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Abstract

Motivation. Peptide deformylase (PDF) is essential in a variety of pathogenic bacteria but it is not required for 
cytoplasmic protein synthesis in eukaryotes, which makes this enzyme an attractive target for developing novel
antibiotics. Because PDF inhibitors are one of the most promising classes of antibacterial agents discovered to 
date, we designed a series of PDF inhibitors and we predicted their biological activities using molecular
simulation methods.
Method. Docking simulations of PDF inhibitors with the ligand binding pocket of PDF have been carried out.
The binding conformations and binding affinities of these inhibitors have been obtained using the flexible
docking protocol FlexX.
Results. Calculations performed for test compounds suggested that FlexX can reproduce the binding
conformation of the crystal structure. Moreover, the predicted binding affinities have a good correlation with the
biological activities of these inhibitors, thus allowing us to determine the interaction model of PDF inhibitors. A
series of designed PDF inhibitors have been docked to the PDF model and the computed docking scores have
been used as a reference standard to evaluate the activities of these inhibitors.
Conclusions. The results presented in this paper show that several of our designed compounds are promising
PDF inhibitors.
Keywords. Peptide deformylase; PDF; inhibitors; FlexX; molecular docking; quantitative structure–activity
relationships; QSAR.

Abbreviations and notations
PDF, peptide deformylase IC50, the half maximal of inhibitory concentration
QSAR, quantitative structure–activity relationships

1 INTRODUCTION

Peptide deformylase (PDF), an essential bacterial metalloenzyme, is responsible for the removal
of the N–terminal formyl group from methionine residues following protein synthesis [1]. Because 
PDF is essential in a variety of pathogenic bacteria but is not required for cytoplasmic protein 
synthesis in eukaryotes, it is an attractive target for developing novel antibiotics [2,3] and PDF 
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inhibitors are one of the most promising classes of antibacterial agents discovered to date. Several
classes of PDF inhibitors have been reported [4–7], and among them some compounds have a 
pseudopeptidic scaffold [8,9] and others are –sulfonyl and –sulfinylhydroxamic acid derivatives 
[10].

As a metalloenzyme, PDF is a potential target in structure–based drug design. Using structural 
and mechanistic information, together with high–throughput screening, several types of potent PDF
inhibitors have been identified. Most PDF inhibitors identified to date share a common structural
feature of a ‘chelator + peptidomimetic’ scaffold [11]. However, there is still a need for the 
identification of novel and structurally diverse non–peptidic PDF inhibitors. Thus, in this paper we 
designed a series of PDF inhibitors and we predicted their biological activities using molecular
simulation methods.

2 MATERIALS AND METHODS 

2.1 Structural Models
The protein models were constructed based on the X–ray crystal structure of PDF taken from the 

Brookhaven Protein Data Bank, entry 1BSK [12]. The active site of PDF was defined as the 
collection of amino acids enclosed within an 8 Å radius sphere around Zn2+. The amino acids 
HIS132 and HIS136 near Zn2+ are defined as HID (the deprotonation site is on N 2).

The ligand MLN2 has been taken from PDB 1BSK and hydrogen atoms have been added. The 
3D structures of other inhibitors have been constructed using ChemOffice. MMFF94 charges have 
been loaded and energy minimizations have been performed. The molecular modeling and docking 
studies were performed on a Dell workstation using SYBYL7.0 [13]. 

2.2 Molecular Docking
The exponential increase in the number of protein crystal structures available from the Protein 

Data Bank has led to a significant interest in the direct approach to drug design, namely by directly 
docking a potential ligand into the active site of a receptor. FlexX is a fast, flexible docking method
that uses an incremental construction algorithm to place ligands into an active site [14] and it could 
offer full specification of the active site, including oxidation states, metal ions, and side chain 
protonation states [15]. At the same time, FlexX provides reliable results for Zn2+ enzymes [16]. 
Standard parameters of the FlexX program as implemented in SYBYL 7.0 [13] were used during 
docking. All the flexibilities of the rotatable bonds of each inhibitor were considered in the docking
process to identify the best binding conformation of the inhibitors with PDF. The scoring function 
(empirical binding free energy) of FlexX used to estimate the free binding energy of the protein–
ligand complex was developed by Böhn and Klebe [17,18]. 
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3 RESULTS AND DISCUSSION

3.1 Validation of the FlexX Docking Method
The ligand MLN2 of PDB 1BSK was used as a test molecule to evaluate the docking results in 

terms of accuracy of the predicted binding conformation in comparison with the experimental
structure. MLN2 is (S)–2–(phosphonoxy)–caproyl–L–leucyl–p–nitroanilide with the structure:

O2N NH

NHO
O

CH3

CH3

H3C

O
P

OH

HO
O

Figure 1 displays the superposition of FlexX result with the crystal structure, from which one can 
see that the binding conformation of MLN2 derived by FlexX docking superposes well with the 
crystal structure, thus demonstrating that FlexX method may predict reliable conformations of PDF 
inhibitors.

Figure 1. Superposition of the docked conformation of MLN2 (black) with that in crystallographic structure (gray).

In order to evaluate whether FlexX method could predict the binding affinity qualitatively, 56
PDF inhibitors taken from refs. [19–21] (Figure 2) have been used as test compounds. These 
molecules were docked into the ligand binding pocket of PDF using FlexX docking, and the 
docking scores and the corresponding IC50 values are listed in Table 1. Figure 3 shows the 
relationship between FlexX scores and logIC50. From Table 1 we could see that most compounds of 
group 7 have good docking scores and their corresponding IC50 values are low. IC50s of groups 23
and 8 are larger than those of group 7. Compounds 23u, 23v and 23w were not docked into PDF 
and their corresponding IC50 are 500, 200 and 1000 respectively. Thus we can see that there exists a 
good correlation between FlexX docking scores and biological activities, as shown in Figure 3. 
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Figure 2. The structures of the test compounds of PDF inhibitors. Notes: As for 23a~23w, R3 is –N(CH3)2, P1 is
substituent; 7a~7s, P1 is n–nutyl or cyclopentylmethyl, R3 is substituent; 8a~8n, P1 is n–Butyl, R3 is substituent.

Table 1. Docking scores and IC50 values of test compounds
No. name score IC50 (nM) No. name score IC50 (nM)
1 7e –27.2 4 26 23q –22.7 20
2 7k –27.0 8 27 23s –22.7 20
3 7m –26.8 4 28 8c –22.5 20
4 7d –26.6 4 29 8e –22.5 20
5 23r –26.3 30 30 7–1 –21.9 20
6 8d –26.3 10 31 23c –21.6 50
7 7n –26.2 5 32 8l –21.6 40
8 7a –25.9 3 33 8b –21.4 80
9 7l –25.7 20 34 8m –21.3 9

10 7p –25.7 3 35 23e –21 10
11 7b –25.4 3 36 8g –20.9 10
12 7c –25.2 5 37 23m –20.7 20
13 7j –25.1 8 38 8a –20.7 30
14 7h –24.8 1 39 8k –20.6 30
15 7r –24.8 7 40 23j –20.0 10
16 23b –24.7 70 41 7q –20.0 3
17 8j –24.6 20 42 8h –20.0 10
18 7i –24.4 3 43 7g –19.9 8
19 23a –24.2 100 44 8i –19.3 10
20 8f –24.2 50 45 23f –18.2 30
21 BB3497 –24.1 7 46 23l –18.2 8
22 7f –24.0 8 47 8n –17.6 90
23 23p –23.9 30 48 23g –15.8 40
24 7o –23.8 6 49 7s –13.8 10
25 23d –23.4 70 50 23k –9.7 20

Note: The structures of group 23 are taken from ref. [19], group 8 from ref. [20] and group 7 from ref. [21].
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Figure 3. FlexX score vs E. coli PDF inhibitory activity logIC50.
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3.2 Binding Mode of Inhibitors

Because of its simple structure for clear representation, BB3497 [22] has been used to study the 
binding mode of PDF inhibitors. As shown in Figure 4, BB3497 chelates to the zinc center through 
the N–formyl hydroxylamine moiety, and the carbonyl and hydroxyl oxygen atoms of the N–formyl
hydroxylamine group act as a bidentate ligand for Zn2+, and the distance between the carbonyl 
oxygen and Zn2+ is 3.34 Å whereas that between the hydroxyl oxygen atom and Zn2+ is 2.08 Å. 
BB3497 forms five hydrogen bonds with ILE44, GLN50, GLY89, LEU91 and GLU133, and its n–
Butyl spreads to the hydrophobic cavity formed by ILE44, GLY45, LEU46, ALA47, ILE60, 
ASP61, VAL62, LEU125, LEU126, CYS129 and ILE130. The analysis of protein–inhibitor 
interactions shows that BB3497 binds well with the active cavity of PDF. 

Figure 4. Hydrogen bond interaction between BB3497 and PDF (plotted using HyperChem7.0 program).

3.3 Design of PDF Inhibitors
The aforementioned PDF inhibitors involves chirality thus increases the difficulty to synthesize. 

In order to overcome this difficulty we change the scaffold of inhibitor to benzene or furan. The 
structures of our designed compounds are shown in Figure 5. 
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Figure 5. Structures of designed PDF inhibitors.

(a) benzene–A1 (b) benzene–A2 (c) benzene–A3

(d) furan–A1 (e) furan–A2
Figure 6. Superposition of the docked compounds (with the first five scores) with ligand (dark blue).
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R represents the same substituents as in references [19–21]. Thus there are three databases for 
the benzene scaffold and two databases for the furan scaffold, denoted benzene–A1, benzene–A2, 
benzene–A3, furan–A1 and furan–A2, respectively. All compounds in these databases have been 
minimized with the MMFF94 force field and docked to PDB 1BSK using the FlexX method as in 
previous experiments. Comparing the data listed in Tables 2–6 with those from Table 1 we can find 
that the variation of the inhibitors’ scaffold improves the docking scores and the most obvious one 
is furan–A1 whose best score amounts to –44.70. The docking scores indicate that furan–A1 
obtained better results than furan–A2. As to furan–A1, the t–butyl is in the same direction as the 
benzene ring of ligand MLN2, and substituent R is in the direction of n–butyl of ligand MLN2. 
However, as to furan–A2, the superposition of the designed compounds is not good, and they also 
superpose poorly with ligand MLN2. 

Table 2. Docking scores and predicted IC50 (nM) of benzene–A1 compounds
No Name Score IC50 No Name Score IC50 No Name Score IC50

1 M010_001 –39.40 1.28 14 M001_001 –35.00 2.36 27 M023_001 –32.10 3.53
2 M003_001 –38.70 1.41 15 M029_001 –35.00 2.36 28 M026_001 –31.90 3.63
3 M012_001 –38.50 1.45 16 M035_001 –35.00 2.36 29 M020_001 –31.80 3.68
4 M008_001 –38.30 1.49 17 M031_001 –34.90 2.39 30 M022_001 –31.50 3.83
5 M005_001 –38.20 1.51 18 M017_001 –34.20 2.64 31 M027_001 –31.40 3.89
6 M006_001 –37.60 1.64 19 M015_001 –34.00 2.71 32 M045_001 –30.60 4.35
7 M002_001 –37.10 1.76 20 M030_001 –34.00 2.71 33 M011_001 –30.10 4.66
8 M007_001 –36.60 1.89 21 M016_001 –33.60 2.86 34 M024_001 –30.00 4.72
9 M004_001 –35.90 2.08 22 M009_001 –33.50 2.91 35 M025_001 –29.90 4.79

10 M013_001 –35.70 2.14 23 M032_001 –33.50 2.91 36 M037_001 –29.80 4.86
11 M034_001 –35.40 2.23 24 M018_001 –33.40 2.95 37 M040_001 –22.00 14.34
12 M033_001 –35.30 2.26 25 M019_001 –33.20 3.03
13 M028_001 –35.20 2.29 26 M021_001 –32.40 3.38

Table 3. Docking scores and predicted IC50 (nM) of benzene–A2 compounds
No Name Score IC50 No Name Score IC50 No Name Score IC50

1 M005_001 –38.00 1.56 14 M002_001 –35.10 2.33 27 M022_001 –32.40 3.38
2 M001_001 –37.70 1.62 15 M007_001 –35.00 2.36 28 M029_001 –32.40 3.38
3 M012_001 –37.30 1.71 16 M009_001 –34.90 2.39 29 M026_001 –32.30 3.43
4 M030_001 –37.30 1.71 17 M028_001 –34.80 2.43 30 M033_001 –31.70 3.73
5 M010_001 –37.20 1.74 18 M013_001 –34.70 2.46 31 M037_001 –31.00 4.11
6 M006_001 –36.90 1.81 19 M020_001 –34.10 2.67 32 M036_001 –30.70 4.29
7 M016_001 –36.60 1.89 20 M008_001 –33.90 2.75 33 M024_001 –30.30 4.53
8 M023_001 –35.90 2.08 21 M014_001 –33.60 2.86 34 M039_001 –29.40 5.13
9 M031_001 –35.90 2.08 22 M015_001 –33.60 2.86 35 M043_001 –24.90 9.59

10 M019_001 –35.60 2.17 23 M025_001 –33.20 3.03 36 M045_001 –21.50 15.37
11 M018_001 –35.40 2.23 24 M004_001 –33.10 3.07 37 M011_001 –20.70 17.18
12 M003_001 –35.30 2.26 25 M021_001 –32.90 3.16 38 M041_001 –17.00 28.71
13 M017_001 –35.30 2.26 26 M027_001 –32.50 3.34

As to the benzene scaffold compounds, benzene–A1 and benzene–A2 obtained good scoring 
results, but benzene–A3 is somewhat worse. The superposition maps suggest that benzene–A1 and 
benzene–A2 superposes well, whereas no regularities were observed for benzene–A3. 
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Table 4. Docking scores and predicted IC50 (nM) of benzene–A3 compounds
No Name Score IC50 No Name Score IC50 No Name Score IC50

1 M031_001 –31.80 3.68 11 M023_001 –30.10 4.66 21 M025_001 –28.00 6.23
2 M029_001 –31.70 3.73 12 M026_001 –29.90 4.79 22 M014_001 –27.80 6.41
3 M001_001 –31.50 3.83 13 M028_001 –29.60 4.99 23 M005_001 –27.70 6.50
4 M011_001 –31.50 3.83 14 M034_001 –29.60 4.99 24 M030_001 –27.40 6.78
5 M035_001 –31.40 3.89 15 M004_001 –29.40 5.13 25 M009_001 –27.10 7.06
6 M016_001 –30.90 4.17 16 M021_001 –29.40 5.13 26 M027_001 –27.10 7.06
7 M018_001 –30.90 4.17 17 M017_001 –29.00 5.43 27 M024_001 –26.50 7.68
8 M033_001 –30.40 4.47 18 M020_001 –29.00 5.43 28 M036_001 –19.40 20.58
9 M019_001 –30.30 4.53 19 M022_001 –28.40 5.90 29 M012_001 –15.70 34.39

10 M038_001 –30.30 4.53 20 M008_001 –28.30 5.98

Table 5. Docking scores and predicted IC50 (nM) of furan–A1 compounds
No Name Score IC50 No Name Score IC50 No Name Score IC50

1 M011_001 –44.70 0.61 16 M037_001 –35.50 2.20 31 M043_001 –31.70 3.73
2 M009_001 –40.00 1.18 17 M013_001 –35.40 2.23 32 M014_001 –31.60 3.78
3 M010_001 –39.40 1.28 18 M006_001 –35.20 2.29 33 M044_001 –31.60 3.78
4 M012_001 –38.90 1.37 19 M026_001 –34.80 2.43 34 M021_001 –31.50 3.83
5 M003_001 –37.10 1.76 20 M038_001 –34.70 2.46 35 M034_001 –31.50 3.83
6 M031_001 –37.10 1.76 21 M016_001 –34.60 2.49 36 M032_001 –31.30 3.94
7 M018_001 –37.00 1.79 22 M039_001 –34.50 2.53 37 M028_001 –31.20 4.00
8 M001_001 –36.60 1.89 23 M008_001 –34.40 2.56 38 M030_001 –31.20 4.00
9 M017_001 –36.60 1.89 24 M004_001 –34.00 2.71 39 M045_001 –31.10 4.05

10 M005_001 –36.40 1.94 25 M023_001 –33.50 2.91 40 M040_001 –31.00 4.11
11 M019_001 –36.40 1.94 26 M035_001 –33.50 2.91 41 M042_001 –30.60 4.35
12 M024_001 –36.30 1.97 27 M020_001 –33.30 2.99 42 M025_001 –30.00 4.72
13 M036_001 –36.10 2.02 28 M015_001 –32.30 3.43 43 M033_001 –29.90 4.79
14 M002_001 –35.90 2.08 29 M027_001 –31.80 3.68 44 M022_001 –29.20 5.28
15 M007_001 –35.70 2.14 30 M029_001 –31.70 3.73

Table 6. Docking scores and predicted IC50 (nM) of furan–A2 compounds
No Name Score IC50 No Name Score IC50 No Name Score IC50

1 M009_001 –36.2 2.00 16 M032_001 –32.0 3.58 31 M027_001 –27.9 6.32
2 M011_001 –36.0 2.05 17 M043_001 –31.6 3.78 32 M038_001 –27.7 6.50
3 M016_001 –35.2 2.29 18 M007_001 –31.3 3.94 33 M006_001 –27.5 6.68
4 M012_001 –34.4 2.56 19 M005_001 –30.4 4.47 34 M026_001 –27.5 6.68
5 M013_001 –34.4 2.56 20 M018_001 –30.2 4.59 35 M019_001 –27.4 6.78
6 M004_001 –34.3 2.60 21 M023_001 –30.0 4.72 36 M020_001 –27.3 6.87
7 M031_001 –34.0 2.71 22 M035_001 –29.8 4.86 37 M045_001 –27.3 6.87
8 M001_001 –33.6 2.86 23 M015_001 –29.7 4.92 38 M021_001 –26.6 7.57
9 M017_001 –33.5 2.91 24 M041_001 –29.6 4.99 39 M033_001 –24.9 9.59

10 M010_001 –33.4 2.95 25 M042_001 –29.6 4.99 40 M037_001 –24.7 9.86
11 M028_001 –33.3 2.99 26 M022_001 –29.5 5.06 41 M025_001 –24.3 10.42
12 M036_001 –32.9 3.16 27 M029_001 –29.5 5.06 42 M014_001 –8.4 94.77
13 M002_001 –32.7 3.25 28 M034_001 –29.1 5.35 43 M040_001 –7.0 115.11
14 M003_001 –32.6 3.29 29 M024_001 –28.9 5.50
15 M030_001 –32.0 3.58 30 M008_001 –28.8 5.58

Looking at the superposition map of benzene–A1, we also found that benzene–A1 has longer 
scaffold as compared with ligand MLN2, which may result in exposing the tail group and it may
weaken the binding affinity of the inhibitors with PDF. Therefore, in the next part we will shorten 
the scaffold of these compounds to improve the binding of the inhibitors. 
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In a second series of experiments we decreased the scaffold of the compounds to see if the 
decreasing causes the binding much better than before. The carbon atoms that link t–butyl and the 
neighboring carboxyl have been removed, and the scaffold changed to be as follows: 

HN

O

OH

NH

O

A1

Figure 7. Superposition of benzene–A1a with ligand (dark blue).

Table 7. Docking scores and predicted IC50 (nM) of benzene–A1a compounds
No Name Score IC50 No Name Score IC50 No Name Score IC50

1 M012_001 –42.50 0.83 16 M033_001 –37.40 1.69 31 M032_001 –36.00 2.05
2 M009_001 –42.00 0.89 17 M024_001 –37.20 1.74 32 M043_001 –35.90 2.08
3 M005_001 –41.40 0.97 18 M041_001 –37.20 1.74 33 M039_001 –35.80 2.11
4 M010_001 –41.20 1.00 19 M017_001 –37.10 1.76 34 M027_001 –35.60 2.17
5 M002_001 –40.20 1.15 20 M031_001 –36.90 1.81 35 M020_001 –35.40 2.23
6 M004_001 –39.80 1.21 21 M037_001 –36.80 1.84 36 M044_001 –35.40 2.23
7 M011_001 –39.70 1.23 22 M015_001 –36.50 1.92 37 M021_001 –35.20 2.29
8 M007_001 –39.50 1.26 23 M026_001 –36.50 1.92 38 M038_001 –33.90 2.75
9 M006_001 –39.30 1.30 24 M030_001 –36.50 1.92 39 M022_001 –33.80 2.79

10 M008_001 –39.10 1.33 25 M045_001 –36.30 1.97 40 M036_001 –33.80 2.79
11 M003_001 –38.90 1.37 26 M018_001 –36.20 2.00 41 M040_001 –32.70 3.25
12 M013_001 –38.60 1.43 27 M025_001 –36.10 2.02 42 M035_001 –32.50 3.34
13 M001_001 –38.30 1.49 28 M028_001 –36.10 2.02 43 M042_001 –32.00 3.58
14 M029_001 –37.80 1.60 29 M034_001 –36.10 2.02 44 M023_001 –31.20 4.00
15 M016_001 –37.50 1.67 30 M019_001 –36.00 2.05 45 M014_001 –30.40 4.47

A1 are the same substituents as before (when the linking atom of A1 is an N atom, the NH in 
scaffold changes to CH2), and the created database is named benzene–A1a. From Table 7 one can 
see that the docking scores improve after the scaffold shortening. The scores of the 45 compounds
are all lower than –30 and the best score amounts to –42.50. At the same time, the superposition of
the designed compounds with ligand MLN2 are much better than before, which indicates that the 
scaffold shortening of the benzene–A1 is successful.
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4 CONCLUSIONS 

PDF offers an attractive target for developing new antibiotics and several classes of PDF 
inhibitors have been discovered. With the development of computer techniques, molecular
simulation plays more and more important roles in drug design, and it becomes an aid to thought 
and a guide to syntheses. To design potent PDF inhibitors it is important to explore the relationship
between binding affinity and biological activities. Here we used the FlexX method to design a series 
of PDF inhibitors and we found that benzene–A1a and furan–A1 are promising PDF inhibitors. Our 
investigations could be used as foundation to design more effective PDF inhibitors targeted to the 
ligand binding pocket of PDF. 
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