 20 mL of 50 mM Tris HCI 500 mM KC1
(NH,),SO, 2 M pH 7.6 was added, under stirring for 30 min,
and then centrifuged (18,000 rpm, 30 min, 4 °C).

The supernatant was loaded onto a hydrophobic inter-
action column, Phenyl Sepharose 16/10 (GE HealthCare),
previously equilibrated with buffer A (50 mM Tris HCI,
500 mM KCI, 1 M (NH,),SO,, pH 7.6). MtSK interacted
with the column and eluted in a linear gradient of 10 column
volumes containing buffer B (50 mM Tris HCI, 500 mM
KCl, pH 7.6), at a flow rate of 1 mL min~!. Fractions con-
taining the homogeneous recombinant protein MtSK were
confirmed by 12% acrylamide gel electrophoresis (SDS-
PAGE) stained with Coomassie Brilliant Blue [11]. The pro-
tein, after being concentrated using an Amicon ultrafiltration
cell (MWCO 10,000 Da), was then centrifuged (18,000 rpm,
30 min, 4 °C), the supernatant was collected, and the con-
centration was determined by the BCA Kit (BCA Protein
Assay Kit).

Docking procedures

The crystallographic structures of the MtSK protein were
obtained from the Protein Database (PDB) (http://www.
pdb.org, accessed on: 24 June 2021). Among the 21 depos-
ited MtSK structures, 12 had compounds showing inter-
actions with the SKM substrate active site (PDB Access
Codes: 4BQS, 2IYQ, 2IYS, 2IYR, 2G1K, 2IYX, 2IYY,
2IYZ, 2DFN, 1U8A, 1ZYU and 1WE2). For the docking,
the following structures were selected: 21YQ [12] (struc-
ture with closed LID, MtSK:SKM:ADP complex, 1.80 A
resolution) for its high resolution (<2 A) and for its closed
conformation, and 2IYS [12] (structure with LID open(A),
MtSK:SKM complex, 1.40 A resolution) for being the best
resolution among all the deposited crystallographic struc-
tures and for containing shikimate in the active site of the
structure.

The compounds tested in this work were synthetized
by CPBMF from Pontificia Universidade Catélica do Rio
Grande do Sul, Brazil. The machine-learning plataform
pkCSM [8] was used for a preliminary analysis regarding the
toxicity of these compounds. A set of 1212 molecules passed
through the AMES toxicity filter to select molecules with-
out toxic or hepatotoxic character for the subsequent com-
puter simulations. It is important to note that the compounds
were analyzed manually to avoid structure duplication on the
platform. From the screening, 298 molecules were selected
for docking. The 3D structures of the compounds from the
CPBMF database were draw using Avogadro v1.2.0 program
and the protonation states were set according to pH 7.4.
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Initially, the re-docking protocol was validated with two
crystallographic structures of MtSK. The SKM was removed
from both structures generating two different conformations:
one containing ADP in the active site and the second in the
apo-form (PDB ID 21YQ and 2IYS, respectively) [12]. The
aim at performing this step was to determine whether the
docking algorithm can recover the crystallographic position
of the ligand in the active site of the target protein.

The molecules of the chemical library of CPBMF were
docked in 21YQ and 2IYS, using the AutoDock Vina 1.1.2
software compiled to PyRx to identify the ligands with the
best binding energies in relation to the target protein [13,
14]. To complete the robustness of the method, the Lamarck-
ian genetic algorithm was assigned, which is a computa-
tional approach that provides a set of potential ligand con-
formations as the principles proposed by Darwin during the
molecular adjustment process [15]. The PyRx was used for
energy minimization of compounds and to convert all mole-
cules to AutoDock Ligand (PDBQT) format. The established
docking protocol was performed as follows: the SK was kept
rigid, while the torsional angles of the binder could undergo
variations. Water and other compounds used to obtain the
crystal were removed from each structure before docking.
The 21YS and 2I'YQ structures were used as macromolecules
(receptors) [12]. The search space that encompassed the
SKM active site was set on a cubic grid, spaced at 0.375 10%,
(in both crystallographic structures) with the following
dimensions in A: center (x,y, 2)=(36, 36, 30), dimensions
(x,y, z)=(15, 15, 15) (PDB: 2IYQ); center (X, y, z) =(15,
20, 33), dimensions (x, y, z) =(15, 15, 15) (PDB: 2IYS).
The docking simulation was then run at an exhaustiveness
of eight and set to produce a pose ranking (from lowest to
highest energy). Subsequently, these ligands were submitted
to the PyMOL software (The PyMOL Molecular Graphics
System, Version 2.5 Schrodinger, LLC, https://www.pymol.
org) and Discovery Studio Visualizer program (CDOCKER-
Dock, Dassault Systemes BIOVIA, USA) for visual inspec-
tion of the poses of potential ligands in the active site of the
protein in both conformations.

Inhibition studies
Enzymatic assays

The M:SK enzyme activity assay was performed in the forward
direction by coupling the ADP product to the enzyme pyruvate
kinase (PK; EC 2.7.1.40) and lactate dehydrogenase (LDH;
EC 1.1.1.27) in a spectrophotometer (UV-2550 UV)/Visible,
Shimadzu). The NADH-dependent oxidation was monitored
continuously at 340 nm (e=6.22x10* M~! cm™"). The reac-
tions were performed at 25 °C, initiated by the addition of
recombinant M#SK (2 ug mL~") and monitored for 90 s. The
reaction mixture was composed of 100 mM Tris HCI, 100 mM

KCI, 5 mM MgCl, pH 7.6, 1.5 mM PEP, 0.2 mM NADH,
600100 U mL~! PK and 900-1400 U mL~' LDH. The sub-
strates were fixed at Ky;, SKM 650 uM and ATP 112 uM [10].
The ligands were individually added to the reaction mixture at
a final concentration of 50 uM, and the final concentration of
DMSO that demonstrated not to interfere with the test condi-
tions was 2%.

Determination of the minimum inhibitory concentration
(MIC) in M. tuberculosis

The determination of the MIC was performed according
to the methodology described by Giacobbo and collabora-
tors [16]. The pan-sensitive Mtb H37Rv laboratory strain
was used in these studies. The tests were performed in
96-well polystyrene microplates with a “U” shaped bottom.
The ligands selected by docking were tested in triplicate
for greater reliability of the results. The compounds were
solubilized in DMSO and later diluted in Middlebrook 7H9
(7H9) medium containing 10% ADC (albumin, dextrose, and
catalase) to a final concentration of 2.5-40 ug mL~'. Serial
dilutions of each compound were made directly in the plates.
The first-line drug isoniazid (INH) (MIC=0.31 pg mL™")
was used as a positive control for the experiment. As nega-
tive controls, a sterility control of the compounds (with-
out mycobacteria) and a bacterial growth control without
the addition of antibiotics (only mycobacterial culture)
were used. The mycobacterial strains were cultured in 7H9
medium containing 10% OADC (oleic acid, albumin, dex-
trose, and catalase) and 0.05% Tween 80, until an ODyy,
between 0.8 and 1.0. The cells were then shaken with ster-
ile glass beads (4 mm) for 5 min to break up any existing
clumps. The Mtb suspensions were divided into aliquots,
which were stored at — 80 °C. A 100 pL aliquot of sus-
pension (theoretical OD =0.006). The final concentration
of DMSO in each well is 2.5%. The plates were covered,
sealed with parafilm and incubated at 37 °C. After the 7-day
incubation period, 60 uL of resazurin solution (0.01%) was
added to each well, and the samples incubated for another
48 h [17]. A change in color from blue to pink indicates bac-
terial growth, and the MIC was defined as the lowest concen-
tration capable of preventing color change. Three tests were
performed independently, and the MIC value presented here
was the most frequent value among the tests, or the highest
value observed among them.

Results and discussion
Expression and purification of MtSK

Initially, optimizations of the protocols of expression (Fig.
S1) and purification of recombinant MtSK (Fig. S2 and
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S3) allowed efficient protein purification using a two steps
protocol comprising a crude extract precipitation followed
by a hydrophobic chromatographic step (Phenyl Sepha-
rose 16/10). Protein concentration was determined by the
BCA kit and a total of 12.59 mg of MtSK was obtained
from 9.6 g of cell paste. The enzymatic activity of MtSK
was assayed in the forward direction by coupling the ADP
product to the pyruvate kinase (PK; EC 2.7.1.40) and lactate
dehydrogenase (LDH; EC 1.1.1.27) reactions as described
elsewhere [10]. The MrSK-dependent reduction in NADH
concentration was continuously monitored at 340 nm
(=6.22%x10° M~" ecm™), at 25 °C for 90 s of reaction
(Fig. 1).

Docking studies

The first criteria to select compounds of our in-house chemi-
cal library were employed to filter out for AMES toxicity
and hepatotoxicity. A set of 1212 chemical structures were
submitted to the pkCSM platform [8] and 298 molecules
passed through the AMES toxicity filter. Although these
chemical compounds had not been intentionally developed
to bind MrSK, it was deemed appropriate to assess whether
or not ligands of this enzyme could be identified amongst
the chemical library.

Time Course Graph
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Fig.1 Time (seconds) vs absorbance course graph of M:SK-depend-
ent reduction in NADH concentration
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The AutoDock Vina 1.1.2 implemented in the PyRx [13,
14] software was used for re-docking and docking simu-
lations. The Root Mean Square Deviation (RMSD) value
between the ligand presented in the crystal structure and
docking pose was 0.77 A for 2IYS [12] and 0.66 A for 2IYQ
[12] (Fig. 2). This result indicates that the docking simula-
tion was able to reproduce a crystallographic pose and that
the protocol is suitable to be used in virtual screening efforts.

The results of docking were evaluated according to the
best predicted binding affinity between the two crystallo-
graphic structures and these molecules. After fitting simula-
tions and visual analyses, 30 best scoring compounds were
selected from the set of 298 compounds. The 30-top candi-
dates of ligands were found to yield strong affinities ranging
from — 8.5 to — 9.2 kcal/mol based on the docking studies,
and none of the analyzed 30 compounds showed predicted
AMES toxicity or hepatotoxicity (Table 1).

From the visual analysis of the intermolecular interac-
tions in the Discovery Studio Visualizer software, it was
possible to observe the potential interaction of the ligands
into the shikimate binding cavity. The results showed that
the ligand with the highest predicted binding affinity with
the enzyme (compound 1a) participate in van der Waals
contact with the Phe57, Gly81 and Pro118 residues in the

Fig.2 Superposition between the crystallographic structure and the
best pose generated by the redocking simulations. Redocking using
the structures 21YS (A) and 2IYQ (B). The crystallographic structure
is colored by CPK and the carbon atoms of the best poses are colored
in green. Image generated with PyMOL
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Table 1 Top 30 compounds obtained from docking

Compound ID Chemical name Chemical structure Binding energy
(kcal/mol)
2-((6-Chloro-2-methylquinolin-4-yl)oxy)-
la 9.2
1-phenylethan-1-one
2-((6-Bromo-2-methylquinolin-4-yl)oxy)-
1b -9.1
1-phenylethan-1-one

lo (E)-2-(Naphthalen-2- 89
ylmethylene)hydrazine- 1-carboxamide ’

2a 2-((2,3-Dichlorobenzyl)thio)quinazolin- 8.9
4(3H)-one ’

% 2-Amino-8-((4-chlorobenzyl)thio)-1,4,5,9- 89
tetrahydro-6H-purin-6-one ’

N-(Adamantan-1-yl)-2-((6-methoxy-2-
2c . ; -8.8
methylquinolin-4-yl)oxy)acetamide

32 N-Benzyl-2-((4-o0x0-3,4- 83
dihydroquinazolin-2-yl)thio)acetamide '

b 2-((3,4-Difluorobenzyl)thio)quinazolin- 83
4(3H)-one '

3c 2-((3-Chlorobenzyl)thio)quinazolin-4(3H)- 87

one
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Table 1 (continued)

4-((2-Chlorobenzyl)oxy)-6-methoxy-2-

3d methylquinoline 8.7
H4C
3e 2-Amino-8-((4-bromobenzyl)thio)-1,4,5,9- o - 87
tetrahydro-6H-purin-6-one , H,A.L._‘A[__h_ ’
=l ‘1?._“ -4{:"
(2)-6-Hydroxy-5-(2-hydroxybenzylidene)-
4a 4-methyl-2-0x0-2,5-dihydropyridine-3- -8.7
carbonitrile
b 5-(3-Chlorobenzoyl)-2-phenyl-2,4- 87
dihydro-3H-pyrazol-3-one ’
2-Amino-8-((2-chlorobenzyl)thio)-1,4,5,9- o J—
Sa : i -8.6
tetrahydro-6H-purin-6-one e
. 1:~. ':‘_:— = )
HaW ™ N7 ¢l
sh 2-((3-Fluorobenzyl)thio)quinazolin-4(3H)- 86
one ’
5c 2-((6-Chloro-2-methylquinolin-4-yl)oxy)- 26
1-(3-chlorophenyl)ethan-1-one '
sd 2-((6-Bromo-2-methylquinolin-4-yl)oxy)- 26
1-(3-chlorophenyl)ethan-1-one ’
6 2-((1-Oxo-1-phenylpropan-2- i 3.6
a yl)thio)quinazolin-4(3H)-one -
2-(-
6b (Trifluoromethyl)benzyl)thio)quinazolin- -8.6
4(3H)-one
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Table 1 (continued)

2-((3-Bromobenzyl)thio)quinazolin-4(3H)-

6¢ -8.6
one
2-(4-Methoxyphenoxy)-N-(naphthalen-1-
6d . -8.6
yl)acetamide .
(Z2)-5-Benzyl-3-benzylidene-2,6-dioxo- ;
7a 1,2,3,6-tetrahydropyridine-4-carboxylic . Ou N -8.5
acid | I
CO:H
4-((3-Fluorobenzyl)oxy)-6-methoxy-2-
7b L -8.5
methylquinoline
7 2-((2-Chlorobenzyl)thio)quinazolin-4(3H)- . 1 25
one
7d 2-((2-0Ox0-2-(p-tolyl)ethyl)thio)quinazolin- 85
4(3H)-one ’
8a (E)-2-((5-Hydroxynaphthalen-2- “] 85
yl)methylene)hydrazine-1-carboxamide HO” [ l - '
= . "\ ,L
st Ny A,
H
2b 2-((2-Fluorobenzyl)thio)quinazolin-4(3H)- 85
one '
3c 2-((6-Bromo-2-ethylquinolin-4-yl)oxy)-1- 85
(3-chlorophenyl)ethan-1-one '
’d 2-((3-Methoxybenzyl)thio)quinazolin- 85
4(3H)-one e
4-((3-Chlorobenzyl)oxy)-6-methoxy-2- -
8e Lo . -8.5
methylquinoline o ]l’
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shikimate binding cavity and makes a hydrogen bond with
the Arg58 (Fig. 3) [18-20].

The knowledge of the amino acids residues involved in
the protein:ligand interaction of the shikimate binding cav-
ity highlights potential ligands with high binding affinity
to this site and point to candidates for inhibitors. Further-
more, the residues that establish these molecular inter-
actions are fundamental to the reaction catalyzed by the
enzyme. The residues Arg58, Argl36 and Gly80 have been
shown to participate in intermolecular hydrogen bonds
with the shikimate in this substrate-binding pocket [7]. On
the other hand, the residues Ile45, Asp34, Prol1, Prol18,
Gly79, Phe57, Leul19 and Gly81 make van der Waals
contacts with shikimate [21]. By analyzing the potential
ligands ranked by the binding energy, it is possible to
observe essential residues that enable the binding of the
ligand to the active site of the MtSK enzyme, especially
hydrogens bonds and van der Waals contacts. After this
analysis, the ligands with the best binding energy scores
were submitted to in vitro characterization and validation
analyses.

Fig.3 Predicted docking
orientations of 3a (a), 3d (b),
1a (¢), 5¢ (d) e 1b (e) into the
binding pocket of MtSK (PDB
ID: 2IYQ)

@ Springer

Inhibition studies
Screening of compounds as potential inhibitors

Initially, the 30 compounds selected for experimental analy-
sis were evaluated for formation of precipitates to evalu-
ate the maximum concentration allowed by the solubility.
After this test, thirteen (13) compounds showed limited
solubility in the buffer mixture and were thus removed from
enzyme inhibition screening as no reliable results could be
obtained. Therefore, seventeen compounds were analyzed
for their inhibition of MSK enzyme activity. We evaluated
the possibility of inhibition of these compounds through the
coupled assay of Pyruvate kinase (PK) and Lactate dehydro-
genase (LDH) for the activity of MfSK. The spectrophotom-
eter experiment evaluates the activity of MtSK, being moni-
tored by the dependent oxidation of NADH at 340 nm [10].
Through this screening approach, we identified a total of 11
compounds that showed inhibition of the MtSK-catalyzed
chemical reaction at final fixed concentration of 50 uM.
These results are given in Table 2.




Journal of Computer-Aided Molecular Design (2023) 37:117-128

125

The 3,4-difluorobenzyl 3b and 3-chlorobenzyl deriva-
tives 3¢ proved to be the most potent inhibitors (23.83 and
22.11%, respectively), and both belong to the chemical class
quinazolin-4(3H)-one. In compound 3b there is the pres-
ence of halogen fluorine (difluorobenzyl) and in 3c there is
chlorine (chlorobenzyl). These halogen atoms that have long
been used for hit-to-lead or lead-to-drug conversions [22].
Halogens (F, Cl, and Br) are usually employed as univalent
isosteres to study the effect of increasing volume and polar-
izability on ligand interactions to a target, thereby probing
the role played by van der Waals forces. Accordingly, com-
pounds containing chlorine and fluorine substituents at dif-
ferent positions on the aromatic ring were also tested to eval-
uate whether or not the positioning and identity of halogens
would improve the inhibitory activity of MtSK (Table 3).
The 3,4-difluorobenzyl compound (3b), 3-fluorobenzyl
(5b), 6-fluorobenzyl (8b) and 4-fluorobenzyl (9a) were thus
tested. The difluorobenzyl (3b) showed to be a better inhibi-
tor as compared to any fluorobenzyl (5b, 8b, 9a) or benzyl
(9b) quinazolin-4(3H)-one compound (Table 3). These data
suggest that the presence of fluorine substituents at both the
meta and para positions of the benzene ring are required
for improved inhibitory activity. The chlorine-containing
compounds showed a different pattern. No improvement
of inhibitory activity as compared to the 3-chlorobenzyl
compound (3c¢) could be achieved as the 4-chlorobenzyl

Table 2 In vitro inhibitory

L Compound Inhibitory
acthftles observed on the activity
reaction catalyzed by MtSK (%)*

la 5.34
1b 8.03
Ic 1.32
3a 5.76
3b 23.83
3c 22.11
3d 8.42
3e 1.17
Sa -

5b 2.82
Sc 2.15
6a -

6d -

7b -

8a 0.39
8b -

8e -

#Assigned at compounds final
50 uM concentrations in assay
mixture

— Non-detected inhibitory activ-
ity

Table 3 In vitro inhibitory activities observed on the reaction cata-
lyzed by MtSK between compounds with substituent halogens (chlo-
rine and fluorine)

O
6 U 3
NH )
1
7 N/)Z\ S /\/1©3i R
8 1 6
R3 4"R?
5
Compound R! R? R? Inhibitory
activity (%)*
3b F F H 23.83
5b F H H 2.82
8b H H F -
9a H F H -
9b H H H -
3c Cl H H 22.11
9c H Cl H 10.11
9d Cl Cl H 11.46
9e H H Cl -

#Assigned with 50 pM final fixed concentrations of compounds in
assay mixtures

— Non-detected inhibitory activity

(9c¢), 3,4-chlorobenzyl (9d) and 6-chlorobenzyl (9e) were
assayed (Table 3). The results also suggest that halogen sub-
stitution at the ortho position of benzene ring (8b, 9e) is
deleterious to inhibitory activity (Table 3). A comparison
between 3-fluorobenzyl (Sb) and 3-chlorobenzyl compound
(3c¢) indicate that halogen bond formation may play a role
in target interaction as chlorine tend to have greater extent
of charge separation and larger &-hole as compared to fluo-
rine [22]. However, these conclusions should be considered
with caution as they are based on a single concentration
of compounds, and further experimental data are needed to
provide a more solid basis on which to draw structure—activ-
ity relationships.

The in silico protocol (dry-lab) here presented aimed
at identifying ligands and whether or not they prove to be
inhibitors had to be evaluated by biochemical analysis (wet-
lab). At any rate, the results here presented show that the
computational approach employed could identify ligands
and a limited number of inhibitors of MtSK from a fairly
small library of chemical compounds, which represents
a notable achievement. It is envisioned that this in silico
approach should be employed in the near future to screen
much larger libraries of chemical compounds, ideally, com-
prised of scaffolds encompassing a greater chemical space.
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Determination of the minimum inhibitory concentration
(MIC) in Mtb

A chemical compound that showed no inhibition of MSK
activity could, however, prove to be effective as inhibitor
of in vitro growth of the pan-sensitive Mtb H37Rv strain.
Hence, MIC values, defined as the lowest concentration of
each compound that was able to inhibit visible growth in
96-well plates, were determined for 22 compounds, in tripli-
cate, with isoniazid as a positive control. Interestingly, com-
pounds 1a, 1b, 3d and Sc that had shown a negligible effect
on enzyme inhibition compared to ortho, for the compound
3,4-difluorobenzyl (3b) and meta monosubstituted chlorine
benzyl (3¢) (Table 3), were active against Mtb, showing MIC
values of 16 uM, 14 uM, 18.83 uM and 7.2 uM, respectively
(Table 4) (Fig. 1). However, whether MrSK is the intracel-
lular target of these compounds will have to await further
experimental data. The compounds 3a and 7b showed the
lowest MIC values of, respectively, 4.79 uM and 5 uM
(Table 4). It should be pointed out that the MIC values for
compounds 3a and 3d had been reported elsewhere [23, 24].
Compound 7b showed inhibitory activity of in vitro growth
of Mtb H37Rv strain (Table 4) and no inhibition of MSK
enzyme activity (Table 2). This result raises the possibility
of alternative targets for this compound that will be pursued
in future efforts. The compounds 1¢, 3b, 3c, 3e, 5a, 5b, 6a,
6d, 8a, 8b, 8e, 9a, 9b, 9¢c, 9d and 9e, which showed no
inhibitory effect against MtSK (Table 3), were not able to
inhibit the mycobacterial growth at the limit of their solubil-
ity (Table 4).

Conclusion

In this study, an in-house chemical library containing differ-
ent chemical classes was employed to evaluate its binding
and inhibition profile against the MrSK enzyme. Compu-
tational methodologies were used to evaluate the toxicity/
hepatotoxicity of the molecules and to probe the intermo-
lecular interactions of these compounds in the active site of
the enzyme. Biochemical assays were used to provide exper-
imental evidence for in silico predictions such as enzyme
inhibition and MIC measurements. The results obtained by
the computational methodology were in fairly good agree-
ment with the experimental data, demonstrating that from
1212 compounds it was possible to identify compounds that
inhibit both MrSK and the in vitro growth of Mtb (com-
pounds 1a, 1b, 3a, 3d and Sc), or showed no enzyme inhibi-
tion but was active against mycobacterial growth (e.g. 7b).
The chemical class of quinazoline-4(3H)-one compounds
revealed a promising scaffold for MtSK enzyme inhibi-
tor optimization efforts but limited potential for anti-TB
drug development as it did not inhibited mycobacteria. An

@ Springer

Table 4 Antimicrobial
evaluation of 22 compounds
against the in vitro growth of la 16
pan-sensitive H37Rv strain of
. 1b 14
M. tuberculosis
lc

3a* 4.79
3b -

3c -
3d* 18.83
3e -

Sa -

5b -

Sc 7.2
6a -

6d -

7b 5

8a -

8b -

8e -

9a -

9 -

9c -
9d -

9 -

Compound ID MIC (pM)

*Data has been published previ-
ously

— Non-detected inhibitory activ-
ity

improved protein expression and purification protocol has
also been established, which should aid in efforts to screen
for inhibitors of MtSK enzyme activity. For example, struc-
tural modifications of compounds 1a, 1b, 3a, 3d and 5c¢ can
be sought to optimize their inhibitory activity against the
M:SK enzyme and M1b growth.
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