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Abstract

The binding modes of a series of known activity inhibitors docking to Peptide deformylase (PDF) have been studied using molecular docking
software AutoDock3.0.5. In this study, good correlation (R2=0.894) between calculated binding energies and experimental inhibitory activities is
obtained. We find that some shallow pockets near the known active pocket are very important which can accommodate the side-chains of the
inhibitor. Moreover, a new binding pocket is also explored. All these may provide something useful for designing the potent inhibitors.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, with the changing of environments, the
bacterial infections emerge rapidly and have become a serious
threat to respiratory and skin infections [1]. New classes of
antibacterial agents with high activities are required. It is not
surprising that antibacterial drug discovery efforts are now
focused on identifying targets. One of such targets receiving
widespread interests from theoretical and pharmic researchers
was Peptide deformylase (PDF) [2,3], a highly conserved
metalloenzyme, was responsible for the removal of the formyl
group for the majority of bacterial proteins [4]. The Escherichia
coli enzyme used Fe2+ and nearly retained its activity on
substitution of the metal ion by Ni2+ [5]. The structure of the
catalytically active enzyme in the nickel-bound form (PDF-Ni)
at different resolutions in complexes was described [6]. Many
structure–activity relationship (SAR) analyses about the PDF
inhibitors were also reported [7–10].

In this paper, the simulation results of the inhibitors of using
computational drug design are given. This approach utilizes
structural information of the substrate binding pocket of the
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target enzyme obtained from examining the available crystal
structure of the target enzyme. Then small molecule inhibitors
will be proposed by examining their interactions with the amino
acid residues of the substrate-binding pocket of the target
enzyme.

Two representative examples in the Nickel-PDF retrieved
from the RSCB Protein Data Bank [11] are 1G2A and 1G27
for their extensive researches. Firstly, we want to analyze the
interactions between the receptor and inhibitors to explore
their binding modes. According to our knowledge, simulation
of the 1G2A and 1G27 complexes using AutoDock software
[12] has not been reported in the literature by far. 1G2A and
1G27 have the same receptor and X-ray structures of them are
available. To be consistent in the subsequent docking studies
of other compounds, only the protein structure of 1G2A is
used because it (1.75Å) has a better resolution than 1G27
(2.10Å) [11].

2. Compounds and computational methodology

The Sybyl 7.0 package [13] is used to prepare the docking
files. For the protein, A chain is kept, while the B and C chains
are deleted; the water and ligand are also removed except for the
Nickel ion in the active site. Polar hydrogen atoms are added
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and Kollman charges are assigned. AutoDock3.0.5 is used for
all docking calculations. For docking a grid spacing of 0.375Å
and 60×60×60 number of points are created for protein. For the
Lamarckian genetic algorithm (LGA) is more efficient than
others, it is applied to search the conformational and
orientational space of the inhibitors while keeping the protein
structures rigid. For those structures which lack crystallographic
data in Table 1, the complexes are generated and manually
adjusted to be as similar as possible to their crystal
conformation. All amide bonds are considered as non-rotatable.
For all dockings, 50 independent runs with a maximum number
Table 1
PDF inhibitory activity of compounds 1–17
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of 2,000,000 energy evaluations, a mutation rate of 0.02 and a
crossover rate of 0.8 are used.

Metal ions are modeled in AutoDock by Amber force field
potentials [14]. The Ni initial parameters (are set as r=1.170Å,
q=+2.0 and van der Waals well depth of 0.100kcal/mol)
reported by Musiani [15] as the Autodock default values.

A lot of natural or synthetic compounds with inhibitory
activities have been so far reported [16–23]. PDF protease
bound with 17 inhibitors like a substrate is used as the starting
point for the modeling study, and the congruent activity data of
these inhibitors are available [16–23], reported in Table 1.
Compound Structure IC50 (nM)
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Fig. 2. Comparison of the AutoDock conformations of 6 (yellow) and 7 (green).
The metal ion is shown as a blue sphere. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)
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According to the binding groups with metal Ni, these inhibitors
can be classed three types: hydroxamate, N-formylhydroxyla-
mine and other kinds of compounds. Hydroxamate and N-
formylhydroxylamine are the derivatives of the ligands of
1G2A and 1G27 complex, respectively. As for other kinds of
compounds, low-activity leads them to little extensive
applications.

3. Results and discussion

The best docked configurations for the ligands in Table 1 are
used to calculate interaction energies. The results reveal that all
the studied 1G2A derivatives can dock into the PDF enzyme.
The estimated free energies of binding are plotted against the
experimental inhibitory activities in Fig. 1 for all the
compounds. AutoDock results are in good agreement with the
experimental values, which demonstrates a good linear
relationship and the trend can indicate that the docking program
produces reasonable binding modes.

As part of our efforts to develop new PDF inhibitors, we
investigate the binding modes of PDF inhibitors using
AutoDock. The binding site in Ni-PDF is described as in Ref.
[24]. Our main interest is how to use the binding site to elucidate
the interactions which contribute to the binding affinity of new
inhibitors; such information is necessary for the further design
of more potent inhibitors. Among these 17 compounds
(including 1G2A ligand), 15 compounds show significant
inhibitory activity against the PDF protease.

3.1. Docking to the hydroxamate

Compounds 1–9 in Table 1 belong to hydroxamate and they
have the same functional group HONHCO– coordinated to
metal Ni. Compared to 9 (original ligand of 1G2A), 1 and 2 are
similar to each other. Four- to six-membered cyclicamino
groups in the P2′ position shield the neighboring amide nitrogen
and reduce hydrogen bonding to bulk solvent [25]. It is worth
noting that the hydroxyl group on the side-chain of compounds
1 and 2 is important in increasing binding affinity. It forms H-
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Fig. 1. Linear regression of estimated free energy of binding from AutoDock vs.
experimental values derived from IC50.
bond with the residues of the receptor, and the binding affinity
between them is increased. For compound 1, the hydroxyl
group of HONHCO is hydrogen bonded to the amide
hydrogen of LEU91, and the bonding distance between them
is 2.60Å. For compound 2, hydrogen bond (2.20Å) is also
made by the carbonyl oxygen of GLY45 and the hydroxyl
hydrogen of the HONHCO–. So we can say that if the
hydroxyl group is linked to the side-chain of 3 like 1 and 2, the
activity of 3 will be improved obviously. But if the n-butyl is
changed to other rings, for example 3 and 5, the activity will
also be increased. On the other hand, for 5 the methyl is
electron-donating group which increases the electron density
of sulfur and nitrogen so that they can form the hydrogen bond
with the residues. At the same time, the cyclopentylmethyl on
the side-chain has strong hydrophobic interaction with the
residues, which can be seen from example 10. If the nitrogen
atom of n-propyl amino of 1 is changed to oxygen, PDF
inhibitory activity will be improved for the oxygen atom
belonging to electron-withdrawing substituents. 6 is such an
example, oxygen atom forms the hydrogen bond (2.82Å) with
the amine hydrogen of CYS90, and IC50 is greatly decreased to
Fig. 3. The isopropyls of 6 and 7 point to different pockets. D is a new binding
pocket. Solvent-accessible protein surface is colored by electrostatic potential.



Fig. 6. View of surface and 13 docked into the active site of PDF is shown as a
stick.

Fig. 4. Docked conformations of 8 occupy the new binding pocket. The protein
surface is colored by atom charge.
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1nM, so –COO– group is better than –CONH–. 6 and 7 are
isomerous with each other in Fig. 2, but their activities are
much different, the main season is that the hydroxyl group in
the side-chain plays an important role. For 6, hydroxyl group is
trans to n-butyl; the hydrogen bond is formed between the
CHO of 6 and the amine hydrogen of LEU91, which is 2.74Å.
For 25, hydroxyl group is cis to n-butyl, the distance between
hydroxyl oxygen and amine hydrogen of ILE44 is 2.83Å.
Although the hydrogen bond is almost equal, the hydroxyl
group interacts with different residues, the isopropyls point to
different hydrophobic cavity. From Fig. 3 we can see that the
isopropyl of 6 can bind strongly with the residues in the new
pocket D, this binding mode decreases IC50 to 1nM, pocket D
is necessary in designing new inhibitors. Although an aromatic
ring [19] was added in the P3′ position which decreased the
binding constant of PDF, the pocket D was not pointed out, the
existence of pocket D just explains why people want to modify
the side-chain of PDF in the P3′ position.

Of all the docked ligands, 14 of them can be docked into the
known active site of 1G2A. This supports our initial hypothesis
that the ligands will dock into the pocket of a protein in a
Fig. 5. The cyclopentylmethyl in yellow of 10 insets a hydrophobic pocket of
the receptor. The residues and 10 are shown in CPK and stick, respectively,
and the hydrogen in the receptor are hidden. The blue ball represents the
position of the Nickel ion. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
manner similar to the way of 1G2A crystal complex. The most
dockings occur on the core domain of protein, but the other two
inhibitors are docked to another pocket. In light of the fact that
the deformylase active site residues are hydrophobic, they
should be directed toward a pocket composed of hydrophobic
residues. The residues on one side of the pocket in Fig. 4 include
PRO19, ARG113, ILE57, VAL59, VAL16, VAL138, MET134,
CYS129, LYS140, GLU64 and TYR145. Those on the other
side are ARG109, ALA110, PHE118, GLU76, LEU77, LYS80,
ASO123 and GLD83. Of all 50 completed runs, compounds 3
and 8 have 6 and 8 conformations occupying the pocket,
respectively. It is interesting that the cyclopentanes are almost
directly to the right of the pocket. Although it is unlikely that far
from the active site would allow this binding mode, this result
suggests that the pocket could be exploited to gain additional
binding site in the design of new types of PDF inhibitors. These
intimate hydrophobic interactions between the protein and the
inhibitor no doubt contribute in an important way to the binding
affinity of the inhibitor. Although the activities of 3 and 8 are
not high, perhaps the results could provide a helpful preference
for designing the potential new inhibitors.

3.2. Docking with N-formylhydroxylamine

These compounds include 10–15 in Table 1; their common
group in these compounds is HCO–NOH. The activities of these
inhibitors are strongly influenced by the nature of the substituent
in the P1′ position. Comparing 12 with 10, the ring on the side-
chain has more steric effect than the aliphatic groups. The
substituents in P1′ such as n-butyl and cyclopentylmethyl,
Table 2
Comparison of the bond distance (Å) and IC50 (nM) among 9, 16 and 17
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Fig. 7. General structures of hydroxamate and N-formylhydroxylamine
derivatives. R1, R2, P1′, P2′ P3′ are the groups which may be modified and
S1′, S2′, S3′ are hydrophobic cavities of the PDF enzyme.
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provide potent PDF inhibitors that displayed promising anti-
bacterial activities [26]. For 10, cyclopentane insets a hydro-
phobic cavity [27] in Fig. 5 which is composed of ILE44, ILE86,
GLU88, LEU125, ILE128 and HIS132, this cavity plays a role
of fixing the inhibitor. Modifications adjacent to the metal
binding group and to the n-butyl substituent are limited due to
the steric requirements for binding the active site metal and size
of the hydrophobic S1′ cavity [28]. Previous study indicated that
an n-pentyl group can replace methionine at the P1′ site of the
PDF substrate [29]; n-pentyl chain was well-accommodated but
may be slightly long for the S1′ cavity of the enzyme. In fact,
cyclopentylmethyl has not approached ILE86 and ILE128;
maybe those groups like cyclopentylethyl are bigger andmore fit
to fill in the S1′ cavity.
Fig. 8. New proposed inhibitor
In the P2′ position, the tert-butyl is exposed to solvent but
does make van der Waals interactions with the residue GLY89.
Molecular surface visualization shows that there are four
shallow pockets (A, B, C and D) on the protein surface in Fig. 6.
The residues in pocket A are HIS132, GLN131, ILE128 and
CYS129. B is shallow and has little residues including CYS129,
LEU72 and ILE44. Pocket C is composed of ILE44, GLY45,
GLY43 and LEU46. D has most residues such as LEU141,
SER92, GLU95, PRO94, GLN96, LEU91, CYS90, LEU46 and
aromatic groups can be accommodated. Enzyme inhibiting
potency is strongly increased by converting the diethylamine of
11 into benzene derivatives. Atom F is hydrogen bonded with
amine hydrogen of GLY95, and the bond length is 1.70Å. The
enzyme should be able to accommodate a number of different
groups in this position. Supposed that big groups like phenyl are
also linked to the B, C and D pockets, interactions of these
pockets with the aromatic groups could enhance the binding
ability. A range of substituents and functional groups are
tolerated by PDF in the P2′ and P3′ positions, which are largely
exposed to solvent, but the existence of these pockets requires
us that all four pockets should be considered when designing the
new inhibitors.

3.3. Docking other compounds

In the complex of compound 9, the oxygen nickel binding
distances are 2.30Å (to the nitrogen-bound oxygen atom) and
2.20Å (to the carbonyl oxygen atom), respectively. For 16 and
17, with the coordinating groups changing, the inhibitory
activities are also decreased. For example, in the aspect of the
coordination bond, the bond of 17 is longer than that of 9 and
16, and its IC50 is only 590nM. To compare the three docked
moleculars (9, 16, 17), their binding conformations obtained
from the AutoDock run could be seen from Table 2. So when we
choose the inhibitor for PDF enzyme, the coordinating group
NH2NHCO and NH2NHCS should not be considered.

3.4. Designing of new inhibitors

Our fundamental interests in PDF systems come from its
potential as a target for antibacterial chemotherapy. Indeed, the
studies of these examples offer certain guidelines for the design
of high-affinity PDF inhibitors. Three main interactions exist in
docked to the PDF surface.
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PDF-inhibitor complexes, which are bidentate coordination to
Ni, hydrogen bond with the residues, hydrophobic interaction
in the P1′ position. When considering the coordinating group,
HONHCO and CHONHNOH are preferred in Fig. 7. The
substituents in P1′ such as n-butyl and cyclopentylmethyl
make the inhibitors display promising antibacterial activity.
The groups closing to the shallow pockets should be electron-
withdrawing substituents or derivatives of phenyl. Aromatic
rings in the P2′ and P3′ positions strongly improve affinity
between PDF and inhibitor. The P3′ side-chain makes
hydrophobic contacts with the shallow pocket D near the
active site. R1 may be atom F, –NH2 or –OH, R2 is four- to
six-membered cyclic amino groups. In addition, large
aromatic groups are needed to fill in hydrophobic pockets
A, B, C and D.

More importantly, we also found a new binding pocket,
where the inhibitors lay there as shown in Fig. 4. In the
following discussion, the pocket is not revolved, although the
activities of 3 and 8 are not high; the pocket may be helpful in
designing stronger specifically binding ligands for PDF. From
the results discussed above, a class of structure with branched
aromatic groups and hydroxyl group can be proposed.

From this finding, it is clear that one of the design strategies
for PDF inhibitors is to utilize four pockets on the PDF surface
to accommodate the side-chain. Four pockets are particularly
interesting in how they contribute to enhance the inhibitory
activities, which are important in the interaction that could
potentially be exploited for drug development. After the groups
in the P1′ and P2′ positions being modified, the new derivative
of N-formylhydroxylamine in Fig. 8 can be designed.

Although the inhibitory activity of our designed structure in
Fig. 8 is unknown, we think that these shallow pockets can
enhance the binding affinity between the ligand and receptor.
Certainly, we only consider P1′ and P2′; the groups in positions
R1, R2 and P3′ can also be changed. In other words, our
designed molecule is only an example; more compounds like
this according to our suggestions can be rebuilt. But we hope
our efforts can provide useful information for the experimental
researchers to design more potential activities inhibitors.

4. Conclusions

The binding modes of a series of PDF inhibitors are explored
using molecular docking software. New shallow pockets near
known active pocket are found, which are A, B, C and D
pockets, respectively. These pockets can accommodate side-
chain of inhibitors such as aromatic groups, which could
enhance the binding affinity. In addition, a new binding pocket
coming from the docking of 3 and 8 is found; although its
properties are not clear, this binding region could increase the
possibilities of docking the inhibitors to receptor. All these may
be useful in both theory and experiments.
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