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Abstract MptpB is an essential secreted virulence factor
for M. tuberculosis. Inhibition of MptpB impairs mycobac-
terial survival in host macrophages and thus helps reduce
tuberculosis infections. However, the binding mode of the
biphenyl inhibitors, which are known as some of the most
potent MptpB inhibitors, remains unclear. In this study, to
understand the interactions between biphenyl inhibitors and
MptpB, docking and molecular dynamics simulations were
carried out using AutoDock and GROMACS softwares. Cal-
culation results show that all the biphenyl inhibitors can be
docked to the binding site of MptpB, with the acid warheads
forming a hydrogen bond network at the active site. But the
binding modes of other terminals of these inhibitors are dif-
ferent. The cyclohexyl and trifluoromethyl substituents at R1
and R2 sites are necessary for the inhibitors to adopt their
double-site binding mechanism. The estimated binding affin-
ities are basically consistent with the experimental results. MD

Electronic supplementary material The online version of this article
(doi:10.1007/s00894-012-1384-5) contains supplementary material,
which is available to authorized users.

L. Dong - J. Shi - Y. Liu (<)

Key Laboratory of Adaptation and Evolution of Plateau Biota,
Northwest Institute of Plateau Biology,

Chinese Academy of Sciences,

Xining,

Qinghai 810001, China

e-mail: yongjunliu_1@sdu.edu.cn

L. Dong

School of Chemical Engineering, Taishan Medical University,
Taian,

Shandong 271000, China

L. Dong
Graduate University of Chinese Academy of Science,
Beijing 100049, China

simulations show that these binding complexes display differ-
ent stability.
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Introduction

Tuberculosis (TB) is a common but in some cases deadly
infectious disease caused by Mycobacterium tuberculosis.
TB typically attacks the lungs of the body and causes nearly
2 million deaths every year [1]. Currently, the standard
treatment of TB uses a combination of different antibiotics
that target a number of metabolic processes in mycobacteria,
which requires typically 6-9 months to fully eradicate the
infection. The emergence of multidrug-resistant strains during
long-term treatment highlights the need for new drug targets
to fight TB infection [2].

The success of M. tuberculosis is attributed largely to its
ability to survive and replicate in macrophage phagosomes.
The bacteria manipulate the host defense system and inhibit
the normal process of phagosomes maturation into phago-
lysosomes, thereby preventing the acidification of lysosome
contents and bacterial destruction [3, 4]. The M. tuberculosis
genome encodes two phosphatases, termed MptpA and
MptpB [S]. MptpB is an essential secreted virulence factor
that functions in human macrophages [6, 7], and disruption
of the MptpB gene severely impairs the ability of the mutant
strains to survive in both IFN (interferon)-y activated mac-
rophages and guinea pigs [7]. It is reported that MptpB sub-
verts the innate immune response by blocking the ERK1/2
(extracellular signal-regulated kinasel/2) and p38 (mitogen-
activated protein p38) mediated IL-6 (interleukin 6) production
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and promoting host cell survival by activating the protein
kinase pathway [8]. The role of MptpB in pathogenesis sug-
gests that MptpB is a potential new drug target for M. tuber-
culosis, and inhibition of MptpB could impair intracellular
mycobacterial survival within macrophages and assist in clear-
ing the infection [4].

Two crystal structures of MptpB have so far been deter-
mined with inorganic phosphate at the active site and in
complex with inhibitor oxalylamino-methylene-thiophene
sulfonamide (OMTYS) [9, 10]. MptpB is a classical phospha-
tase (PTP) that contains structural elements reminiscent of
dual-specificity phosphatases [11]. In addition to a highly
conserved PTP active site, the enzyme contains a unique
two-helix lid domain («7 and «8, Fig. S1 in supporting
information) that likely serves to protect the catalytic cyste-
ine from oxidative inactivation. The biological substrates of
MptpB have not yet been defined. The X-ray structure
shows that two OMTS molecules bind to the protein, one
in the active site (P1 site) and the other in the secondary
binding site (P2 site) [9]. As a result, drug discovery efforts
have focused on the identification of bidentate inhibitors
capable of binding to both binding sites [4, 12]. Many
MptpB inhibitors with different levels of inhibition and
selectivity have been reported in the last few years [8,
12—16], but most of them contain at least two acidic sites

Fig. 1 Structures of biphenyl
inhibitors
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or have higher molecular weight leading to poor cellular
permeability.

By using a new fragment-based method called substrate
activity screening (SAS), Soellner and co-workers recently
identified a series of nonpeptidic MptpB inhibitors with low
molecular weight [8, 17, 18]. Each of these inhibitors contains
the same biphenyl substrate but a different phosphate mimetics
warhead (Fig. 1). These biphenyl inhibitors proved to have
submicromolar affinities for MptpB, and to be selective against
MptpA and human PTPs [17]. Furthermore, development of
these inhibitors revealed that ortho substituents at the R1 site
are preferred for optimal binding, whiles the cyclohexyl group
provides the most favorable enzyme interactions. With the acid
warhead changing from isoxazole carboxylic acid (ISO) to
isothiazolidinone (IZD) and difluoromethylphosphonic acid
(DFMP), the binding affinities of these inhibitors change only
a little.

Although experimental studies provide useful informa-
tions on the structure—activity relationship of biphenyl
inhibitors, their binding modes and interaction details still
remain unclear. Furthermore, so far there are no theoretical
reports on the dynamic behavior of MptpB upon binding
inhibitors. Thus, in this paper we present a docking and
molecular dynamics simulation investigation aiming to under-
stand the interaction details of biphenyl inhibitors with
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MptpB, and to explore the inhibitory mechanism of these
inhibitors. We expect these results to be helpful in the design
of new inhibitors.

Methods

Most of the biphenyl inhibitors used in this study were selected
from experiments by Matthew [17, 18]. To explore the influ-
ence of different substitutes on binding modes and affinities,
we also designed two inhibitors, ISO1 and ISOS. The Becke-3-
parameter-Lee-Yang-Parr hybrid density functional theory at
6-31G(d) level implemented in the Gaussian03 package [19]
was used to optimize the geometries of these inhibitors.

The 2.0 A resolution crystal structure of MptpB in complex
with inhibitor OMTS (PDB ID: 20Z5) was used in the present
study. This structure contains two almost identical chains, of
which chain A was selected for docking experiments. Before
docking, the ligand and crystallographic waters were deleted
and missing residues were added using the MODELLER-9v7
program [20]. The ionization states of all residues were set at
their default protonation states at neutral pH [21]. The com-
plex was minimized in vacuum to relieve the possible steric
clashes; then the prepared structure was used for docking
studies.

Automated docking setup

Docking was performed with AutoDock 4.0 software [22, 23].
When docking, the protein MptpB was kept rigid, while all the
torsional bonds of each ligand were set free. A grid of 60x
60x60 points was generated with grid spacing of 0.375 A
around the active site. Polar hydrogens were added by using
the Hydrogens module in AutoDock Tools (ADT). After that,
Kollman united atom partial charges were assigned. For each
complex, 100 independent docking runs were conducted.
Module settings parameters were as follows [24-26]: popula-
tion size of 150, a maximum number of 25 million energy
evaluations, a maximum number of generations of 27,000, a
crossover rate of 0.8 and a mutation rate of 0.02. The Solis and
Wets method was applied to local search with a maximum of
300 iterations. The probability of performing a local search on
an individual in the same population was 0.06, and the max-
imum number of consecutive success or failures before dou-
bling or halving the step size of the local search was 4. Based
on a root-mean-square deviation (RMSD) criterion of 1.0 A,
the docking results were clustered.

Molecular dynamics simulation setup
The docking results were used as the starting structure for

MD simulation. The calculation was performed with the
GROMACS program [27, 28] using AMBER99 force field

[29-31]. Each complex was placed in the center of a 70 A x
70 Ax70 A cubic box with periodic boundary conditions and
solvated by TIP3P water molecules. Na' counterions were
added to satisfy the electroneutrality condition. Berendsen
temperature coupling and Parrinello-Rahman pressure cou-
pling were used to keep the system in a stable environment
(300 K, 1 bar), and the coupling constants were set to 0.1 ps.
The partial mesh Ewald (PME) algorithm was employed to
calculate long-range electrostatic interactions with a cutoff
value of 1.0 nm, and a cutoff of 1.4 nm was set for van der
Waals interactions. The LINCS algorithm [32] for bond
constrains was applied. Each system was energy-minimized
with a steepest-descent algorithm for 1,000 steps; then the
solvent, ions and ligand were equilibrated for 100 ps in NTP
and NVT ensembles, respectively, while heavy atoms of
protein were restrained by a harmonic constraint with a force
constant equal to 1,000 kJ mol™' nm 2. Finally, all the
restraints were removed and a 10 ns MD simulation was
performed for each system, except for MptpB/ISO6 (a system
with 30 ns MD simulation). All the trajectories were stored
every 10 ps for further analysis.

Results and discussion
Docking

The docking conformations for each biphenyl inhibitor were
divided into groups according to a 1.0 A RMSD criterion.
Other than ISO6, which adopts two competitive conforma-
tions, other ligands mainly take one preponderant binding
conformation (over 80%). Besides RMSD cluster analysis,
Autodock also ranks the conformations in terms of binding
energies. Energy items calculated by AutoDock include
intermolecular energy (which is constituted by Van der
Waals energy, hydrogen bonding energy, desolvation energy,
and electrostatic energy), internal energy, and torsional energy.
The sum of intermolecular energy and torsional energy is
binding energy (Table 1). By comparing the binding energy
with the experimental inhibition constant (X;) of each inhibi-
tor, we can see a good correlation between them, i.e., the lower
the binding energy, the better the inhibitory activity. A detailed
analysis is shown in the following sections.

ISO inhibitors

All the studied biphenyl inhibitors contain different acid
warheads; according to the warheads, the inhibitors are
named as isoxazole carboxylic acid (ISO) inhibitors, iso-
thiazolidinone (IZD) inhibitors and difluoromethylphos-
phonic acid (DFMP) inhibitor, as shown in Fig. 1. ISO
inhibitors were selected first to study the influence of dif-
ferent substituents on binding mode.
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Table 1 Comparison of binding

energies® (kcal mol ™) and Ligands Intermolecular Electrostatic Torsional Binding Inhibition Constant
inhibition constants (K;) of energies energies energies energies (K)® nM(298.15 K)
biphenyl inhibitors
ISO1 -8.08 -1.50 0.89 -8.69
ISO2 -8.46 -1.43 1.19 -8.70 2.50+0.26
ISO3 -9.62 -1.50 1.49 -9.63 0.85+0.09
ISO4 -9.73 -1.41 1.49 -9.65 0.50+0.02
o _ ISO5 -10.21 -1.03 1.19 -10.05
Binding energy is the sum of 1966 5 1946 127 1.49 10,24 0224003
the intermolecular energy -
and torsional energy ISO6_b -10.12 -1.54 1.49 -10.18
®The experimental K; of ISO2, DFMP -9.76 -1.97 1.49 -10.23 0.69+0.21
ISO3, ISO4 and ISO6 are 1ZD_R -10.45 -0.38 1.19 -9.63 2.4+0.0
from [17], and those of others 1ZD S 987 20.49 1.19 917 8.0+0.4

are from [18]

Figure 2a shows that ISO1 molecule anchors into the bind-
ing pocket constituted by M206, F98, 1203 and the P-loop. The
carboxylate of the isoxazole head forms four H-bonds with
residues C160, D165 and R166, and the oxygen atom in
isoxazole ring forms another H-bond with the side chain of
catalytic K164. The biphenyl structure extends to the hydro-
phobic channel consisting of F161, L199, M206 and F98.

Inhibitors ISO2, ISO3 and ISO4 adopt a binding mode
similar to that of ISO1; the superimposition of their docking
conformations is shown in Fig. 2e. The isoxazole heads of
these ligands almost overlap. By comparing ISO1 with ISO2,
we can see that the trifluoromethyl at the R2 position affects
binding energies only slightly, as shown in Table 1. Similarly,
ISO3 and ISO4 indicate that fluoro substitution at the R3
position shows no obvious influence on binding affinities,
which is consistent with experimental results. However, when
the R1 position of ISO2 was substituted by isopropyl (as
shown in ISO3), the binding energy decreases markedly,
which may be attributed to the increased hydrophobic inter-
actions with hydrophobic residues 1.232, V231 and F98 (see
Table S1 of Supporting information).

The binding conformation of ISOS5 is shown in Fig. 2b.
Comparing with ISO1, when a cyclohexyl group is introduced
at the R1 position, the binding mode changes clearly. Due to
the strong steric hindrance of cyclohexyl, the H-bond between
the oxygen atom of the isoxazole ring and K164 is broken, and
the isoxazole ring rotates with a new H-bond formed between
the nitrogen atom and residue A162. But the strong H-bonds
between carboxylate and the P-loop remain unchanged.

Experiments revealed that ISO6 represents the most potent
inhibitor [17], which correspond to the lowest binding energy
in our docking study. But, unlike other inhibitors, ISO6 exhib-
its two competitive docking conformations, named ISO6 _a
and ISO6_b, as shown in Fig. 2c,d, f. The binding mode of
ISO6_a is similar to that of ISOS5, and the isoxazole head still
forms five H-bonds with residues C160, D165, R166 and
A162. The cyclohexyl group locates inside the hydrophobic
pocket formed by 1232, V231 and L199, and the terminal
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phenyl interacts with the benzene ring of F98 through 77t
interactions. However, the polar trifluoromethyl at the R2
position orients to hydrophobic residues 1207 and M206,
which may decrease the binding stability.

Different from ISO6 a, the substituted trifluoromethyl of
ISO6 b extends to the positively charged residues R63, R64
and R210 (the P2 site of MptpB), forming strong electrostatic
interactions with these residues (Fig. 2d). The carboxylate of
the isoxazole head still forms four strong H-bonds with the
surrounding residues, while the nitrogen atom of isoxazole
forms a weak H-bond (3.323 A) with K164. This suggests that
ISO6_b adopts a double-site binding conformation with the
acid warhead at the P1 site and the trifluoromethyl group
extending to the P2 site. The H-bond strength of ISO6 b is
relatively weaker (four strong H-bonds plus one weak H-
bond) than that of ISO6_a (five strong H-bonds). But the
electrostatic and Van der Waals interactions of ISO6 b are
stronger (see Table 1) than that of ISO6 a. Consequently,
ISO6_a and ISO6 b have similar binding energies in spite
of their different binding modes.

To sum up, all the ISO inhibitors use their isoxazole moie-
ties bound at the P1 active site. However, with the change of
substituents on biphenyl backbone, the binding conformations
of other termini differ. Single replacement by trifluoromethyl at
the R2 position or fluoro at the R3 position influences the
binding energy only slightly. But big and hydrophobic sub-
stituents at the R1 position facilitate ligand binding. Only when
R1 and R2 are replaced by cyclohexyl and trifluoromethyl
synchronously, can inhibitors adopt the double-site binding
mode, and the binding energy decreases obviously, which is
consistent with the experimental results of Matthew [17].

DFMP and IZD inhibitors

DFMP is a phosphate isostere that can be introduced in place
of the isoxazole group. Despite being dianionic, the DFMP
isostere was shown by Merck to be cell permeable and orally
bioavailable in animals [33]. The docking conformation of
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Fig. 2 Docking conformations
of MptpB complexed with
isoxazole carboxylic acid (ISO)
inhibitors. The active site
(P-loop) is shown in ribbon.
The dotted lines represent
H-bonds. a ISO1; b ISO5; ¢
ISO6 _a; d ISO6 _b; e
Superimposition of docking
results of ISO1 to ISO4: white
ISO1, magenta 1SO2, green
ISO3, yellow 1SO4; f
Superimposition of docking
results of ISO6_a and ISO6_b:
magenta 1SO6_a, green
ISO6_b

DFMP inhibitor shown in Fig. 3a shows that the substituted
trifluoromethyl and cyclohexyl adopt a similar orientation and
binding mode to that of ISO6_b. The dianionic phosphate
makes one characteristic hydrogen bonded ion pair with the
buried side chain of R166, and three normal H-bonds with
R166, C160 and D165, which is in accordance with the
phosphate in crystal structure (1YWF). Furthermore, the two
substituted fluoro atoms (F1 and F2 as shown in Fig. 3a) form

strong polar interactions with the positively charged side chain
of K164. Compared with ISO6 b, the H-bond interactions
between DFMP and the protein decrease, but electrostatic
interactions increase (Table 1).

IZD inhibitor has two enantiomers: IZD R and 1ZD S.
Rawls [18] proposed that MptpB binds one IZD enantiomer
preferentially, but this was difficult to pick out experimentally.
The binding conformations of these two enantiomers are

@ Springer
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Fig. 3 Docking conformations of MptpB complexes with difluoromethylphosphonic acid (DFMP) and isothiazolidinone (IZD) inhibitors. (a)

DFMP; (b) 1ZD R and (C) IZD S

Fig. 4 Time dependence of
root-mean-square deviation
(RMSD) from molecular
dynamic (MD) simulations
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shown in Fig. 3b and c, from which we can see that their
binding modes and binding energies are quite different. As
shown in Fig. 3b, IZD R adopts a double-site binding mode
with the trifluoromethyl extending to the P2 binding site and
IZD forming four H-bonds with residues A162, K164 and
R166. The substituted cyclohexyl locates in the hydrophobic
pocket formed by L232, V231 and L199. Compared with
IZD R, the interactions between IZD S and the P-loop are
rearranged. The sulfonyl group of IZD S forms four H-bonds
with A162 and R166 (Fig. 3c). The carbonyl oxygen atom
points to the positively charged residue K164. This binding
mode of the IZD moiety makes the cyclohexyl group close to
polar residues (such as P81 and E60) and far from the hydro-
phobic specialty pocket, causing a remarkable decrease in
binding affinity.

Based on the docking results we can conclude that the
preferential enantiomer must be [ZD R, which has lower
binding energy and represents a more potent enantiomer.

Molecular dynamics simulations

In order to explore the stabilities and dynamic characteristics
of MptpB complexed with biphenyl inhibitors, we carried out
MD simulations based on docking conformations. ISO6 _a,
ISO6 b, DFMP, IZD R and IZD_S complexes were selected
as representative. The RMSDs of ligand relative to MptpB,
and MptpB relative to its original conformation were calcu-
lated and outlined in Fig. 4, which indicate that all five
systems reached equilibrium within the simulation time, and
the enzyme stabilized at a mean RMSD value of 2.0 A, but the
RMSDs of each inhibitor are very different.

Figure 4a shows that the RMSD of ISO6_a relative to
MptpB increases within the first 10 ns and then stabilizes at
about 12 A. By checking the interval conformations, we note
that the binding mode of ISO6_a has already changed. The
trifluoromethyl group shows significant instability during
simulation. The hydrophobic and polar interactions push tri-
fluoromethyl out of its original hydrophobic binding pocket
and close to the polar residues Lyp99 and Arg210. These
enhanced polar interactions cause a rearrangement of the
ISO moiety. The original H-bond between A162 and the
nitrogen atom is broken and the isoxazole rotates toward the
side chain of K164. Due to their strong interactions, the H-
bonds between carboxylate and the P-loop are stable during
simulation. The substituted cyclohexyl is always in the hydro-
phobic pocket. The MD average structure of ISO6_a is very
similar to the docking conformation of the ISO6_b complex.

Figure 4b gives the RMSD of ISO6 b relative to the
protein. This system approaches equilibrium at the beginning
of the MD simulation and the RMSD is maintained at about
5 A, suggesting a stable binding of ISO6_b with MptpB.
During the simulation, several water molecules enter the bind-
ing pocket and interact with the protein or inhibitor, which is

Fig. 5 Average structure of MptpB/ISO6_b complex derived from
MD simulation. Dotted lines H-bonds (lengths in Angstroms)

consistent with the experimental results [10]. By checking the
interval conformations using VMD, we find that the weak H-
bond between the nitrogen atom and the side chain of K164
vanished and is substituted by two strong water-bridged H-
bonds with the O5 atom (see Fig. 5). This bridged water
molecule exits during all the simulation time and plays an
assistant role in the binding of the ligand.

Figure 4c shows similar curves as Fig. 4b, indicating that
DFMP inhibitor also binds stably to the enzyme. This can be
confirmed by checking the H-bonds between the phosphate
moiety and residues in the active site (Fig. S2). The slight
fluctuation in H-bonds length is due to the slight fluctuations
of active site residues in their equilibrium position.

The RMSDs of IZD R and IZD_S complexes are given in
Fig. 4d and e. The RMSD of IZD_R shows a sudden increase
from 3 ns to 6 ns, and stabilizes at 5 A. By checking the
distance between sulfonyl oxygen atoms and related residues
(see Fig. S3), we find that the RMSD curve of IZD R

Table 2 Binding affinities® (in pK; units) of the ligands calculated by
Xscore based on conformations from docking and MD simulation

Ligand Docking MD simulation
ISO6_a 7.30 7.51
ISO6 b 7.45 7.53
DFMP 7.38 7.55
IZD R 7.16 7.24
1ZD S 6.66 6.75

* Average binding affinities from HPScore, HMScore and HSScore
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correlates with the rotation of sulfonyl and the slight change of
side chain of K164. The average conformation of the last 4 ns
takes the original binding mode. Figure 4e indicates that the
RMSD of IZD S is higher than that of IZD R, which is due
partly to the instability of cyclohexyl in its polar surroundings.
However, owing to the large steric hindrance, cyclohexyl
cannot rotate in the hydrophobic pocket. Furthermore, one
water molecule enters the binding pocket and makes an H-
bond bridge between the N4-atom and the side chain of K164,
while the H-bond interactions between sulfonyl and the active
site exit in the whole simulation time, implying the relative
dynamic stability of IZD S complex.

Our dynamics study shows that these biphenyl inhibitors
can bind steadily to MptpB. With the exception of ISO6_a, the
MD results of the complexes exhibit similar binding modes.
The RMSDs of inhibitors to MptpB (5-8 A) are relatively
higher, which may be attributed to the movement of the tri-
fluorometyl and associated phenyl backbone. To examine how
these results affect the binding affinities for these inhibitors
after MD simulation, we calculated the binding affinities for the
average structures derived from the last 2 ns using the program
X-score (Table 2) [34]. Compared with the corresponding
results obtained by docking structures, we find that all these
inhibitors exhibit more or less improved binding affinities after
MD simulation. Furthermore, the binding affinities of the two
OMTS molecules binding to MptpB (PDB ID: 20Z5) at the P1
and P2 sites are calculated to be 7.92 and 6.96 (unit in pKj)
respectively, indicating that OMTS is comparable with these
bidentate inhibitors from a binding affinity point of view.

The crystal structure of MptpB:PO4 represents a closed
state of the two-helix lid domain (x7 and «8), and that of the
inhibited MptpB:OMTS complex indicates a relative open
state [9, 10]. By using single-molecule FRET measurements,
Flynn et al. [35] found asynchronous movements of the two

Fig. 6 Rearrangement of the
two-helix lid domain in
MptpB/DFMP complex after
MD simulation. Gray Docking
structure, blue average
structure derived from MD
simulation

@ Springer

lid helices in MptpB. Our study also detects the rearrangement
of'the lid domain during MD simulations (as shown in Fig. 6).
The movement of helix &7 reoriented the side chain of R210
and, consequently, made a slight rotation of the trifluoro-
methyl and its connected phenyl due to the strong electrostatic
interactions.

Conclusions

In this study, we performed docking and MD simulation
studies to explore the inhibitory mechanism of biphenyl
inhibitors toward MptpB. The docking results indicate that,
except for [SO6, these biphenyl inhibitors adopt mainly one
binding conformation with MptpB. Among the interactions
between MptpB and inhibitors, the H-bond interaction is the
most important. All these inhibitors with their acid warheads
form H-bond networks at the active site (P1 site). The hydro-
phobic interactions between R1 substitutes and some hydro-
phobic residues can affect the inhibition specialty to some
extent. Furthermore, when R1 and R2 sites are substituted
synchronously by cyclohexyl and trifluoromethyl, such as in
ISO6_b, DFMP and IZD inhibitors, the trifluoromethyl ori-
ents to the positively charged binding pocket (P2 site) and
makes strong electrostatic interactions with residues R59, R64
and R210, which indicates a double-site binding mechanism.
Compared with other bidentate inhibitors, the biphenyl inhib-
itors in this study have low molecular weight and only one
acidic head, and are expected to be good in terms of cell
permeability.

Our MD simulations also detect conformational rearrange-
ment of the two-helix lid domain in MptpB, the dynamics
characteristics of which will be discussed in detail in the fol-
lowing studies.
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