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b-Ketoacyl-acyl carrier protein synthase III (KAS III) is a condensing enzyme in bacterial fatty acid
synthesis and a potential target while designing novel antibiotics. In our previous report, we discovered
the lead compound YKAs3003, which serves as an inhibitor of Escherichia coli KAS III (ecKAS III), and
determined a reliable pharmacophore map from in silico screening. In this study, we determined two
pharmacophore maps from receptor-oriented pharmacophore-based in silico screening of the x-ray
structure of Staphylococcus aureus KAS III (saKAS III) to identify potent saKAS III inhibitors. We discovered
a new potential inhibitor (6) with broad-spectrum antimicrobial activity and 0.8 nM binding affinity for
saKAS III, proving the reliability of our pharmacophore map. Using optimization procedures, we iden-
tified three new antimicrobial saKAS III inhibitors: 6c (2,4-dichloro-benzoic acid (2,3,4-trihydroxy-
benzylidene)-hydrazide), 6e (4-[(3-chloro-pyrazin-2-yl)-hydrazonomethyl]-benzene-1,3-diol), and 6
(4-[(5-trifluoromethyl-pyridin-2-yl)-hydrazonomethyl]-benzene-1,3-diol). All three inhibitors have
a novel 4-hydrazonomethyl-benzene-1,3-diol core structure. These inhibitors exhibited high binding
affinity to saKAS III and highly selective antimicrobial activities against S. aureus and methicillin-resistant
S. aureus, with minimal inhibitory concentration values of 1e2 mg/mL.

� 2011 Elsevier Masson SAS. All rights reserved.
1. Introduction

During the past 60 years, antimicrobials have been defending
against infectious diseases caused by several bacteria, virus and
other pathogenic microorganisms. However, many target micro-
organisms have become resistant to antimicrobials; this is an
increasing public health problem [1]. MRSA is the most common
resistant microbe that is primarily associated with healthcare-
related infection; infection and antibiotic resistance of MRSA are
increasing worldwide [2,3]. The severity of the antimicrobial drug
resistance of MRSA requires the development of new antibiotics
against it and other pathogens. To overcome this resistance
problem, the identification of antimicrobial compounds that have
a novel mechanism of action towards new target enzymes, such as
those involved in bacterial fatty acid biosynthesis, is critical [4,5].

Fatty acids are a main source of energy in bacterial cells and they
play an important role in the formation of cell membranes [6,7].
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The microbial fatty acid biosynthetic pathway contains several
potential therapeutic targets for antimicrobial and antimalarial
drugs [7]. Fatty acid synthase (FAS), a multifunctional enzyme
complex system, regulates fatty acid biosynthesis. As shown in
Fig. 1, the biosynthetic process is initiated by a condensing enzyme,
b-ketoacyl-acyl carrier protein synthase III (KAS III), which is
encoded by the FabH gene [8,9].

KAS III exists as a homodimers, and contains a catalytic triad
formed by the three residues CyseHiseAsn in the active site.
These residues are highly conserved in the KAS III of various
bacteria [10]. KAS III is an initiation enzyme in fatty acid synthesis,
and plays an essential role in bacterial fatty acid biosynthesis [11].
Because the 3D structure of KAS III and its functions are highly
conserved in various bacteria, its inhibitors are powerful antibi-
otics with broad-spectrum activities against gram-negative and
gram-positive bacteria [8].

The 3D structures of KAS III and co-complex structures with
their inhibitors have been identified in various bacteria bymeans of
x-ray crystallography. The first x-ray structure of KAS III was
identified in Escherichia coli (E. coli) by Rock et al. by using a coen-
zyme A (CoA) substrate [12]. The structure of Staphylococcus aureus
(S. aureus) KAS III (saKAS III) was identified by Khandekar et al., and
that of Enterococcus faecalis (E. faecalis) KAS III (efKAS III) was
determined by Appelt et al. [13,14]. KAS III inhibitors have been
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Fig. 1. KAS III initiates the condensation step in FAS II.
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designed by using diverse methods. For example, Head et al.
determined the first x-ray co-crystal structure of E. coli KAS III
(ecKAS III) and a small inhibitor, and successfully designed
a dichlorobenzyloxy-indole-carboxylic acid inhibitor of KAS III [15].
Thiolactomycin (TLM) and celurenin are the only known antibiotics
that inhibit KAS III [9,16]. Many researchers have synthesized
derivatives of these two antibiotics to develop potent antimicrobial
inhibitors of KAS III. Townsend et al. and Dowd et al. have designed
derivatives of TLM as inhibitors of the type I FAS system [17,18].
TLM-independent inhibitors have also been developed. Chu et al.
discovered novel potent KAS III inhibitors by using an automated
docking procedure [19]. Reynolds et al. designed disulfide KAS III
inhibitors against methicillin-resistant S. aureus (MRSA) and
Bacillus anthracis [4] and reported that sulfonyl-naphthalene-1,4-
diols act as KAS III inhibitors [20]. The Schiff base, which has the
structure of an azomethine moiety (eC]Ne), is an important
functional group in medicine [21]. The Schiff ligand shows anti-
microbial activity against various bacteria, including inhibitors of
KAS III. Zhu et al. used a Schiff base-containing thiazole or salicy-
laldehyde template as a substructure for the antimicrobial inhibi-
tors of KAS III [22,23]. Cho et al. and Kaskhedikar et al. performed
quantitative structure-activity relationships (QSAR) to design KAS
III inhibitors [24e26].

In our previous study, we performed a receptor-oriented phar-
macophore-based in silico screening of ecKAS III and identified
a synthetic lead compound, YKAs3003, with weak antimicrobial
activity [27]. A second in silico screening for natural compounds
identified two flavonoids, YKAF01 (phloretin) and YKAF04 (3,6-
dihydroxyflavone), as inhibitors of ecKAS III with strong antimi-
crobial activity [28]. These two procedures established the accuracy
and specificity of our pharmacophore map (Map I). Map I is
composed of three features (Fig. 2A): two hydrogen bond donors
(HBD1 and HBD2) and one hydrophobic interaction (Lipo1).

In this study, we performed a receptor-oriented pharmaco-
phore-based in silico screening of saKAS III by using two maps to
find potent saKAS III inhibitors. We identified and optimized novel
potent KAS III inhibitors that displayed powerful antimicrobial
activities against S. aureus and MRSA, with strong binding affinity
to saKAS III.
2. Materials and methods

2.1. Building of compound databases

We built a compound database including about 750,000
compounds which collected from ChemBridge Corporation (San
Diego, CA) and Specs.net (Kluyverweg, Netherlands). Also, an
analogue database was built, including 430 analogues of 6. The
430 analogues which include 4-iminomethyl-benzene-1,3-diol
or 4-hydrazonomethyl-benzene-1,3-diol, were selected from
a 750,000-compound library. All compounds were converted to 3D
databases with multiple conformers by applying the catDB utility
program, as implemented in DSmodeling (Accelrys, Inc., San Diego,
CA). We built a 3D compound database with multiple conformers
based on the default parameters [29,30]. The parameters are
detailed in our previous report [27].

2.2. Receptor-oriented pharmacophore-based in silico screening of
saKAS III

We defined the active site of saKAS III, based on the center and
radius of the binding substrate in an x-ray structure of ecKAS III
complexed with CoA. Interaction models were generated within
10 Å of the active site center, and the features adjusted taking into
account the substrate binding model. Among the multiple phar-
macophore maps, the most favorable binding model of protein and
substrate was established via test in silico screening with CoA.
Pharmacophore maps that effectively expressed the binding
model of enzyme with substrate were selected for searching the
compound library.

Using selected pharmacophore maps, we searched the
compound database. Candidate compounds are selected by chem-
ical property estimations (LigScore, ALogP, and PSA) [27]. All
computational procedures were performed on a Linux environ-
ment using the DS modeling/SBP module (Accelrys, Inc.) [31].

2.3. Expression and purification of saKAS III

saKASIII were expressed in E. coli BL21 (DE3) and purified. The
pET-15b/KAS III plasmid was transformed into the expression host.
All expression and purification procedures were performed as
described previously [27,32]. The gene encoding saKAS III was ob-
tained by PCR with a set of primers (50-gttcaactatgaacgtgggt-30 and
50-tgttgttttgacatcattaccga-30) and subcloned into BamHIeEcoRI
sites of the pGEX-4T-1 expression vector (GE Healthcare), resulting
in pGEX-saKAS III coding for a glutathione S-transferase (GST)e
saKAS III fusion protein. The recombinant saKAS III was expressed
in E. coli (DE3) as a GST fusion protein and purified from the
supernatant of disrupted cells by GSTrap column (Amersham
Pharmacia Biotech). To remove the GST moiety, the fusion protein
was incubated with 1:10 (mg/unit) thrombin in PBS buffer (10 mM
Na2HPO4, 2 mM KH2PO4, 137 mMNaCl, 2.7 mM KCl, pH 7.4) for 12 h
at room temperature. Once digestion is complete, GSTwas removed
by a GSTrap column. At each stage of the purification process, SDS-
PAGE was applied to identify the saKAS III-containing fraction.

2.4. Fluorescence quenching analysis

We added saKAS III protein (10 mM) to buffer (50 mM sodium
phosphate, 100 mM NaCl, pH 8.0) and titrated each candidate
inhibitor to a final protein-to-inhibitor ratio of 1:10. All solutions
contained similar buffer concentrations. The sample was placed in
a 2 mL thermostatted cuvette, with excitation and emission path
lengths of 10 nm. Using tryptophan emission, we determined the
fluorescence quantum yields of KAS III and the ligand. The detailed
methods are provided in a previous article [27].

2.5. Antimicrobial activity

We examined the antimicrobial activities of the inhibitor
candidates using the standard 2-fold serial broth dilution method
[33] with 1 g-negative bacterium (E. coli [KCTC 1682]) and 4 g-
positive bacteria (S. aureus [KCTC 1621], E. faecalis [KCTC 2011],
MRSA [CCARM 3114], and VREF [clinically isolated]). E. coli [KCTC

http://Specs.net


Fig. 2. Results of our two receptor-oriented pharmacophore-based in silico screening. (A) Pharmacophore map I (Map I) used for discovery of initial antimicrobial inhibitors.
(B) Pharmacophore map II (Map II).
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1682] was purchased from the Korean Collection for Type Cultures,
Korea Research Institute of Bioscience & Biotechnology (Taejon,
Korea). E. faecalis [KCTC 2011], MRSA [CCARM 3114], and VREF
[clinically isolated]) were supplied from the Culture Collection of
Antibiotic-Resistant Microbes (CCARM) at Seoul Women’s Univer-
sity in Korea [34]. The bacterial suspension was adjusted to 0.5
McFarland standard prepared from a single colony on an agar plate
incubated for 18e24 h and diluted 10-fold in Mueller Hinton broth.
A 20 mL aliquot of the diluted cell suspension (1 � 106 colony
forming units) was used to inoculate each well of a 96-well plate
containing 100 mL of the same medium with the indicated
concentrations of candidate inhibitors. The plates were incubated
at 37 �C for 20 h. We defined minimal inhibitory concentration
(MIC) as the lowest concentration of antibiotic leading to complete
inhibition of visible growth in relation to an antibiotic-free control
well. Experiments were replicated at least 3 times to verify meth-
odology reproducibility using the above conditions.
2.6. MTT assay for cytotoxicity

Mouse fibroblast NIH-3T3 cells were obtained from the Korea
Research Institute of Chemical Technology (KRICT, Daejon, Korea).
Cells were cultured in RPMI 1640 supplemented with 10% FBS and
antibioticeantimycotic solution (100 units/mL penicillin, 100 g/mL
streptomycin, and 25 g amphotericin B) in 5% CO2 at 37 �C. Cultures
were passed every 3e5 days, and cells were detached by a brief
trypsin treatment and visualizedwith an invertedmicroscope. Cells
were maintained in suspension or as monolayer cultures and
subcultured. Cytotoxicity against mammalian cells of the
compounds was evaluated using an MTT assay. The cells were
seeded to each well of a plate containing 100 mL of cell suspension
(2 � 104 cells/well) and then incubated at 37 �C in a 5% CO2
atmosphere for 24 h. Various concentrations of compounds were
added to the plate, whichwas then incubated for an additional 24 h.
After the 24-h incubation, 20 mL MTT solution was added to each
well, and the plate was incubated for another 4 h. The amount of
resulting formazan was determined by measuring the absorbance
at awavelength of 570 nm using amicroplate reader [35e37]. Using
phase contrast microscopy (Motic AE31 with a Moticam 2300),
we photographed the cells to determine their morphology after the
24-h culture.
3. Results and discussion

3.1. Receptor-oriented pharmacophore-based In Silico screening of
saKAS III

Since the co-complex structure of substrate and saKAS III has
not been determined, we adapted the binding interactions of
substrate-saKAS III based on the x-ray co-complex structures of
ecKAS III and efKAS III. We performed in silico screening on each
x-ray structure: model 1 is a modified binding model of CoA and
ecKAS III (1HNJ.pdb) [38], andmodel 2 is based on the CoA-efKAS III
(3IL4.pdb) and inhibitor-efKAS III (3IL5.pdb) co-complexes [13].

In model 1, pharmacophore maps were generated from the
interaction and exclusion models by all possible combinations of
the three chemical features. Nine pharmacophore maps were
generated, and only one (Map I) effectively represented the binding
model of substrate-KAS III in each model. Map I is composed of
three pharmacophore features: two hydrogen bond donors (HBD1
and HBD2), which are related to the backbone oxygen atoms of
Gly203 and Phe298, respectively, and one hydrophobic interaction
(Lipo1) with Leu156, Phe157, and Met201. This map corresponds to
the map determined from ecKAS III in our previous reports [27,28].

In the x-ray structure of CoA-efKAS III, the carboxyl oxygen of
CoA formed hydrogen bonds with the side chains of Asn280 and
His250 in Cys-His-Asn catalytic triad, which corresponds to Asn268
and His238 in saKAS III, respectively [13]. In the x-ray structure of



Table 1
Chemical properties (PSA and AlogP), MIC against various bacteria, and dissociation
constants (Kd) of ten candidate saKAS III inhibitors.

Compound PSA AlogP MIC (mg/mL) Kd (mM)

E. coli E. faecalis VREF S. aureus MRSA saKAS III

TLM 62.6 2.62 128 256 128 256 128 55.4
YKAs3003 52.82 3.12 128 256 nda 256 128 nd
1 40.5 2.46 >512 >512 >512 >512 >512 >1000
2 90.6 1.86 >512 256 >512 >512 256 44.0
3 99.4 0.32 >512 >512 >512 >512 >512 >1000
4 98.7 0.83 256 256 32 256 256 >1000
5 79.9 0.46 >512 >512 >512 >512 >512 34.1
6 77.7 3.30 512 64 32 2 4 0.0008
7 100.6 1.55 >512 >512 >512 >512 >512 >1000
8 98.7 2.42 >512 >512 256 >512 >512 0.36
9 110.29 2.84 >512 128 256 >512 >512 649
10 108.99 2.88 >512 256 256 >512 >512 3.18

nda is not detected.
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inhibitor-efKAS III, the inhibitor formed these hydrogen bonds with
the side chains of Asn280 and His250. Furthermore, there was an
additional hydrogen bonding interaction with the backbone
nitrogen of Phe224, corresponding to Phe207 in saKAS III. On the
basis of this binding information, we determined a second phar-
macophore map (Map II) as shown in Fig. 2B. Map II consists of
three chemical features: HBA1, HBD3, and Lipo1. HBA1 represents
hydrogen bonding with Asn268 and His238, while HBD3 involves
hydrogen bonding with the backbone of Phe207. Lipo 1 is identical
in Map I and Map II.

Based on Map I and II, we performed an in silico screening
procedure and searched a compound database composed of
750,000 synthetic compounds. About 2700 compounds were hit by
the two maps; we initially selected 100 potential KAS III inhibitor
candidates based on estimation of the highest ranked ligand scores
(LigScore) [39,40]. Our two previous in silico screening procedures
confirmed the reliability of Map I and successfully determined the
specification of inhibitors through two chemical properties: AlogP
and polar surface area (PSA) [41,42]. These chemical properties are
related to the binding affinity and the cell permeability of KAS III
inhibitors. AlogP values in the range of 2e3.5 and PSA values in the
range of 55e100 Å2 increase the probability of a compound being
a potent inhibitor of KAS III. We selected ten final candidate
compounds that satisfied one of these two criteria. The chemical
structures of these candidates are shown in Fig. 3. Seven
compounds (1w7) were hit by Map I, and three (8e10) were hit by
Map II.
3.2. Binding assay using fluorescence quenching

The dissociation constant (Kd) of nine candidates and a reference
molecule, TLM, which is a known KAS III inhibitor, were determined
by fluorescence quenching experiments with saKAS III [43]. The
dissociation constant (Kd) of compounds are listed in Table 1. Three
of the candidate compounds (2, 5, and 9), as well as TLM, bind
saKAS III with 2e3-digit micromolar binding affinities. 8 and 10 had
a micromolar dissociation constant for saKAS III. 6 binds tightly to
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KAS III with a nanomolar (0.8 nM) dissociation constant. Fluores-
cence titration curves of 6 binding to saKAS III are shown in Fig. 4.

The chemical properties of the four compounds (1, 3, 4, and 7)
that did not bind to saKAS III are shown in Table 1.1 has a PSA value
under 50, while 3, 4, and 7 have ALogP values less than 2. Therefore,
PSA and ALogP values were correlated with binding affinity. Based
on these results, we proposed that the six strongly binding
compounds (2, 5, 6, 8, 9, and 10) could be potential inhibitors of
saKAS III.

3.3. Antimicrobial activities of candidate compounds

We measured the minimal inhibitory concentration (MIC)
values of the ten candidate compounds against a gram-negative
bacterium (E. coli), 2 g-positive bacteria (S. aureus and E. faecalis),
and two resistant bacteria (MRSA and vancomycin-resistant
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Fig. 4. Fluorescence spectra of saKAS III in the presence of 6.

Fig. 5. Binding model of KAS III and three potent KAS III inhibitors (6, 6c, and 6e).
(A) Detailed and superimposed binding model of 6 and saKAS III. (B) Overlapped
binding model of three saKAS III inhibitors. 6 is shown in yellow, 6c in magenta, and 6e
in blue. (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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showed very strong activity against S. aureus and MRSA, especially
at 2e4 mg/mL. It showed much more potent antibacterial activity
compared with TLM: the MIC of TLM was in the range of
128e256 mg/mL [28]. These results agree with those obtained from
the binding assay described in the previous section.

Even though compound 2 and 5 bind tightly to saKAS III, they
did not have any antimicrobial activity, implying that they might
have difficulties in penetrating the bacterial cell membrane. AlogP
values were analyzed for these two compounds: 2 and 5 have AlogP
lower than 2 (0.46 and 1.86), which are lower than the other
candidate compounds. Therefore, we reconfirmed the correlation
between the two chemical properties (PSA and ALogP) and the
biological activities of the antimicrobial inhibitors of KAS III, as
suggested in our previous article.

Compound 8, 9 and 10, which were hit by Map II, satisfied the
PSA and ALogP criteria and showed good binding affinity for saKAS
III. Unfortunately, they showed very low antimicrobial activity
against VREF and they did not display antimicrobial activity against
S. aureus and MRSA. Map II was determined based on the binding
model of a substrate or inhibitor to efKAS III and involves hydrogen
bonding with Asn268, His238, and Phe207. From our experimental
results, these interactions are characteristic of saKAS III binding, but
they may not be critical for antimicrobial activity against S. aureus
and MRSA. Future work will involve revising Map II to develop
a more selective antimicrobial inhibitor of saKAS III.

3.4. Binding model of 6 and saKAS III

Compound 6 (4-[(5-trifluoromethyl-pyridin-2-yl)-hydrazono-
methyl]-benzene-1,3-diol) contains a benzene-1,3-diol moiety:
two hydroxyl oxygen atoms of the diol participate in the hydrogen-
bonding interactions with the backbone carbonyl oxygen atoms of
Gly203 and Phe298. The pyridine ring of 6 forms a hydrophobic
interaction with Thr153, Leu156, and Met201 of saKAS III. The tri-
fluoromethyl group of 6 forms a new hydrophobic interaction with
Trp32 and Thr37 at the end of the binding site. This additional
interaction, which was not included in our previous study of
inhibitors of ecKAS III, may enhance the binding affinity, resulting
in the increased antimicrobial activity of this compound. The
proposed interaction model of 6 and saKAS III is shown in Fig. 5A.

Interestingly, YKAs3003, which was discovered as an ecKAS III
inhibitor in our previous study, and 6 both have a benzene-1,3-diol
moiety, which forms hydrogen bondswith KAS III that contribute to
the binding affinity of the KAS III inhibitors. On the other hand,
YKAs3003 has a Schiff base moiety, whereas 6 has a hydrazone
moiety. We hypothesize that the hydrazone group influences anti-
microbial activity against the S. aureus bacterial strain, because the
antimicrobial activity of 6 is much higher than that of YKAs3003
against S. aureus and MRSA. The hydrazone functionality has
previously been shown to contribute to the biological activity of
compounds, such as antimicrobial activity against several bacteria
[44,45]. Several known antibiotics contain a hydrazone group,
including rifampicin [46],whichbelongs to the rifamycin family, and
cefazolin [47], a first generation cephalosporin class of antibiotic.
Therefore, the hydrazone group in our compounds is likely a critical
feature in the design of antimicrobial inhibitors of saKAS III.

It was necessary to identify the structural importance of the
benzene-1,3-diol and hydrazone moieties (called 4-hydrazono-
methyl-benzene-1,3-diol) to optimize our new KAS III inhibitors
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with selectivity against S. aureus and MRSA. Therefore, we per-
formed in silico screening to optimize the potency of 6 to find
analogs with higher activities.

3.5. In silico screening for saKAS III inhibitors with 6 analogs

Each moiety of 4-iminomethyl-benzene-1,3-diol and 4-
hydrazonomethyl-benzene-1,3-diol was taken as the template
core structure in the search for analogs of 6. In this screening, we
Table 2
Structures, chemical properties (PSA and AlogP) and dissociation constants (Kd) of analo
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identified a new pharmacophore map (Map III) that included Map I
and an additional hydrophobic feature (Lipo2) found in 6. Lipo2
represents an additional hydrophobic interaction of the tri-
fluoromethyl group of 6. We thus performed in silico screening with
these two pharmacophore maps (Map I and III).

We selected 430 analogs that included 4-iminomethyl-
benzene-1,3-diol or 4-hydrazonomethyl-benzene-1,3-diol as a core
structure from 750,000 synthetic compounds, and built an analog
database. Among 430 analog compounds,102were hit by these two
gs of 6 as inhibitors of saKAS III.

PSA AlogP Kd (mM)

saKAS III

52.8 4.27 0.72

52.8 4.27 0.61

52.8 3.85 0.0072

102.2 3.29 0.0009

85.5 2.20 0.0003

90.6 2.08 0.23

110.6 1.56 1.48



Fig. 6. Results of the MTT assay for the suggested KAS III inhibitors. This plot depicts
the cell survival percentage values of NIH-3T3 versus the concentration of four anti-
microbial inhibitors of KAS III.
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maps. We selected seven analogs that were the highest ranked by
LigScore and had a LogP value in the range of 2e3.5 and a PSA value
in the range of 55e100 Å2. The 2D structures of these seven
compounds and their chemical scoring values are shown in Table 2.

3.6. Binding assay and antimicrobial activity of 6 analogs

We measured the Kd and antimicrobial activity of the seven
analogs (6ae6g). All analogs and 6 exhibited high binding affinity
to saKAS III. 6c, 6d, and 6e had extremely high affinities, with Kd

values as low as single-digit nanomolar. 6e showed the highest
binding affinity to saKAS III. The dissociation constants of the
analogs are listed in Table 2.

All analogs except 6d showed some antimicrobial activities
against various bacteria (Table 3). Compound 6c displayed broad-
spectrum antimicrobial activity against all five bacterial strains in
the range of 4e64 mg/mL, similar to that of 6. 6e showed very
selective antimicrobial activity against only S. aureus and MRSA at
an MIC of 1 mg/mL 6, 6c, and 6e, which had the highest binding
affinities against saKAS III compared to the other two bacterial KAS
III, showed excellent antimicrobial activities against S. aureus and
MRSA. Therefore, high binding affinities resulted in strong anti-
microbial activity, with specificity against S. aureus and MRSA. As
such, these compounds may be potential candidates in the devel-
opment of novel antibiotics against S. aureus and its resistant
bacterial strains.

3.7. Binding models of 6 analogs and saKAS III

Compounds 6c (2,4-dichloro-benzoic acid (2,3,4-trihydroxy-
benzylidene)-hydrazide) and 6e (4-[(3-chloro-pyrazin-2-yl)-
hydrazonomethyl]-benzene-1,3-diol) were hit by Map I, implying
that they have one hydrophobic interaction with saKAS III. There-
fore, the additional hydrophobic interaction Lipo2 in Map III, which
originated from the trifluoromethyl group of 6, is not necessarily
a critical feature for the design of saKAS III inhibitors.

As mentioned previously, the benzene-1,3 diol group of each
compound participated in hydrogen bonding interactions with the
backbone carbonyl oxygen atom of Gly203 and Phe298. Further-
more, the 1,3-dichloro-benzene ring of 6c and 3-chloro-pyrazine of
6e formed a hydrophobic interaction with Thr153, Leu156, and
Met201 of saKAS III. The superimposed binding model of three
potential inhibitors is depicted in Fig. 5B.

In this study, we confirmed that the compounds, including 4-
hydrazonomethyl-benzene-1,3-diol structural moiety, are novel
and potent antimicrobial inhibitors of saKAS III. Our further opti-
mization will thus focus on decreasing compound cytotoxicity,
while increasing their antimicrobial activity, and the analogs of our
antibacterial compounds will be synthesized for the refinement of
structure-activity relationship (SAR).
Table 3
Antimicrobial activities of analogues of 6 in various bacteria.

Compound MIC (mg/mL)

E. coli E. faecalis VREF S. aureus MRSA

TLM 128 256 128 256 128
6 512 64 32 2 4
6a 64 >512 >512 128 128
6b 64 512 >512 64 128
6c 64 32 32 4 4
6d >512 >512 >512 >512 > 512
6e >512 >512 32 1 1
6f 256 >512 >512 128 128
6g >512 >512 256 256 512
3.8. Cytotoxicity of 6, 6c, and 6e

The cytotoxicity of the three potent inhibitors against a mouse
embryonic fibroblast cell line (NIH-3T3) was investigated using the
MTT assay [48]. A plot of cell survival percentage values of NIH-3T3
cells versus the compound concentration is shown in Fig. 6. TLM
and 6 showed over 85% and 67% cell survival at 100 mM, respec-
tively. 6c and 6e showed lower IC50 values (10.9 mM and 10.3 mM,
respectively) against the normal fibroblast cells compared with
TLM and 6. However, at their MIC (1e4 mM), theywere not cytotoxic
to NIH-3T3 cells. It is possible that the antibacterial activities of 6c
and 6e might be originated from cytotoxic effects. Therefore, the
relationship between cytotoxicities and antimicrobial activities of
these two compounds needs to be investigated and optimization
needs to be done to reduce cytotoxicity in our further study.

4. Conclusion

In our two previous receptor-oriented pharmacophore-based in
silico screenings of ecKAS III, we identified the lead compound
YKAs3003 and confirmed the specificity of a pharmacophore map
(Map I) to the design of antimicrobial KAS III inhibitors. Here, we
determined two pharmacophore maps from receptor-oriented
pharmacophore-based in silico screening of the x-ray structure of
saKAS III to identify potent antimicrobial saKAS III inhibitors. We
conducted biological assays and identified compound 6 as a novel
and potent antimicrobial inhibitor of saKAS III. 6, which has a 4-
hydrazonomethyl-benzene-1,3-diol moiety, had a higher binding
affinity, which increased its antimicrobial activity, compared to
YKAs3003. The antimicrobial activity of 6 against S. aureus and
MRSA was stronger than its activity against other bacteria, with an
MIC value of 2e4 mg/mL. From these results, we confirmed the key
role of the benzene-1,3-diol moiety on binding to saKAS III, which
participates in hydrogen bonding interactions with side chains of
the backbone oxygen of Phe304 and Gly209. We also verified the
critical role of the hydrazone moiety on antimicrobial activity. In
addition, we established the proper criteria of chemical scoring
functions (ALogP and PSA) of KAS III inhibitors: ALogP values in the
range of 2e3.5, and PSA values in the range of 55e100 Å2.

To confirm the structural importance of the benzene-1,3-diol
moiety and hydrazone moiety in 6, we performed a fourth in sil-
ico screening with analog compounds of 6. All nine selected analogs
showed good binding affinity to all three bacterial KAS III enzymes



J.-Y. Lee et al. / European Journal of Medicinal Chemistry 47 (2012) 261e269268
with micromolar to nanomolar dissociation constants. Eight
analogs, except 6d, showed good antimicrobial activity against
various bacteria. 6c and 6e, which have the 4-hydrazonomethyl-
benzene-1,3-diol structural moiety similar to 6, showed an
extremely high binding affinity for saKAS III and remarkable anti-
microbial activities specifically against S. aureus and MRSA in
the range of 1e4 mg/mL MIC. We can conclude that the 4-
hydrazonomethyl-benzene-1,3-diol group is an essential func-
tional moiety for the design of saKAS III inhibitors with powerful
antimicrobial activity. This study shows that 6, 6c, and 6e are novel
compounds that can be potent antimicrobial inhibitors of saKAS III
with selectivity against S. aureus and MRSA.
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