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structure-based  pharmacophore has  been

generated based on the binding site of

pantothenate synthetase. The pharmacophore

was used to screen libraries of compounds for

potential inhibitors of the enzyme. The top hit
was compound NSC 125296 (2-hydroxy-3-[(2E)-1-(3-hydroxy-
1,4-dioxonaphthalen-2-yl)-3-phenylprop-2-en-1-ylJnaphthalene-
1,4-dione) with binding energy that is over three times better
than that of a known inhibitor nafronyl oxalate. Subsequent
structural modification of NSC_125296 yielded compounds with
better binding energies compared to that of native substrate
pantoyl adenylate.
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INTRODUCTION

Tuberculosis (TB), a disease caused by the infection of
Mycobacterium tuberculosis (MTB), has infected more than one
third of the world’s population (Corbett et al. 2003). The World
Health Organization (WHO) estimated that about 9.4 million TB
cases emerged in 2009 including 1.1 million cases among people
with HIV. TB caused 0.38 million deaths among HIV-positive
people and 1.3 million deaths among those who are negative of
HIV (WHO 2010/2011). The current treatment of TB involves
primarily the use of Isoniazid and Rifampicin and other first-line
drugs such as Streptomycin, Pyrazinamide, and Ethambutol
(Varaine et al. 2010). Unfortunately, the use of these drugs also
led to an increased number of resistant strains (Johnson et al.
2006). Resistance may arise from the non-compliance in the
usage of drugs in either taking less than the prescribed dose or
taking only one of the combination drugs (Davies 1999). The
misuse of TB drugs results to resistance to first-line drugs known
as multi-drug resistant tuberculosis (MDR-TB) and extensively
drug resistant tuberculosis (XDR-TB), which is defined as
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MDR-TB with additional resistance to second-line anti-TB drugs
such as fluoroquinolones and at least one of the injectables
(WHO 2010/2011, Shah et a. 2007, Van Rie and Enarson 2006).

The ability of MTB to persist by not actively growing and
having its overall metabolic activity down-regulated, often
termed nonreplicating persistence (NRP), renders the available
drugs ineffective against NRP-MTB. Consequently, a minimum
of 6 months of treatment has been required to prevent relapse. It
is therefore imperative to discover and develop compounds
against NRP-MTB.

One attractive target for MTB inhibition is pantothenate
synthetase (PS), an enzyme that catalyzes the condensation of

Figure 1. Superimposition of original (blue) and prepared
(orange) pantothenate synthetase structures. RMSD is 0.81
A

(mnes
i)
[ Lamm
__ H =
(awrmren | Caennar | o
[ (Crmemae] 5 f— K o
(=i <
. H \
HH oH S —
Canmim ) [ _‘;' &
=
[aawasee ) ; X N
\ - H \ D
0- T
-0
Lo ] = 4 ooy
7 “p
(Camening -0
(Caimar |
T e [T
(o (Cammier
(oo |
=

Figure 2. Interaction diagram for pantothenate synthetase —
pantoyl adenylate complex. Violet residues have polar
interactions; green residues have van der Waals
interactions; dashed blue and green lines indicate H-
bonding interactions; and orange line represents pi
interaction.

pantothenate (Vitamin B5) from D-pantoate and [-alanine
(Zheng and Blanchard 2001). Pantothenate is important in
bacteria because it is necessary for the biosynthesis of
Coenzyme A (CoA) and Acyl Carrier Protein (ACP). Humans,
unlike bacteria, do not have the PS enzyme, thus they obtain
Vitamin B5 through the diet. Because the enzyme is not present
in humans, PS is a good target for drugs against TB (White et al.
2007). In fact, several publications in recent past are focused on
this enzyme as potential antimicrobial target (Tuck et al. 2006,
Southworth et al. 2007, Velaparthi et al. 2008, Ciulli et al. 2008,
Hung et al. 2009, Yang et al. 2011).

In this study, we performed a virtual screening of over
300,000 synthetic and natural compounds based on the
pharmacophore generated from the crystal structure of
pantothenate synthetase (PDB: IN2H) (Wang and Eisenberg
2003). Further modification of the lead compound resulted in the
identification of several structures with greater binding energies
than the natural intermediate, pantoyl adenylate, and a known
inhibitor, nafronyl oxalate.

METHODOLOGY

All computational methods were done using Discovery
Studio (DS) 2.5.5 (Accelrys, Inc). The pdb file (IN2H) for the
crystal structure of pantothenate synthetase in complex with
pantoyl adenylate from M. tuberculosis was obtained from
RCSB Protein Data Bank (http://www.rcsb.org/pdb/explore.do?
structureld=1n2h). The protein was then cleaned, prepared, and
optimized using CHARMm (Chemistry at HARvard
Macromolecular Mechanics) forcefield (Brooks et al. 1983,
Brooks et al. 2009). Cleaning involved removal of water
molecules and ions while protein preparation allowed addition of
missing atoms and introduction of appropriate charges (e.g.
protonation of amino groups and deprotonation of carboxylic
functionality) on residues at physiological condition. Geometry
optimization involved variation of atomic coordinates and
searching for the lowest-energy conformation. The CHARMm
forcefield used in this work, like the other molecular mechanics
forcefields, includes energy components associated with bond
stretching, bending, torsion, and non-bonding interactions in
calculating the energy of the molecule. Finally, since PS is a
homodimer only domain A was used in the computational
processes.

The compound libraries NCI-Open 09-03 (260,071),
Complete Screening January 2011 (42,709), TOSLab_Collection
(16,657), Hitfinder V10  (14,400), and NATx Release
_100915_All 20674 cpds (20,674), were obtained as SDF from
NCI  (http://cactus.nci.nih.gov/download/nci/),  Keyorganics
(http://www.keyorganics.co.uk/Downloads), Toslab
(http://www.toslab.com/Products_Services/Collection_of Comp
ounds/collection.htm), Maybridge
(http://www.maybridge.com/portal/alias_Rainbow/lang__ en-
US/tabID__ 229/DesktopDefault.aspx), and AnalytiCon-
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Discovery (http://www.ac-discovery.com/), respectively. The
compounds were then prepared allowing ionization, generation
of tautomers and isomers, and application of Lipinski Filter.
Then a database of 3D structures was built consisting of the
library compounds and their isomers.

For the first screening, a rigid fitting method was used by
which the ligands were docked to the binding site of the receptor
using shape-based searching algorithm. Specificaly, rapid rigid
body docking was performed with the well-known ZDOCK
algorithm (Pierce and Weng 2008, Chen and Weng 2003), which
employs afast Fourier Transform-based search algorithm using a
pair-wise shape complementarity function for identifying docked
conformations. The docked structures were scored based on
atomic contact energies. After exhaustive search in the
trandational and rotational space a subsegquent refining
algorithm, ZRANK (Pierce and Weng 2007), was employed for
structure refinement and re-ranking. The RDOCK agorithm (Li
et a. 2003) was used to refine ZDOCK hits based on a
CHARMmM energy minimization and poses were scored by
CHARMmM energy and desolvation energy.

To trim down the number of compounds, only those with fit
values above 3.35 were considered for the second screening.
These compounds were screened using flexible fitting method.
Flexible docking combines the strength of CHARMm for
accurate receptor sampling with effective, features-based
docking (Koska et al. 2008). DS Flexible Docking is a practical
approach to flexible docking in which the docking of small
molecules is influenced by prevailing low-energy conformations
of side chains in the active site (Accelrys Inc.). The compounds
with fit values above 4.0 were subsequently docked to the
enzyme using CDOCKER protocol and employing the
CHARMmM forcefield. The CDOCKER algorithm is a grid-based
molecular docking method (Wu et al. 2003) that employs
CHARMm forcefield. With CDOCKER, initial ligand
conformations are sampled via high temperature molecular
dynamics and are also allowed to flex during the refinement
through simulated annealing. CDOCKER has been shown to
give highly accurate docked poses (Erickson et al 2004).

RESULTS AND DISCUSSION

The superimposition of the original and model enzyme
(Figure 1) gave an RMSD of 0.81 A, which is well within the
acceptable range (Dias and de Azevedo 2008), and indicated that
there was no significant alteration in the overall structure of PS
during target enzyme preparation. With this enzyme model at
hand, we carried out molecular docking of the natural substrate
pantoyl adenylate (PA), known inhibitor nafronyl oxalate, and
the top hits obtained from virtual high throughput screening.

The actual biological activity of a compound is the sum of
all factors associated with the delivery of the compound to the
receptor and the close-range interaction of the compound with

the relevant residues in the active site. Molecular docking
addresses the latter while the application of Lipinski filter during
virtual screening eliminates the compounds that do not meet the
Lipinski's criteria (i.e. H-bond donors <5, H-bond acceptors <
10, MM < 500, logP <5, compound classes that are substrates
for biological transporters are exceptions to the rule) of drug
likeness (Lipinski 2001). In docking it is assumed that the
docked ligand has already overcome all obstacles (e.g. solubility,
absorption, solvent interaction, etc.) along the way to reach the
target site. Although our docking protocol does not consider
solvent molecules explicitly, its scoring function combines both
CHARMmM energy and desolvation energy. Moreover, the use of
enzyme model based on the crystal structure takes into account
the effect of the agueous environment in achieving the final
conformation of the receptor.

Figure 3. The 3D structure of pantothenate synthetase and
the defined site sphere (red) encompassing the active site.

-
ek

Figure 4. Generated clustered pharmacophore. It is
composed of 20 features: acceptor (green), donor (violet)
and hydrophobe (blue)
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Figure 5. Interaction diagram for NSC_125296 - PS
complex. Violet residues have polar interactions; green
residues have van der Waals interactions; dashed blue lines
indicate Hbonding interactions; and orange line represents
pi interaction.

Figure 6. Interaction diagram for compound 1 with PS
enzyme. Violet residues have polar interactions; green
residues have van der Waals interactions; dashed blue line
indicate H-bonding interaction; pink line is charged
interaction, and orange line represents pi interaction.

The interaction of PA with the model enzyme (Figure 2) was
performed in order to validate the docking protocol employed in
this work. The results of docking PA to the model PS were very
similar to the interaction involving the native enzyme (Wang and
Eisenberg 2003). In particular, PA interacts with the following
residues in the active site: Pro38, Thr39, Met40, His44, Gly46,
His47, Leu50, Asn69, GIn72, Tyr82, Vall39, Vall42, Vall43,
Phel57, Glyl58, Lys160, Aspl6l, Glnl64, Prol85, Thrl86,
Vall87, and Metl195. In fact, Zheng and coworkers observed
that changing His44, His 47, Asn69, GIn72, Lys160, or Gln164
into alanine resulted in a decrease in PS activity (Zheng and
Blanchard 2001), verifying the crucial role of the
abovementioned residues.

The interaction diagram (Figure 2) shows that PA interacts
by H-bonding with His47 and Met40 through its phosphate
linker; with Thr39, Gln64 and GIn72 through its pantoyl moiety;
and with Glyl158, Vall87, and Metl95 through its adenine
component. Additionally, a pi interaction was also formed with
Lys160. The interactions with the rest of the identified residues
were hydrophobic in character. Collectively, these observations
are not only in accord with experiment, but the results also
provide better understanding of the nature of interaction that PS
makes with its ligands.

Having established the applicability of our docking
protocol, we subsequently defined the site sphere in the enzyme
within which we generated the pharmacophore. The pantoyl
adenylate bound in domain A of PS was used to determine the
site sphere. The generated site sphere, shown in Figure 3, has a
radius of 10.6151A and is assumed to cover the entire active site
of the enzyme.

On the basis of the structural features embodied in the
defined site sphere within the enzyme, a pharmacophore was
generated using the Interaction Generation protocol in DS
Catalyst. The Interaction Generation protocol takes the input
receptor and a defined active site and analyzed the site for
donors, acceptors, and hydrophobes. The utility of the Catalyst
program in generating realistic pharmacophore has been
documented in the recent past. DS Catalyst SBP (structure based
pharmacophore) was instrumental in the identification of six
compounds (from a quarter million of library compounds) that
exhibited human cancer LNCaP proliferation inhibitory activities
(Purushottamachar et al. 2007) and five compounds from NCI
database that exhibited nanomolar activity against human protein
tyrosine phosphatase (h—PTP 1B) inhibitors (Taha 2007).

The generated pharmacophore, which encompasses a
hundred features was trimmed using Cluster Current Feature
and Keep Only Cluster Centers tools in DS. The Cluster
Current Feature performs a hierarchical clustering of the current
feature and locates cluster centers of the feature groups. The
Keep Only Cluster Centers deletes all non-center clusters. The
final pharmacophore obtained was a combination of 20 features
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involving acceptor, donor and
hydrophobe characteristics (Figure 4).
This pharmacophore was used to
screen the databases for lead
compounds against PS. The
compounds with favorable fit values
and passed the screening criteria were
docked to the enzyme.

The fit values and binding energy
of top five hits are displayed in Table
1. Except compound ER748740 (2-
({4-hydroxy-5-[ (4-methoxyphenyl)
methyl 1-6-0x0-1,6-dihydro
pyrimidin-2-yl} sulfanyl)-N-(4-
methylphenyl)  acetamide)  from
TOSLab, four out of five top hits
came from National Cancer Institute
(NCI) database namely: NSC_ 125296
(2-hydroxy-3-[(2E)-1-(3-  hydroxy-
1,4-dioxo- 1,4-dihydro naphthalen-2-
yl)-3-phenylprop-2-en-1-yl]-1,4-
dihydronaphthalene- 1,4-dione),
NSC 167356 (2,4,4- trimethyl- 4 -
{N'- [(4- methyl benzene) sulfonyl]
hydrazinecarbonyl}butanoic  acid),
NSC 144248 (2-[N- (4- { [ ( 4-
methyl benzene ) sulfonyl ] oxy}
phenyl)(4-methylbenzene) sulfon-
amido] acetic acid), and NSC_618496
(N'-[(1E)-1-(4-hydroxy-6-methyl-2-
oxo-2H-pyran-3-yl)ethylidene]-4-
methylbenzene-1-sulfonohydrazide).

The results showed that the
natural substrate pantoyl adenylate,
having the most negative binding
energy (BE = -482 kcal/mol),
remained the best ligand among the
compounds screened. Interestingly,
the known inhibitor nafronyl oxalate
displayed weaker binding interaction,
as indicated by its binding energy (-
98.5 kcal/mol) which is less negative
by at least 100 kcal/mol compared
with the top five hits. Moreover,
among several hundred thousand
compounds screened here,
NSC 125296 gave relatively the
highest binding energy (-356.418
kcal/mol). Therefore, this compound
can be considered as an important
lead in search for anti-TB drug.

In order to gain some insights on

Table 1. Rigid and Flexible Fit Values, and Binding Energies of top hits in virtual screening
of PS inhibitors.
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Table 2. Type and number of interactions for the top five hits including pantoyl adenylate

(PA) and nafronyl oxalate (NO) with pantothenate synthetase (PS).

Compound Polar Hydrophobic H-Bond Charged Pi
NSC_125296 7 17 2 0 5
NSC_167356 6 10 4 2 1
NSC_144248 9 10 2 2 2

ER748740 9 12 5 0 0
NSC_618496 7 10 2 2 0
PA 11 11 10 0 1

NO 6 20 0 0 0

Table 3. Binding Energy for Docking the Derivatives of NSC_ 125296 with PS.

Compound Structure Binding Energy
(kcal/mol)
1 -721.76
‘ 7 | OH
=
o
i
2 N -712.79
3 ; -706.23
o \ o
o o
4 -649.47
OH o \\ o
(L
OH HO OH
45\|
5 = -488.07

I I = | oH
o+ HO X :

o o

the structural requirements for PS
inhibition, we  examined the
interaction of PS with the identified
leads. Thus, the count and type of
interaction present between PS and
the lead compounds were determined
and the results are detailed in Table 2.

The strength of the interactions
between the enzyme and the ligand,
as measured by the binding energy, is
the summation of attractive and
repulsive interactions including polar,
van der Waals, H-bonding, charged,
and pi interactions. Accordingly, the
very strong interaction of PS with
pantoyl adenylate can be attributed to
the remarkably high number of H-
bonds formed (vide  supra).
Furthermore, PA showed the most
number of polar interactions. On the
other extreme, nafronyl oxalate
makes no H-bond and has no charged
and pi interactions with PS. In
addition to a handful of polar
interactions, it binds with the enzyme
through  hydrophobic interactions
only. These explain the relatively low
binding energy of NO. Nevertheless,
the interaction of NO with the
catalytic residues explains its ability
to bind with PS. Although in reality
NO forms long-range H-bonding with
His44 and His47, the parameters used
in this work were such that H-
bonding in that range cannot be
recognized.

On the other hand, the top hit
NSC 125296 interacted with PS in an
uncommon  fashion (Figure 5).
Amazingly, the distinct binding
energy of this compound cannot be
attributed to the number of H-bonds
but to atypical cation-pi interactions.
Lys160 formed cation-pi interactions
with the three aromatic rings of
NSC 125296, while His135
interacted in the same manner with a
naphthalenyl moiety. Cation-pi
interactions are unusually strong and
are considered to be as strong as H-
bonding interactions. Thus, despite
having only a couple of H-bonds, the
binding energy of NSC 125296 was
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Table 4. Type and number of interactions for compounds derived from NSC_125296 with PS enzyme.

Compound Polar Hydrophobic H-Bond Charged Pi
1 12 9 1 6 1
2 14 10 1 8 4
3 11 12 1 5 0
4 14 9 3 6 2
3 10 10 4 2 2
relatively high because of the notably numerous cation-pi binding energy of PA.

interactions. In addition to these, there were almost as many
polar and hydrophobic interactions in NSC 125296 as there
were in NO. Specifically, NSC 125296 formed H-bonding
interactions with His44 and Tyr82, polar interactions with His44,
Tyr82, Aspl61, GIlnl64, Met195, Ser196, and Ser197, and van
der Waals interactions with Val37, Pro38, Thr39, Met40, Gly46,
His47, Leu50, Vall43, Phel56, Phel57, Glyl58, Glul59,
Lys160, Thr186, Val187, Arg198, and Leu280.

Meanwhile, the interaction diagrams for NSC 167356,
NSC 144248, ER748740 and NSC 618496 displayed similar
number and type of interactions and thus clearly explain the
comparable binding energies of these compounds. Moreover,
these compounds interacted with a common set of residues
namely: Thr39, Met40, His44, His47, Leu50, Lys160, Aspl61,
GInl164, Met195, and His135.

In our desire to find novel compounds with comparable,
if not better, binding affinity with PS, we modified the structure
of the lead compound NSC 125296 by arbitrarily varying the
number and position of hydroxyl groups in the naththalenyl
moiety. Fortunately, we obtained five derivatives of the lead
compound that afforded binding energy values far better than the
natural substrate pantoyl adenylate (Table 3).

Among the variants of NSC 125296, 1 (3-[(2E)-1-(3,7-
dihydroxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-3-phenylprop-
2-en-1-yl]- 2,6-dihydroxy- 1,4-dihydronaphthalene-1,4-dione)
provided the highest binding energy of -721.76 kcal/mol. It was
closely followed by 2 (3-[(2E)-1-(3,6-dihydroxy-1,4-dioxo-1,4-
dihydronaphthalen-2-yl)-3-phenylprop-2-en-1-yl]-2,6-dihydroxy
-1,4-dihydronaphthalene-1,4-dione), 3 (3,6-dihydroxy-2-[(2E)-
1-(3-hydroxy-1,4-dioxo- 1,4-dihydronaphthalen-2-yl)-3-phenyl
prop-2-en-1-yl]-1,4-dihydronaphthalene-1,4-dione) and 4 (3-
[(2E)-1-(3,6-dihydroxy- 1,4-dioxo-1,4-dihydronaphthalen-2-yl)-
3-phenylprop-2-en-1-yl]-2,5-dihydroxy-1,4-dihydronaphthalene-
1,4-dione). However, compound 5 (2,6,7-trihydroxy-3-[(2E)-1-
(3-hydroxy- 1,4-dioxo- 1,4-dihydronaphthalen-2-yl)-3-phenyl
prop-2-en-1-yl]-1,4-dihydronaphthalene-1,4-dione), gave a
binding energy of -488.07 kcal/mol, which is very close to the

Examination of the interaction diagrams for these
compounds and Tables 3 and 4 revealed that simple addition of
one or two hydroxyl groups resulted in a remarkable increase in
number of charged interactions. For example, in compound 1 the
extra OH group at C-7 in each naphthalenyl moiety caused the
formation of additional five polar and six charged interactions,
albeit the hydrophobic interactions were greatly reduced (Figure
6). Compound 1 had polar interactions with His44, Argl32,
His135, Glyl58, Lys160, Aspl6l, GInl64, Metl95, Serl96,
Ser197, Argl98, and Arg278, and van der Waals interactions
with Thr39, Met40, His47, Leu50, Tyr82, Glul28, Phel37,
Leu280, and Phel57. Furthermore, it formed an H-bond with
His135, an interaction not found with the parent molecule,
NSC 125296. 1t is noteworthy that the cation-pi interactions in
the original lead compound were almost totally non-existent and
were replaced by significantly stronger charged interactions.
The interaction diagrams for the other compounds (2 — 5) did not
appear very differently from one another in terms of number and
type of interactions. In general, the extra hydroxyl groups in the
structure of the lead compound fortified the interactions with
pantothenate synthetase through the formation of additional
polar and charged interactions especially with Argl32, Argl98,
and Arg298 residues, which were also featured in previous
experimental studies (Wang and Eisenberg 2003, von Delft et al
2001).

CONCLUDING REMARKS
The structure of pantothenate synthetase from
Mycobacterium  tuberculosis has been modeled and a

pharmacophore was subsequently generated based on the
structure of the active site of the enzyme. The pharmacophore,
consisting of clustered acceptor, donor, and hydrophobe features,
was used in screening several libraries of some 300,000
compounds encompassing both synthetic entities and natural
products. The virtual screening efforts afforded five compounds
with binding energies far better than that of known inhibitor,
nafronyl oxalate. Among the library compounds, compound
NSC 125296 (2-hydroxy-3-[(2E)-1-(3-hydroxy-1,4-dioxo-1,4-
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dihydronaphthalen-2-yl)- 3-phenylprop-2-en-1-yl]- 1,4-dihydro-
naphthalene-1,4-dione) from NCI database gave the best (most
negative) binding energy, albeit this is slightly lower than that
the native substrate pantoyl adenylate. The high affinity of
NSC 125296 was found to be due to several unusual cation-pi
interactions involving Lys160 and His135 residues. Elaboration
of the top most lead compound NSC 125296 by simple variation
of the number and position of hydroxyl groups in the
naphthalenyl moieties yielded five compounds which have
binding energies significantly greater than that of the native
reaction intermediate pantoyl adenylate. The high binding
energy of the NSC 125296 variants are attributed to the
remarkable increase in the number of polar and charged
interactions and the positioning of the hydroxyl group in a way
that allows charged interactions with Argl32, Argl98, and
Arg298 catalytic residues.

The promising results of this theoretical study may elicit
interest on the synthetic preparation of NSC_ 125296 derivatives
as antitubercular compounds and the corresponding
experimental evaluation of their antimycobacterial activity.
Finally, this work provides distinct access to a novel class of
compounds with anti-tuberculosis activity and hopefully leads to
the ultimate goal — a new antituberculosis drug.
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