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Abstract Enoyl-acyl carrier protein (ACP) reductase
(ENR) is an attractive and potential target for developing
selective antibacterial agents. Recent studies showed that
FabK is the sole isoform of ENR in Streptococcus
pneumoniae, and at the same time an X-ray crystallographic
study of FabK from S. pneumoniae (SpFabK) was reported
for the first time. Based on above information, the
interaction mechanism and pair interaction energies be-
tween ligand and the active site of SpFabK were analyzed
with the ab initio fragment molecular orbital (FMO)
calculation based on the FlexX docking model at the
FMO-RHF/6-31G* level. Subsequently, the first molecular
docking-based 3D-QSAR model with comparative molec-
ular field analysis (CoMFA) was established with cross-
validated coefficients (¢”) up to 0.511 and regression
coefficients (%) up to 0.986. Then integrating the 3D-
QSAR CoMFA predicted model, molecular docking, and
FMO pair interaction analysis structure-based virtual
screening was performed, six novel and potential lead
compounds were sorted out for further study.
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Introduction

Streptococcus pneumoniae is a leading cause of disease and
healthcare expenditure worldwide, and it is still a common
pathogen of community acquired pneumonia, bacteremia,
otitis media and meningitis. The organism claimed the lives
of about 3700 people daily, the majority of whom were
children below the age of five [1]. With the increasing
incidence of penicillin-resistant and macrolide-resistant S.
pneumoniae strains, deaths increased due to the antibiotics
abusage in hospitals [2—4]. Therefore, now it is very urgent
to develop new types of antibiotics to overcome this difficult
problem, and the effective strategies are to discover new
targets or antibacterial agents with novel mechanisms [5].
Fatty acid biosynthesis (FAS) is essential for survival in
mammals, plants, fungi and bacteria. Organisms make fatty
acids in the assembly of important cellular components
including phospholipids, lipoproteins, lipopolysaccharides,
mycolic acid, and cell envelope. The FAS of bacteria is
catalyzed by a set of distinct, monofunctional enzymes
collectively known as the type II FAS (FAS-II). These
enzymes differ significantly from the type I FAS (FAS-I) in
mammalians, in which all of the enzymatic activities are
encoded by one or two multifunctional polypeptides. The
differences between prokaryote and eukaryote in FAS make
this pathway an attractive target for developing selective
FAS-II antibacterial agents [6—8]. Enoyl-acyl carrier protein
(ACP) reductase (ENR) catalyses the last and rate-limiting
step in each round of chain elongation process of FAS-II,
and plays a key role in regulation of the pathway [9, 10]. In
addition, it shows obvious differences in the overall
architecture and low sequence homology with mammalian
enzymes [l1]. So ENR is a good potential target for
selective antibiotics. There are four isoforms, Fabl, FabK,
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FabL and FabV, of ENR [8], and several clinical pathogens
contain more than one isoform of ENR, such as Enterococcus
faecalis and Pseudomonas aeruginosa [12]. In such case,
inhibitors that target only one isoform of ENR would not be
able to inhibit the growth of pathogens. Fortunately, recent
genomic studies have shown that FabK is the sole isoform of
ENR in S. prneumoniae. So FabK will be an excellent target
for developing antibacterial agents against S. pneumoniae.

The development of novel Fabl inhibitors has been
reported by several groups [13-20]. The antibacterial agents
isoniazid [21], diazaboranes [22, 23], and triclosan [24-28]
have been reported as inhibitors of Fabl, but many studies
validated that these agents showed little inhibitory activity to
the FabK target. Furthermore, only a few inhibitors of the
FabK were reported up to now [29-31]. Recently an X-ray
crystallographic study of FabK from S. pneumoniae
(SpFabK) (PDB id code: 2761, 2Z6J) was reported [32],
this was the unique FabK crystal structure published up to
now. It gave a clear description of the active site of the target
enzyme. Based on above information, we arranged a rational
design approach to develop novel FabK inhibitors.

In the present study, we carried out molecular docking and
pair interaction energy analysis to investigate the interaction
mechanism between the active site of SpFabK and its ligands.
Subsequently, the first FabK inhibitor 3D-QSAR model with
comparative molecular field analysis (CoMFA) based on the
molecular docking-based alignment was obtained, and then
we sorted out six novel and potential inhibitor hits of SpFabK
from the SPECs database [33] combining using the 3D-
QSAR CoMFA predicted model, molecular docking, and
FMO pair interaction energy analysis.

Materials and methods
Molecular docking

In order to explore the interaction mechanism and reasonable
binding mode of ligands in the active site of SpFabK,
molecular docking analysis was carried out by the FlexX
module [34, 35] of SYBYL package [36]. The FlexX is a
fast and automated docking program, which takes ligand’s
conformational flexibility into account during the docking
process by an incremental fragment placing technique. We
defined the active site as follows: all atoms located within
the range of 6.5 A from any atom of the TUI ligand (2-(4-(2-
((3-(5-(pyridin-2-ylthio) thiazol-2-yl)ureido)methyl)-1H-imi-
dazol-4-yl)phenoxy)acetic acid) were selected into the so-
called active site, and the amino acid residue was, therefore,
involved into the active site if at least one of its atoms was
selected. The docking ligand was set as mol2 file type and
assigned Gasteiger-Hiickel charge, the input options for 3D
coordinate generation of ligand was set as “If Necessary”,
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formal charge assignment was set as “If Necessary”, add
hydrogens was set as “Use Existing”, test atom typing was
set as “No Testing (Assign Atom if Necessary)”, assign
delocalized types was set as “Use Existing”. The output
options for maximum number of poses per ligand was set as
“30”, output format was set as “SYBYL Database”.
Performing CScore calculations, the CScore execution mode
was set as “Paralle]” model.

FMO pair interaction analysis

To qualify and validate the interaction mechanism between the
active site and ligands, ab initio fragment molecular orbital
(FMO) calculations [37] were performed based on the ligand
binding mode in the active site. FMO is an approximate
molecular orbital method developed for the calculations of
large molecules consisting of thousands of atoms. It has been
successfully applied for the quantum mechanical calculations
of binding energies and pair interaction energies of receptors-
ligands [38, 39]. In the FMO method, the whole molecular
system is divided into small fragments and ab initio FMO
calculations are performed on fragments and fragment pairs,
which are referred to as “monomers” and “dimers” respec-
tively [40—42]. The total electronic energy of the molecular
system is calculated by the following equation, where E;, E;
and Ej; are self-consistent field (SCF) energies of monomer
(D), (J) and dimer (L)), respectively.

E:ZE1+Z<EIJ_E1_EJ) (1)

I>J

Equation 1 can be transformed as follows

E=Y E+» AEy, (2)
1

1>J

where AFE); is the pair interaction energy
AEy =Ejy —Er—Ey (3)

We adopted the residues located within a radius of 6.5A
from the center of the complex of the docking ligand. The
ends of the polypeptide fragments, -NH and —CO, were
capped with hydrogen atoms. All FMO calculations in the
present study were performed by using GAMESS software
[43] at the restricted Hartree-Fock level with the 6-31G*
basis set. Other adopted parameters are explained in detail
shown as document elsewhere [44].

Data sets and molecular alignment rules for CoOMFA
modeling

The validation of 3D-QSAR CoMFA model is strongly
dependent upon the selected training data set and molecular
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Table 1 Molecular structural formulae of compounds collected for the 3D-QSAR CoMFA modeling

Compound Structure FabK pIC50

B6 Qﬁ\**ﬂ 2.96
AES48 Q%}Jt@ 2.29

Compound Ri FabK pIC50
B24 s 4.06
B36 - 3.13
B37 o 247
B38 O 1.64
B39 - 1.52
B40 D 1.49

e
Oi}—/w&w

Compound R> FabK pIC50
B29 H 2.16
B32 6-OMe 2.70
B33 6-Me 2.59
B34 6-F 2.19
B35 6-CN 2.35

AG205 6-COOCH3 2.82
W,

Compound R3 FabK pIC50
B44 Ph 4.38
B47 -~ 5.62
B43 - 5.8
B49 - 5.43

@I?V"T%In

Compound R4 Rs FabK pIC50
B41 H Ph 3.42
B43 H P 4.43
B4S H J 4.43
B46 H JJ 4.01

A~ s X
\ L

Compound R FabK pIC50
A29 @ 2.30
A30 O~ 2.52

alignment rule. All training data set twenty-two compounds
(see Table 1 for specific molecular formula) with pIC50
values in a range from 1.49 to 5.62 were selected from the
two references [29, 31]. Their biological inhibitory activi-

ties were determined by the same method. The testing set
was constituted by AG205 and AE848 compound, they
came from the references [45]. The three-dimensional
structures of all compounds were obtained by using the
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SYBYL program package. Partial atomic charges were
calculated by the Gasteiger-Hiickel method [46], and
energy minimizations were performed using the Tripos
force field [47] and the Powell conjugate gradient algorithm
[48] with a convergence criterion of 0.05 kcal mol™ A™'.
All calculations were performed on a CCNUGrid-based
computational environment (CCNUGrid web site: http:/
202.114.32.71:8090/ccnu/chem/platform.xml).

According to the previous study [44, 49], we learned that
the molecular alignment obtained from molecular docking
active conformation is more accurate and reliable. So in this
study the molecular docking alignment rules were adopted.
The active conformations of all compounds were achieved
by FlexX, docking the ligand into the active site of SpFabK
crystal structure, and the ligands’ active conformations
were selected from the binding orientation in the active site
jointly evaluated by the consideration of FlexX energy
scores.

CoMFA 3D-QSAR modeling

CoMFA steric and electrostatic interaction fields were
calculated at each lattice intersection on a regularly spaced
grid of 2A. The grid pattern was generated automatically by
the SYBYL/CoMFA routine. An sp® carbon atom with a
van der Waals radius of 1.52A and a +1.0 charge was used
as the probe to calculate the steric (Lennard-Jones 6—12
potential) field and the electrostatic (Coulombic potential)
field with a fixed dielectric constant at each lattice point.
The electrostatic energy at the point where the steric energy
exceeded the steric cutoff for any molecule in the analysis
was set to the mean value of the non-excluded electrostatic
field. Values of the steric and electrostatic fields were
truncated at 30.0 kcal mol™.

A partial least-squares (PLS) approach [50, 51], which is
an extension of the multiple regression analysis was used to
derive the 3D-QSAR model, in which the CoMFA

and that binding mode in the crystal structure (green ball-and-stick).
(b) The interaction analysis between the docking mode of TUI and the
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descriptors were used as independent variables, and the
experimental pIC50 values were used as dependent varia-
bles. The cross-validation with Leave-One-Out (LOO)
option and the SAMPLS program [52] were applied to
obtain the optimal number of components to be used in the
final analysis. After the optimal number of components was
determined a non-cross-validated analysis was performed
without column filtering. The ¢* (cross-validated r?), spress
(cross-validated standard error of prediction), 7> (non-cross-
validated %), F values and standard error of estimate values
were computed according to the definitions in SYBYL 7.0
package.

Molecular surface physicochemical properties

Surface physicochemical property maps, i.e., electrostatic
potential, hydrophobic potential, and hydrogen bonding
(donor/acceptor) potential maps of the SpFabK active site
were generated on the solvent accessible (connolly) surface
using the MOLCAD module [53] of SYBYL. These
MOLCAD-generated property surface maps were compared
and contrasted to those obtained by CoMFA modeling.

Virtual screening

To find some novel lead compounds with high potent
inhibitory activity of SpFabK, structure-based virtual
screening SPECs database [33] was carried out using FlexX
docking. The SPECs database contained more than 1.5
million compounds offered by academia and research
institutes from all over the world providing for drug
discovery. The structure of the compounds from SPECs
database are new, the compounds exhibit structural charac-
teristics of a biologically active compound, and meet
absorption distribution metabolism excretion (ADME)
requirements. With the high-throughput virtual screening,
the representative potential hit compounds were sorted out

active site of SpFabK (FMN: pink ball-and-stick; residues: orange
stick; TUI: blue-green ball-and-stick)
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Fig. 2 Pair interaction energies
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by jointly using the docking score, pair interaction analysis
by FMO, predicted pIC50 values by CoMFA 3D-QSAR
modeling, structural diversity, chemical and physical
character.

Results and discussion

FMO pair interaction energy analysis based on molecular
docking

In order to confirm the reliability of the docking procedure
adopted herein, the initial geometric parameters of TUI (2-
(4-(2-((3-(5-(pyridin-2-ylthio) thiazol-2-yl)ureido)methyl)-
1H-imidazol-4-yl)phenoxy)acetic acid) backbone was
extracted out of SpFabK crystal structure 2Z6J, added
hydrogen atoms and subsequently submitted to a minimi-
zation by using the Tripos force field, and then it was
docked back into the active site of 2Z6J (SpFabK) with the
FlexX method. The structural parameters of enzyme were
set rigidly while those ligands were set soft during the
present molecular docking process. FlexX docking results
showed that the binding position of TUI (shown in orange
stick model) in the active site of SpFabK was indeed
similar to that in the crystallographic complex structure

[[emi oB4v  mB24 |

(shown in green ball-and-stick model, see Fig. la). The
interaction analysis between the TUI ligand and the active
site of SpFabK was illustrated in Fig. 1b, the TUI was
shown in ball-and-stick, the thiazole ring and part of the
ureido moiety of the TUI were involved in a face-to-face 7-
7 stacking interaction with the isoalloxazine ring of FMN
(flavin mononucleotide) shown in pink ball-and-stick. In
addition, the thiazole group formed two hydrogen bindings
interaction with Ala96 and His144 residues with the bonds
distance being 1.96A and 2.09A, respectively; the ureido
group and the carboxyl anion group formed hydrogen
bindings to Glul37 and Asn98 residues with the bonds
distance 2.07 A and 2.05 A, respectively. These information
suggested that face-to-face m-m stacking and hydrogen-
bonding play important roles during the complex forming.
All the interaction analysis agreed with the structural
features of the complex in reference [32], and the consistent
results lent credibility to the docking process.

In order to validate numerically the results obtained from
molecular docking with FlexX, and to detect important
interactions between ligand and specific amino acid
residues, FMO calculations were performed for a compar-
ative study of pair interaction energies of ligand with the
binding sites of SpFabK. The calculated pair interaction
energies of TUI with individual residue fragments in the

Fig. 3 The superposition of docking mode of B24 and B49 compound (orange stick) with TUI binding mode (green ball-and-stick) in the crystal

structure, respectively

@ Springer
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Table 2 Results summary of the COMFA modeling with molecular dock-based alignments

q n ”

F SE E% S%

Model-dock 0.511 4 0.986

307.181 0.166 59.0 41.0

N = the optimal number of components to be used in the final analysis. F

= the ratio of / to 1.0 - /? (explained to unexplained), weighted so that the

fewer the explanatory properties and the more the values of the target property, the higher the F ratio; SE: standard error. E%: contribution of electrostatic

field; S%: contribution of steric field

selected active site of SpFabK were illustrated in Fig. 2. Of all
amino acid residues located in the active site of SpFabK, the
Glul37 fragment was responsible for the largest contribution
to the stabilization due to the formation of hydrogen bonding
of electrostatic interaction type between the TUI and the
residues. The second largest contributors were His144 and
Ile145 residues, which should be contributed to the
electrostatic and non-polar interactions. The largest destabi-
lization arose from FMN cofactor, due to the electrostatic
interactions between the electronegative ureido moiety of the
TUI and the electronegative isoalloxazine ring of FMN, and
the contribution from the face-to-face m-7m stacking inter-
actions was ignored during the FMO calculation. As a
further validation, the known inhibitors B24 and B49
compounds, with the pIC50 values 4.06 and 5.43, respec-
tively, acted as positive control, were docked into the active
site of SpFabK. The two known inhibitors’ binding modes in
the active site and the pair interaction energies analysis
between the two inhibitors and the active sites of SpFabK
were shown in Figs. 2 and 3. Generally, all of the binding
sites and the trends of pair interaction energies were similar
to the complex crystal structure of SpFabK. The similar
results lent credit and evidence to the reliability and
reasonableness of the selected parameters in FlexX docking
and the ab initio fragment molecular orbital (FMO)
calculations in the present work.

3D-QSAR CoMFA modeling

Table 2 summarized the PLS analytical results for 3D-
QSAR CoMFA modeling. Model-Dock model has cross-
validated coefficients (¢”) up to 0.511 and regression
coefficients (%) up to 0.986 with optimal number of
components 4. The large ¢* value implied that the obtained
CoMFA model was powerful in predicting pIC50 values.
Table 3 presented the predicted activity values and their
residues from the experimentally measured pICso for the
selected 22 inhibitors of training set and two compounds of
testing set. The numerical results in Table 2 showed that our
present CoMFA model has good predictive ability. The
predicted pICsy values were generally in good agreement
with the experimental data with small residue (the relativity
between predicted and experiment pIC50 values was shown
in Fig. S1). Model-dock model has high cross-validated
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coefficient and powerful predicted ability, which validated
the reliability of active conformations obtained by FlexX.
The 22 inhibitors alignment obtained by the molecular
docking was shown in Fig. S2 of the Supporting informa-
tion. Qualitatively, the steric and electrostatic fields derived
from the docking-based alignment were a joint product by
taking characters of both the ligands and the active site into
account. Figure 4 showed the 3D steric and electrostatic
maps derived from the CoMFA model using docking-based
alignment. Compound B47, one of the most potent SpFabK

Table 3 Experimental activities, predicted activities and residual
values predicted by the molecular alignment using active conforma-
tion achieved by molecular docking

Compound pIC50
Actual Predicted Residues

B24 4.06 3.816 0.24
B29 2.16 2.076 0.08
B32 2.7 2.765 -0.07
B33 2.59 2.46 0.12
B34 2.19 2.513 -0.32
B35 2.35 2.461 -0.11
B36 3.13 3.071 0.06
B37 247 2.554 -0.09
B38 1.64 1.627 0.01
B39 1.52 1.652 -0.13
B40 1.49 1.363 0.13
B41 3.42 3.686 -0.27
B43 443 4.648 -0.22
B44 4.38 4.257 0.12
B45 4.43 4.446 -0.01
B46 4.01 4.135 -0.13
B47 5.62 5.464 0.16
B48 5.28 5.194 0.08
B49 543 5.47 -0.04
B06 2.96 2.827 0.13
A29 2.30 2.196 0.11
A30 2.52 2.394 0.13
AE848' 2.29 2.38 0.09
AG205" 2.82 2.71 0.11

! testing set
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Fig. 4 Steric and electrostatic maps from the CoMFA model using
docking-based active conformation alignment. Compound B47 was shown
inside the field. Sterically favored areas (80% contribution) were
represented by green polyhedra. Sterically disfavored areas (20%

inhibitor, was shown to be inside the fields. The contribu-
tion of the steric field to the activity was 41.0% and that of
the electrostatic field was 59.0%. The 3D contour maps
showed that the changes of molecular fields were associ-
ated with the differences of biological activity. The steric
fields were in green and yellow. The regions of green
contour suggested that more bulky substituents in these
positions would improve the biological activity, while the
yellow regions indicated that an increased steric bulk was
unfavorable for the inhibitory activity.

The ureido moiety of compound B47 in Fig. 4 was
located in the green region resulting in a higher pICs, value
of 5.62. The indole ring group of compound A29 was
extended to the yellow region and therefore its pICs, value
was reduced to 2.30.

Figure 5a showed the steric contours projected over the
solvent accessible (Connolly) topological surface (MOL-
CAD generated) of the active site of the SpFabK. The

contribution) were represented by yellow polyhedra. Blue contours (80%
contribution) encompassed regions where an increase of positive charge
will enhance affinity; whereas red contours (20% contribution) encom-
passed regions where an increase of negative charge will enhance affinity

yellow region (a) flanked the Prol18, Vall16, and Gly97
residues, while the yellow region (b) flanked the His144
residues and the yellow region (c), (d) flanked the Leu266,
Ala96, Gly95 residues and FMN cofactor, respectively. The
green region was located in the channels and toward
outside of the active site pocket. These steric field
distributions of CoMFA model (Model-dock) guaranteed a
large percentage of the ligand volume buried inside the
binding pocket [54].

Figure 5b showed the electrostatic contours projected over
the electrostatic potential surface (MOLCAD generated) of
the active site of the SpFabK. The CoMFA electrostatic
fields in blue suggested that the positive charged substitu-
tions may increase the inhibitory activity, while the red
region indicated that a high electronic density may play a
favorable role in inhibitory potency. The blue regions of the
MOLCAD generated contour maps represent a negative
electrostatic potential, the red regions represented a positive

Fig. 5 (a) Steric contours projected over the solvent accessible
(Connolly) topological surface (MOLCAD generated) of the active
site of the SpFabK; (b) Electrostatic contours projected over the

electrostatic potential surface (blue, negative potential; red/brown,
positive potential) of the active site of the SpFabK

@ Springer
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Table 4 Total scores of FlexX and the predicted pIC50 of CoMFA for six selected hit compounds and known inhibitor TUI compound

Compound 135385 115534
Scores 10.18 9.52
Predicted pIC50 value 4.54 3.45

30728

424

131229 44219 93008 TUI
8.59 8.42 7.92 8.47
4.39 3.75 4.86 4.50

electrostatic potential. The large blue regions (a) and (b) of
CoMFA contour match well with the blue (highly electro-
negative) surface of the binding sites provided by the
Glul37 residues, and the FMN cofactor. Also, the red
regions (c), (d), and (e) of CoMFA contour matched well
with the red (electropositive) surface of the binding sites
provided by the guanidine groups of the His144, Lys147 and
Arg230 residues. The comparison of the two types of
contour maps showed that the present docking-based
CoMFA model generally agree well with the active sites of
the SpFabK in the present work.

Virtual screening

Discovering novel lead compounds is the key and
starting point for any new drug research and develop-
ment project. SpFabK structure-based high throughput
virtual screening was carried out by FlexX method in the
present study. All the docking selected parameters in
FlexX were set as above. Before the docking process, all
compounds from SPECs database were transformed from
2D to 3D by CONCORD module [55] of SYBYL7.0.
Partial charges were assigned to the atoms according to the
method of Gasteiger-Hiickel [46] implemented in SYBYL
7.0. To control the performance of the docking strategy,
three known SpFabK inhibitors with high pIC50 values,

Fig. 6 Molecular structural for-
mulae of hit compounds sorted
out by virtual screening

\

(@)

é{ /Y}—s ~ ~

B47, B48 and B49 were added into the search samples,
their appearance in the hit list served to calibrate and
validate the high throughput virtual screening approach.
After above processes, all compounds were prepared for
the following FlexX docking study, the docking process as
performed above. According to the lowest docking score
of the three known inhibitors, the 4909 entries with
docking score more than 6.90 were primitively screened
out for further analysis.

The above obtained docking-based CoMFA 3D-QSAR
model associated the character of ligand and target, so it has
effective predicted capability. However, FlexX score is
sensitive to the hydrogen bond formation, putting higher
weights on this term than to the steric effect on the activity.
Thus the predicted pIC50 value by CoMFA would
complement and validate the score results of FlexX. At
this step, the pIC50 values of all the 4909 entries with the
binding mode in the active site of SpFabK were predicted
with the CoMFA 3D-QSAR model. We put more confi-
dence on those entries with higher scores from both
CoMFA modeling and FlexX docking.

According to the predicted pIC50 values and docking
scores, 87 entries with higher scores of CoOMFA modeling
and FlexX docking were selected. And then the binding
mode analysis, structure diversity, chemical and physical
character analysis were performed on the 87 entries.

e

135385 115534
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Finally, the representative six potential hit compounds
were sorted out by jointly using the FlexX docking score,
predicted pIC50 values, ab initio FMO calculations,
binding mode, structural diversity, chemical and physical
characteristics. Table 4 depicted the structures of six
potential hit compounds with higher predicted pIC50 values
and docking score of FlexX. As shown in Fig. 6, the
structures backbone of all these compounds were different
from the known inhibitors, but they had similar binding
modes and FMO pair interaction energy trends in the active
site of SpFabK.

Conclusions

In the present study, the interaction mechanism and pair
interaction energies of ligand with the active site of SpFabK
were analyzed with the ab initio FMO calculation based on
the FlexX docking model at the FMO-RHF/6-31G* level.
Most of the binding sites and the trends of pair interaction
energies were similar, which lent credit to the reliability of
the ab initio FMO calculation and illustrated the reason-
ableness of the selected parameters in molecular docking in
the present work. With the above docking process, a
molecular docking-based 3D-QSAR CoMFA model of
FabK inhibitors with excellent cross-validated ¢* and non-
cross-validated 7* values were established for the first time.
Subsequently, integrating of the 3D-QSAR CoMFA pre-
dicted model, molecular docking and FMO pair interaction
analysis structure-based inhibitor virtual screening have
been performed. And finally six novel and potential
inhibitor hits of SpFabK with high screening scores were
sorted out for further study.
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