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Abstract

BB-83698 is a first potent inhibitor of peptide deformylase in this novel class to enter clinical trials. In this study, automated docking,
molecular dynamics simulation and binding free energy calculations with the linear interaction energy (LIE) method are first applied to investigate
the binding of BB-83698 to the peptide deformylase from Bacillus stearothermophilus. The lowest docking energy structure from each cluster
is selected as different representative binding modes. Compared with the experimental data, the results show that the binding of BB-83698 in
Mode 1 is the most stable, with a binding free energy of −41.35 kJ/mol. The average structure of the Mode 1 complex suggests that inhibitor
interacts with Ile59 and Gly109 by hydrogen bond interaction and with Pro47, Pro57, Ile59 and Leu146 by hydrophobic interaction are essential
for the activity of BB-83698. Mode 2 represents a new binding mode. Additionally, if the hydrophilic group is introduced to the benzo-[1,3]-
dioxole ring, the binding affinity of BB-83698 to the peptide deformylase from B. stearothermophilus will be greatly improved.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

In eubacteria, protein synthesis requires newly synthesized
peptides to start with methionine, resulting in a formylated N-
terminus in each nascent polypeptide [1]. The formyl moiety is
removed by the sequential action of peptide deformylase (PDF)
and a methionine amino peptidase in order to afford the mature
protein [2–4].The gene encoding PDF (def ) is essential for
protein synthesis in a variety of pathogenic bacteria but is not
required for mammalian protein synthesis [5,6], deformylation
is therefore a crucial step in bacterial protein biosynthesis. The
specific bacterial requirement for PDF in protein synthesis
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provides a rational basis for selectivity, making it an attractive
potential drug discovery target [7–11].

The amino acid sequences show that PDF includes two
different types: type I PDF and type II PDF [12]. In Bacillus sp.,
the type II PDF is the major PDF and the main target of the
specific antibiotic actinonin [12,13]. Actinonin is a naturally
occurring antibacterial agent [14] that is recently shown to be a
potent PDF inhibitor exhibiting antibacterial activity against a
wide range of different bacterial species [15]. The structure of
PDF from Bacillus stearothermophilus (B. stearothermophilus)
is reported to be of type II and the crystal structures of B.
stearothermophilus PDF have also been solved and identified
[12]. In the active site of this complex, the Ni atom is co-
ordinated by two oxygen atoms of the hydroxamate group of
actinonin, the carbonyl oxygen atom of Gln65, the Sγ atom of
Cys110, and the imidazole N-ε2 atoms of His153 and His157.
Hydrogen bonds are made between P1′ carbonyl and the main-
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chain NH of Ile59 and also between the main-chain carbonyl
oxygen and NH groups of Gly109 and the P2′ NH and carbonyl
groups, respectively. In the P2′ position, the isopropyl of ligand is
exposed to solvent. More interactions between actinonin and
protein are described in Ref. [12].While early attempts to develop
a series of hydroxamic acid analogues of actinonin never reached
clinical development due to poor in vivo activity [16,17].

BB-83698 is a first potent inhibitor of PDF in this novel class
to progress to clinical trials [18] and represents the potential
new class of antibiotics for the treatment of community respi-
ratory tract infections [19]. Its mechanism of action is through
inhibition of the essential bacterial enzyme PDF [19]. BB-83698
has demonstrated antibacterial activity against Streptococcus
pneumoniae, Moraxella catarrhalis, Group A streptococci,
Mycoplasma pneumoniae, Chlamydia pneumoniae and Legio-
nella pneumophila [20–23]. Although B. stearothermophilus
PDF is a representative type II PDF [12], the structural in-
formation about the B. stearothermophilus PDF binding mode
of BB-83698 is still unknown. So we perform a flexible mo-
lecular docking combined with a molecular dynamics (MD)
simulation and binding free energy calculations to rationally
predict the binding mode of BB-83698 and B. stearothermo-
philus PDF. The protein structure of B. stearothermophilus PDF
is extracted from the crystal complex and the ligand structure is
built on modifying inhibitor actinonin (1lqy) [12]. To consider
the flexibility of protein, MD is further used based on docking
results. Three conformations with lowest docking energy are
selected for following MD analysis. The resulting average struc-
tures are compared with each other and also compared with the
experimental data, which is expected to provide a reasonable
binding mode of BB-83698 and B. stearothermophilus PDF.

2. Compounds and computational methodology

2.1. Models and docking

In the present study, the starting model for docking was built
up based on the X-ray crystal structure at 1.90 Å resolution
taken from the Protein Data Bank (pdb code, 1lqy) [12].

The Sybyl 7.0 package [24] was used to prepare the docking
files. For the protein, no crystal structure water existed in the
active site, so all water molecules were removed. Polar hydrogen
atoms were added to the protein using the biopolymer module.
Kollman charges were also loaded on the protein. The mini-
mized structure of actinonin was built on modifying the inhibitor
in 11qy [12]. All hydrogen atoms were added to BB-83698
and charges required for calculation were assigned using the
Gasteiger–Hückel formation. AutoDock3.0.5 [25] was used
for all docking calculations. A grid spacing of 0.375 Å and
60×60×60 number of points was created for protein. Since the
Lamarckian genetic algorithm (LGA) was more efficient than
others, it was applied to search the conformational and orienta-
tional space of the inhibitors while keeping the protein structures
rigid. All amide bonds were considered as non-rotable. For
all dockings, 50 independent runs with a maximum number of
2,000,000 energy evaluations, a mutation rate of 0.02 and a
crossover rate of 0.8 were used.
2.2. Molecular dynamics (MD) and binding free energy
calculations

The energy minimum conformations from each cluster were
applied as the initial structures in the following 3000 ps mo-
lecular dynamics simulations using GROMACS 3.3 software
package [26] with oplsaa force field [27] in a NVTenvironment.
The three model complexes were separately embedded in a
triclinic box containing about 8160 preequilibrated water mol-
ecules described by the Simple Point Charge water (SPC) model
[28], and the distance between protein and the edge of the
box was set 10 Å. We used a cutoff of 9 Å for van der Waals
interactions and the Particle-mesh Ewald (PME) method [29] for
long-range electrostatics interactions. Periodic boundary condi-
tions were applied in all directions. One Na+ ion was placed
in the system to replace water molecule in random positions,
thus making the whole system neutral. The LINCS parameters
algorithm [30] was used to constrain the lengths of the bonds
involving hydrogen atoms, and the time step was set 0.002 ps.
The box was filled with SPC water molecules. To relax the
configuration of the solvent and the local strain (due to gen-
eration of hydrogen positions), and to remove bad van derWaals
contacts (particles that are too close) a steepest descent mini-
mization of 1000 steps was adopted, followed by a 20 psMD run
to warm the optimized structures to a finite temperature of
300 K. The time step used in all calculations was 0.002 ps. Then
a 3000 ps MD run was performed. When the MD simulations
finished, all analyses were performed using facilities within the
GROMACS package and the figures of the molecular structures
were generated using PyMOL software [31].

The binding affinity is calculated using linear interaction
energy (LIE) method [32,33] which can estimate the binding
free energy of ligand in bound and free states. The interaction
energies are divided into an electrostatic term and a van der
Waals term as described in the following equation:

DGbind ¼ a hV vdw
l�s ip � hV vdw

l�s iw
� �

þ b hV el
l�sip � hV el

l�siw
� �

þ g

where the term 〈Vl − s〉 represents the thermal averages
calculated over the MD simulations of the electrostatic (el)
and van der Waals (vdW) energies for the ligand atoms in the
bound (p) state and in the free (w) state. The difference (Δ)
between different potential is scaled by different coefficients
[33]. For the non-polar interaction, the coefficient of it is set to
α=0.18 [34], while for the polar contribution, the scaling factor
is set to β=0.50 [35]. Since we are mainly concerned with
relative affinities, the constant parameter γ is not adjusted.

3. Results and discussion

3.1. Multi-conformation docking of BB-83698 complex

The three dominant clusters ranked with the lowest energy
scores are selected and the ligand conformations in each cluster
are shown in Fig. 1. We can see that the docking conformations
appear in the same active site, while the P3′ side chain of ligand
points to different region of protein. Concerning the docking



Fig. 1. (A) Structure of BB-83698. (B) The ligand conformations of the three clusters predicted by AutoDock. The protein is shown as a ribbon model and BB-83698 is
shown as stick. The P3′ side chain of BB-83698 points to three different regions: a, b and c, respectively.
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results, the docked energy in cluster 1 varies from −11.79 to
−11.05 kcal/mol and the corresponding conformations of li-
gand appear in region a. The second and third clusters appear
in region b and c, respectively, and their docked energies vary
from −11.03 to −9.76 kcal/mol. This presents three different
potential binding modes for BB-83698. Then the minimum
energy conformation from each cluster is chosen as the best
conformation for following MD simulation, which is named
Mode 1, Mode 2 and Mode 3, respectively. In the Mode 1
complex, the P3′ side chain of BB-83698 is situated in the
pocket which is composed of residues Gln45, Ile59, His76,
Val77, Thr78 and Leu84. The benzo-[1,3]-dioxole oxygen in-
teracts via H-bond with the amide hydrogen of Thr78, whereas
the other one (O) bridges the amide group of Gln45. Be-
sides the above mentioned residues, other residues (namely,
Ile59, Leu61, Gln65, Glu108, Gly109, Cys110, Leu111, His153,
Glu154 and His157) are in proper positions to be involved
in electrostatic interactions with ligand. P1′ carbonyl group
hydrogen bonds with the amide hydrogen of Ile59, moreover,
P2′ amide hydrogen and carbonyl also form the hydrogen bonds
with carbonyl and amide hydrogen of Gly109. The piperazine
moiety at P3′ interacts with residues Ile59, Leu104, Thr106
and Leu146, which is likely responsible for the good ranking
of this cluster.

Mode 2 represented in the second cluster is the closest one
to Mode 1. One obvious difference is that the P3′ side chain
of ligand turns to the opposite region compared to Mode 1.
The P3′ side chain is surrounded by residues Leu104, Thr105,
Thr106, Leu146, Ile182, Gly183 and Arg184, allowing the
benzo-[1,3]-dioxole oxygen to form the hydrogen bonds with
the amide hydrogens of Thr106 and Arg184. The piperazine
ring approaches Ile59 and Leu146, which weakens the elec-
trostatic interactions with Gly107 and Gly109.

Compared to Modes 1 and 2, Mode 3 shows a distinct
orientation. The tert-butyl is also exposed to solvent, but it
makes the hydrophobic contact with Ile59 and Leu104. Similar
to Mode 2, the piperazine ring of ligand in Mode 3 is away
from Gly109 and approaches Pro57 and Gly58. The benzo-
[1,3]-bioxole group inserts a pocket which is composed of
residues Ile7, Lys9, Tyr40, Arg56, Pro57, Cys110, Leu111,
Val113 and Asp114, where it can hydrogen bond with the
guanidinium group of Arg56. The lack of an H-bond interaction
with Gly109 likely causes Mode 3 to be ranked at a higher
docking energy score than Modes 1 and 2, and the conformation
of ligand seems unreasonable compared with that in the crystal
complex of actinonin and B. stearothermophilus PDF. Finally,
in order to check which mode is the most favorable and con-
sider the flexibility of protein, we select above three modes for
following MD simulations.

3.2. Protein root mean square deviation and flexibility

The 3000 ps MD simulations are successfully performed
separately on the complexes of B. stearothermophilus PDF
with the three modes. The physicochemical parameters such
as potential reach stable value for all complexes after a few
hundreds of picoseconds (see Fig. 2A).The root mean squared
deviation (rmsd) fluctuations of backbone atoms compared with
the initial structures are also obtained. Fig. 2B–D shows the
rmsd of backbone atoms and ligands of the Mode 1, Mode 2
and Mode 3 complexes as a function of time. After 1000 ps
simulation, the three systems all reach equilibrium and the
trajectories can be applied to collect snapshots for further an-
alyses. By comparison with the three complexes, we can see
that the Cα atoms have the similar rmsd, while those of ligands
show obvious differences. The average rmsd of Cα atoms and
ligand in the Mode 1 complex are 0.14 and 0.10 nm, those of
the Mode 3 complex are 0.13 and 0.07 nm. During the MD
simulations these two modes remain in a stable binding position
with low rmsd fluctuations, confirming the feasibility of the
binding poses predicted by AutoDock. We also observe that
the rmsd of ligand in the Mode 2 complex increases rapidly to
0.24 nm at about 1000 ps and keeps fluctuating around this
value until 3000 ps, which means that more large conforma-
tional changes have taken place for the Mode 2 complex.

3.3. Binding mode analysis

Fig. 3 shows the average structures of the three complexes
using the trajectories after 1000 ps simulation. The orientations
of the cyclopentyl ring from the three modes are identical and
the cyclopentyl ring inserts the S1′ pocket which is composed of



Fig. 2. (A) Potential energy evolution during the simulation time of three model complexes. (B, C and D) Root mean square derivation (nm) of backbone atoms of
B. Stearothermophilus PDF (black line) and BB-83698 (blue line) in the Mode 1 (B), Mode 2 (C) and Mode 3 (D) complexes compared with the initial docking
structure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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residues Ile59, Leu104, Glu108, Leu146, Ile149, Val150 and
His153. In addition, another common feature among the three
modes is that the tert-butyls are all exposed to solvent, which
is identical with the initial docking conformation. There are
significant differences between the MD average structure and
the initial docking structure for Mode 2 (Fig. 3). On one
hand, although the tert-butyl of ligand is exposed to solvent,
hydrophobic contacts with the pyrrolidine ring of Pro57 and
tert-butyl of Leu111 are found. On the other hand, the benzo-
[1,3]-dioxole group adopts a reverse 180° turn conformation
along the axis of molecular main chain and makes hydrophobic
contacts with Ala50, two prolines Pro47 and Pro57, which leads
to the disappearance of the original hydrogen bonds with
Thr106 and Arg184. Although the P3′ side chain deviates
greatly from both the original docking position predicted by
AutoDock and the crystal positions of the complex (1lqy), most
negative binding free energy (Table 1) indicates Mode 2may be
a new binding mode for the BB-83698/B.stearothermophilus
PDF complex. Compared with Mode 2, the conformational
change of Mode 3 observed in our MD simulations also al-
lows for a conserved pattern of interactions with the protein. In
Mode 3, the MD simulation of the binding orientation of ligand
demonstrates the stability of this complex, with maintaining the
original hydrogen bonds to the protein. In addition, the benzo-
[1,3]-dioxole group hydrogen bonds with the amide hydrogens
of Arg115 and Asp116. We see that although Mode 3 maintains
the docking conformation basically, MD sampling still does
not make Mode 3 revert to the crystal positions of the crys-
tal structure (1lqy). Mode 3 also shows a low rmsd value of
backbone atoms (0.1 nm), while more important hydrogen bond
interactions which exist in Mode 1 are lost, which results in the
number of hydrogen bond formed in Mode 3 is fewer than
those in Mode 1. The binding modes represented in Fig. 3A–B
are the closet one to the binding mode of actinonin in the
crystallographic complex with B. stearothermophilus PDF. A
comparison of Mode 1 and crystal structure shows a series of
common interactions between the ligand and the protein. With
the structure of the Mode 1 complex, most hydrogen bonds
between the ligand and protein are kept. For example, hydrogen
bond is made between P1′ carbonyl oxygen and the amide
hydrogen of Ile59. P2′ amide hydrogen and carbonyl oxygen
also form the hydrogen bonds with the carbonyl oxygen and
amide hydrogen of Gly109. Additionally, piperazine ring makes
hydrophobic contacts with the pyrrolidine ring of Pro57 and
isobutyl of Ile59. Our proposed mode points to several hy-
drophobic residues around benzo-[1,3]-dioxole group, such as
Pro57, Ile59 and Leu146, being responsible for the binding
of BB-83698 to B. stearothermophilus PDF. The profitable
hydrogen bonds between ligand and residues such as Ile59 and
Gly109 and hydrophobic interactions between piperazine ring
and residues Pro57 and Ile59 could play an important role in
defining the interaction pathway between the P3′ side chain
and protein. We also see that the benzo-[1,3]-dioxole group
approaches Gln45, which suggests us that the introduction of
electron-donating substituent such as NH or NH2 or OH onto
the benzo-[1,3]-dioxole ring will form the hydrogen bond with
the carbonyl oxygen of Gln45. On the other hand, the intro-
duction of electron-withdrawing substituent such as carbonyl



Table 1
Comparison among calculated relative binding free energies (kJ/mol) and their
components of three binding modes

Binding
mode

Ligand-surrounding interactions ΔGbind

〈Vl− s
el 〉w 〈Vl− s

vdw〉w 〈Vl− s
el 〉p 〈Vl− s

vdw〉p

1 −202.29 −237.93 −162.43 −118.94 −41.35
2 −206.91 −238.34 −163.48 −119.16 −43.17
3 −186.40 −247.68 −164.96 −120.39 −33.63

Fig. 3. Illustration to show the interactions between BB-83698 and B. Stearothermophilus PDF obtained by the MD simulations of the Mode 1 (A and B), Mode 2
(C and D) and Mode 3 (E and F) complexes. (A, C and E) an overview, ligand is shown with the stick representation and protein with cartoon drawing. (B, D and F)
close view of the predicted (MD average) binding conformation. The residues are shown with the stick representation and ligand with ball-and-stick drawing.
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onto the benzo-[1,3]-dioxole ring will also make the ligand
interact with the amide hydrogen of Gln45 through hydrogen
bond interactions, both of them will improve greatly the binding
affinity of ligand to B. stearothermophilus PDF.

3.4. Binding free energy calculation

To find out the force for the ligand binding to B. stearothermo-
philus PDF, the electrostatic and van der Waals contributions
to the interaction energies between the ligand and protein are
calculated during the simulations, and the results are shown in
Fig. 4. The binding free energy of Mode 2 is the most negative
among the three modes, while an unexpected large deviation from
the crystal positions of the complex indicates it may be a new
binding mode. In addition, we put emphasis on Mode 1 and
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compares it with Mode 3. From Fig. 4 we see that the electrostatic
interaction of theMode 1 complex retains quite stable and its value
keeps fluctuating around −149 kJ/mol during the simulations,
indicating the initial hydrogen bonds between ligand and protein
are maintained. The van derWaals energy of ligandwith protein in
the Mode 1 complex takes place from the start of the simulation,
with the average of −175 kJ/mol. The van derWaals energy of the
Mode 3 complex is comparable with that of the Mode 1 complex,
while the lack of much hydrogen bond interactions existed in the
Mode 1 complex probably causes a decreased affinity of ligand to
Fig. 4. Electrostatic (black) and Van der Waals (red) contributions to the energies
of interaction between B. Stearothermophilus PDF and BB-83698 in the
simulations of the Mode 1 (A), Mode 2 (B) and Mode 3 (C) complexes. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
the protein. The binding free energy of inhibitor is estimated
with the linear interaction energy (LIE) method, the calculated
electrostatic component of the binding free energy remains neg-
ative. Comparison of theΔG values of the three model complexes
reveals a large difference in their binding affinities. Table 1 shows
that whether the electrostatic energies or van derWaals energies are
in favor of the binding of ligand. The electrostatic interaction
contributes −39.86 kJ/mol for the Mode 1 complex, while that for
theMode 3 complex is reduced to−21.44 kJ/mol. The electrostatic
energy of the Mode 3 complex is smaller than that of the Mode 1
complex, indicating that electrostatic interaction favors Mode 1
more than Mode 3. In all cases, a more large contribution from the
hydrophobic component compared with electrostatic component
of the binding free energy is observed. In theMode 1 complex, the
van der Waals contribution to the energies is −118.99 kJ/mol,
about 79.13 kJ/mol more negative than electrostatic contribution
(−39.86 kJ/mol). The estimated free energy of binding is therefore
dominated by the hydrophobic contribution for Mode 1. The
binding free energy ofMode 1 is−41.35 kJ/mol, 7.72 kJ /molmore
negative than Mode 3 (−33.63 kJ/mol). The results show that the
reduced affinity of theMode 3 complex is indeedmainly due to the
marked reduction of hydrogen bonding (van der Waals contribu-
tions are comparable for the three model complexes). The more
negative binding free energy and the reasonable interaction mode
compared with experimental data show that Mode 1 is a preferable
binding conformation for BB-83698.

4. Conclusions

In this study, we try to identify the possible orientations of
BB-83698 in the binding pocket of B. stearothermophilus PDF.
The choice of binding modes of ligand is done by consider-
ing both the docking energy score and the binding affinities
obtained by LIE method. Using the LIE method and the slightly
modified model of actinonin inhibitor, we could predict the
binding free energy differences of different modes of inhibitor
bound to B. stearothermophilus PDF. After the simulation
achieves the equilibrium, large conformational changes take
place for Mode 2, leading the ligand to deviate from both the
original position predicted by AutoDock and the crystal po-
sitions of the complex greatly, while most negative binding free
energy indicates it is a new binding modes which is different
from that of crystal complex. At the same time, Mode 3 also
does not revert to the positions of ligand in the crystal complex.
The electrostatic interactions between ligand and protein in
Mode 3 seem to be less tight than that of Mode 1, because of a
narrower interacting surface between the two moieties. These
can explain why the binding affinity of Mode 1 is more negative
than that of Mode 3. In agreement with experimental data,
the average structure of the Mode 1 complex based on the MD
simulation suggests that the fundamental hydrogen bond in-
teractions between the P1′ carbonyl and Ile59 amide and be-
tween the carbonyl and amide at the P2′ positions and Gly109
stabilize the binding of ligand and protein. In addition, the
close interactions between piperazine ring and hydrophobic
residue Pro57 and Ile59 and between the benzo-[1,3]-dioxole
group and hydrophobic residue Pro57, Ile59 and Leu146 seem
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to be particularly important for the binding of inhibitor to
B. stearothermophilus PDF. All these allow for stronger in-
teractions between ligand and protein, since the H-bond and
hydrophobic interaction are more complete than that in docking
conformation. We also notice that the introduction of hydro-
philic group onto the benzo-[1,3]-dioxole ring will probably
greatly increase the binding affinity of ligand to B. stearother-
mophilus PDF. The binding modes between BB-83698 and
B. stearothermophilus PDF described here may be helpful for
the design of new PDF inhibitors.
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