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A structure-based virtual screening protocol was used to predict Mycobacterium tuberculosis shikimate
kinase (MtSK) inhibitors. Docking simulations were performed using eHiTS® software and 644 drug-like
compounds were identified as potential inhibitors. Forty-two percent of such inhibitors had a structural
relationship to a triazole or a tetrazole heteroaromatic system which may provide a candidate lead for the
discovery of MtSk inhibitors.

© 2008 Elsevier Ltd. All rights reserved.

Tuberculosis (TB) is the leading cause of death in the world from
a bacterial infectious disease. It has been estimated a prevalence of
1/3 the world’s population, an incidence of 9 million cases each
year, and 5% of the cases are bacteria resistant to anti-TB drugs.'
The treatment of TB remains unsatisfactory. Multidrug-resistant
Mycobacterium tuberculosis (MDR-MT) has become resistant to iso-
niazid and rifampicin. Likewise, the extensively drug-resistant MT
(XDR-MT) has become resistant to any fluoroquinolone, kanami-
cyn, amikacin, and capreomycin.>* This situation affects individu-
als in 45 countries.! In contrast to other bacteria, resistance in
M. tuberculosis (Mt) results from chromosomal mutations.>> Fac-
tors for emergence of resistance in Mt are multiple. Insufficient
antibiotic coverage during a long anti-TB treatment period results
in selection of refractory genotype bacteria. Antibiotic resistance is
an inevitable process in bacterial evolution, and is a direct result of
selective pressure by antimicrobial therapy.2®>” The resistance de-
lay may not be feasible by targeting enzyme catalytic sites. Emer-
gence of resistance may possibly be prevented by using, rationally,
antibiotic combinations, thus the prudent use of antibiotics will
eventually result in a decline in the prevalence of drug resistance.
There is an urgent need for discovering new drug targets for addi-
tional antimycobacterial drugs, particularly those effective at short
treatment periods. The availability of the full genome sequence of
Mt? has provided opportunities for the identification of new drug
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targets. Thus, it is expected that the development of novel, more
effective, anti-TB drugs will result in improved therapeutic regi-
mens aimed at preventing the emergence of MDR-TB, and reducing
the costs of medical attendance and compliance. Genetic products
of Mt have been identified which are essential for its survival as
they regulate physiological processes such as metabolism, persis-
tence, virulence, and cell signaling.3~1° The understanding of the
physiological processes of Mt is critical when designing new drugs
anti-BT. For instance, it has been shown that the shikimate biosyn-
thetic pathway of Mt, where the 3-deoxy-p-arabino-heptuloson-
ate-7-phosphate (DAHP) is converted to chorismate, is essential
for the synthesis of all aromatic amino acids, as well as other
metabolites, such as folic acid and ubiquinone.!! Given that the
shikimate pathway is also essential for other parasites, bacteria,
and fungi'?>~'®> but absent in mammals,'® the enzymes involved
in the shikimate pathway are considered as potential targets for
the development of antimicrobial agents that would produce min-
imal side effects in non-target organisms such as mammals.!” Shi-
kimate kinase (Sk) is the fifth enzyme in the shikimate pathway
that catalyzes the phosphate transfer from ATP to shikimate to
generate shikimate 3-phosphate and ADP.'® The shikimate kinase
of M. tuberculosis (MtSk) has been extensively studied and charac-
terized through X-ray crystallography techniques indicating that it
belongs to the structural family of nucleoside monophosphate
(NMP) kinases.'>!9-2> These functional and structural studies of
MtSk provide a background for the discovery of MtSk inhibitors,
but these remain to be revealed. This letter describes potential
inhibitors of MtSk gathered by using an in silico high-throughput
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Table 1
The eHiTS score, and chemical structure identified using the structure-based screening protocol
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Table 1 (continued)

Rank Id eHiTS score®® Structure
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screening protocol. Although it will require further unbiased
experimental validation, the finding of the SkMt inhibitors, for
the first time reported herein, will be helpful in the rational devel-
opment of novel drugs against Mt.

The eHiTS® 6.2 (Electronic High-Throughput Screening) soft-
ware package®® was used for flexible docking simulations into
the shikimate binding site of MtSk. There is an association (884
PDB complexes, R=0.75 and q=1.61) between scoring function
and experimental binding affinity using the eHiTS® software (data
from SimBioSys Inc. at http://www.simbiosys.ca). eHiTS® provided
comprehensive searching, conformational-space coverage, and
generated all major docking modes that were compatible with
the steric and chemistry constraints of the target cavity for each
small molecule from the compounds database. The docking algo-

rithm is divided into an exhaustive search algorithm based on
graph matching, and a novel scoring function based on local sur-
face point contact evaluation. The properties of surface included
hydrogen bonding, hydrophobicity, electrostatic potential, van
der Waals contact energy, ionic interactions, and pocket depth
(considering changes in the dielectric constant). Complementary
surface points that were within a threshold distance received a po-
sitive score. Points that have no ligand or repulsive surface points
within the cutoff distance were assigned a penalty score. The sum
of all receptor surface point scores was computed, and constituted
the score for that pose of the ligand.?® The eHiTS evaluated auto-
matically all possible protonation states for ligands and receptor.
Thus, in docking run each state was evaluated and scored system-
atically to achieve the best possible binding score, avoiding those


http://www.simbiosys.ca

A. Segura-Cabrera, M. A. Rodriguez-Pérez/Bioorg. Med. Chem. Lett. 18 (2008) 3152-3157 3155

multiple functional groups with variable protonation states to pro-
duce a combinatorial effect. The crystal structure of SkMt bound
with shikimate and ADP, access code PDB 2dfn,?” was used as
the template for docking simulations. The water molecules, ions,
and the ADP were removed from the template, thus the SkMt-shi-
kimate substrate complex was used alone. The input file containing
ligands (compounds and controls) in multiple mol2 format and the
receptor were set up, and pre-processed. Firstly, each ligand was
divided into rigid fragments, and connecting flexible chains. The ri-
gid fragments were each docked separately in the receptor site,
and then a fast graph match algorithm found poses of each frag-
ment, and reconnected to form the input ligand. The fully auto-
mated pre-processing phase included separation of receptor and
ligand from a PDB complex file, conversion of the input receptor
and ligands into native eHiTS file’s format, and generation of steric
grid and feature graph description of the cavity’s characteristics.
Secondly, the docked poses were refined by a local energy minimi-
zation in the receptor’s cavity of the SkMt to produce the final li-
gand pose. Finally, eHiTS generated 3D coordinates of docked
conformations of ligands in the receptor’s cavity. The generated
docked poses were scored, and saved into SDF files for further con-
formational visualization, and analysis.

The accuracy parameter was set to the highest level (sixth level)
during the docking simulations. The validation training module in
eHiTS® was used for enhancing the program’s performance. The
validation training module used PDB complexes to better predict
the binding modes for a family of receptors. This methodology en-
sured that the scoring function was tailored so that ligands that
dock in similar way to those found in the family of structures re-
ceived the best score and ranking. The eHiTS training utility carried
out optimization of the weights of the scoring functions used
throughout the docking process, and these weights were stored
in rkba file format. The rkba file was used as the parameter file
when running eHiTS calculations by the “-rkb receptors .rkba” flag.
Thus, all structures of MtSk, in complex with shikimate substrate,
were downloaded from the RCSB PDB*! and the train module
was used to produce the .rkba file. The PDB ids were 1u8a, 1zyu,
2dfn, 2g1k, 2iyq, 2iyr, 2iys, 2iyx, and 2iyz.

Three-dimensional structures of compounds were extracted
from collections with ADME/tox filters at the online service FAF-
Drugs?® which produced 214,492 compounds. These compounds
satisfied Lipinski’s rule of five?® constraints (molecular
weight < 500, partition coefficient logP < 5, number of H-bond do-
nor <5, and number of H-bond acceptor <10), and about 100 rules
that eliminated compounds with undesirable chemical groups.
Therefore, these compounds have physicochemical properties
exhibited by orally bio-available drugs.

The shikimate substrate and 6-S-fluoroshikimate, a well-char-
acterized competitive inhibitor in Escherichia coli,'” were intro-
duced as controls into the compound database. The docking
screening protocol was able to detect correctly the inhibitor with
a score higher than the shikimate substrate (Table 1). Thus, a total
of 644 small molecules were identified with better docking scores
than the controls (Table 1 and Supplemental Material). Therefore,
these compounds exhibit better binding affinity for MtSk, with
the best observed score being —7.25 (in logKy units). Typically,
compounds found with highly favorable scores (more negative val-
ues) had structural features that included a mercapto group, and a
triazole or tetrazole heteroaromatic system. The potential hits
identified were contained in these moieties in 86% and 42% of total
cases, respectively. The score and chemical structures of the top 10
hits found in this study are summarized in Table 1. In addition, no
significant association (r= —0.10, n =50, and P > 0.05) was found
in the top 50 compounds when their molecular weight was plotted
against their score, indicating that predicted affinity is due to spec-
ificity and not simply to molecule’s size.

Table 2
The interactions between MtSk residues with 200 top-scoring compounds

Position Contact percent Features of interaction®
R117 99 HF, HB
145 93 HF
L119 89 HF, HB
P11 82 HF
R58 70 HB
G80 57 HF, HB
P118 54 HF
G81 44 HF, HB
R136 42 HB
V116 42 HF, HB
F57 40 HF
D34 28 HF, HB
F49 23 HF
G79 20 HF
K15 15 HF

2 HF, hydrophobic forces and HB, hydrogen bond.

The 200 top-scoring compounds, that resulted from the docking
screening protocol, were also graphically examined using the soft-
ware Chevi 6.2® Chemical Visualizer (available from Simbiosys
Inc.) to determine key interactions, and complementarity with res-
idues of the shikimate binding site. The shikimate binding site is
characterized by a hydrophobic surface together with a number
of charged residues which project into the pocket. Several studies
have revealed that some of these residues (D34, R58, G80, L119,
and R136) in the shikimate binding site are essential for the posi-
tioning of the substrate and enzymatic catalysis.20-2427

The 200 top-scoring compounds, from the eHiTS-predicted con-
formations, showed that these compounds interact frequently with
the above-mentioned residues, and with others that are highly
conserved into the sequences of the Sk.2° It was the case for P11,
145, R58, G80, R117, and L119. A list of the interactions produced,
among the 200 top-scoring compounds, along with the MtSk resi-
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Figure 1. Interactions between MtSk residues with one top-scoring compound. The
picture was inspired on LIGPLOT?? with an algorithm implemented in the program
Molecular Operating Environment (MOE)*° at www.chemcomp.com.
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Figure 2. Structure-based sequence alignment of Sk sequences of Mt and other bacterial pathogens. Red boxes indicate the residues that interact with 200 top-scoring
compounds, sequence of MtSk is highlighted in bold, and the secondary structural elements are shown above the sequences. The multiple sequence alignment was

constructed using Expresso 3D-Coffee.*

dues, is shown in Table 2. Most interactions between these resi-
dues and the top compounds were driven mainly by hydrophobic
forces. G80, R117, and L119 could also play a role as strong hydro-
gen bond donors as demonstrated elsewhere.?! Similarly, G80
along with G79, and G81 (residues that have low frequency of
interaction) conform an extended hydrogen bond donor patch.
The K15 and D34 residues, although they do not interact fre-
quently, along with R117 (a residue with high frequency of inter-
action) showed that they are key residues for the phosphoryl
transfer reaction catalyzed by MtSk.202324

The visual inspection of the docking poses of the 200 top-scor-
ing compounds suggested that their triazole or tetrazole moieties
were placed near the R58, L119, and R136 residues, and mimic
key interactions of carboxyl group of the shikimate (Fig. 1) as re-
ported elsewhere.?> Two of the nitrogen atoms of the azole system
were hydrogen bonded to R58 and R136, and the proximity of the
L119 with the heteroaromatic ring suggested the possibility of sta-
bilizing CH-pi electron interactions. These physicochemical fea-
tures may explain why triazole or tetrazole moiety preferentially
interacts with these residues.

A multiple alignment of Sk sequences from the members of
tuberculosis complex and 11 bacterial pathogens (Fig. 2) reveals
striking conservation at the residues that interact with 200 top-
scoring compounds (e.g., the hydrophobic residues 45, 49, 57,
79, 80, 81, 118, 119, and charged residues 15, 34, 58, 117, 136).
These residues are involved in the recognition and positioning

of the shikimate substrate,2%?324 nevertheless Mycobacteria se-

quences bear some unique features; they differ from the others
in the replacement of Pro11 mainly by methionine. Overall se-
quence identity between MtSk and the bacterial Sks is in the
range from 25% to 100%. The high conservation in the above-
mentioned residues shows that the Sks of some bacterial patho-
gens preserve similar interactions with the substrate. It should
be kept in mind that Sk is absent in humans, thus, the compounds
identified herein may also be relevant in the rational develop-
ment of novel drugs specific against bacterial human pathogens
of public health importance.

In conclusion, the structure-based virtual screening protocol
described herein has proven to be useful for the discovery of poten-
tial inhibitors for MtSk. Although it will require further unbiased
validation studies, a total of 644 potential hits with favorable
drug-like properties were identified. Docking simulations, and val-
idation training module in eHiTS, were used to rank, with confi-
dence, the compounds that docked with high affinity to the
receptor, and received the best score. Visual examination of the
chemical match, binding modes, and interactions with the com-
mon amino acids, into the shikimate binding site from SkMt, were
determined for 200 top hits. Structurally, the hits included mainly
five-membered heteroaromatic systems (triazole or tetrazole). The
triazole or tetrazole moieties identified were able to mimic key
interactions involved in the complex enzyme-substrate, thus dem-
onstrating their potential utility as powerful inhibitors of the MtSk.
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These findings will contribute to the rational development and
improvement of novel drugs against M. tuberculosis.
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