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B-Ketoacyl-acyl carrier protein synthase (KAS) Il is a condensing enzyme that initiates fatty acid biosyn-
thesis in most bacteria. We determined three pharmacophore maps from receptor-oriented pharmaco-
phore-based in silico screening of the X-ray structure of Escherichia coli KAS III (ecKAS III) and choose
16 compounds as candidate ecKAS III inhibitors. Binding inhibitors were characterized using satura-
tion-transfer difference NMR spectroscopy (STD-NMR), and binding constants were determined with
fluorescence quenching experiments. Based on the results, we propose that the antimicrobial compound,
4-cyclohexyliminomethyl-benzene-1,3-diol (YKAs3003), is a potent inhibitor of pathogenic KAS III, dis-
playing minimal inhibitory concentration (MIC) values in the range 128-256 pg/mL against various

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Fatty acids are an important source of energy for several organ-
isms, and form a major component of all cell membranes. Fatty acid
biosynthesis is a highly attractive molecular focus of drug discovery
research. This biosynthetic pathway is the target of several classes of
compounds displaying antimicrobial and antimalarial activities.!?

Fatty acid synthesis, a common procedure in all organisms, is
controlled by a multifunctional enzyme complex system (fatty acid
synthase; FAS) with acetyl-CoA and malonyl-CoA as precursor sub-
strates. FAS, a multienzyme complex system, consists of seven pro-
tein domains. Two basic types of FAS architecture exist in nature,
designated FAS I and FAS Il (reviewed by Rock).!=> While the
two systems have distinct processes, the related enzymes are
highly conserved. Remarkably, FAS I produces a single fatty acid,
palmitate, while FAS Il generates different products for cellular
metabolism, including fatty acids of varying chain lengths.

FAS I has been identified in eukaryotic organisms, including ani-
mals and humans, and each reaction in this pathway is catalyzed
by distinct domains of large multifunctional proteins.® Since the
enzymatic activities are linked within a single polypeptide tem-
plate with no intermediate diffusion from the complex, FAS I is
considered a more efficient biosynthetic system.> FAS II partici-
pates in fatty acid biosynthesis in the majority of bacteria and
plants. The FAS Il enzyme system catalyzes the same type of reac-
tion, but uses a series of monofunctional proteins that act on indi-
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vidual steps in the biosynthesis pathway.>’ This difference
presents considerable potential for selective inhibition of the bac-
terial FAS systems.®

Fatty acid biosynthesis is initiated by the p-ketoacyl-acyl carrier
protein synthase (KAS) protein.®® The FAS II cycle promotes elon-
gation of fatty acids through several reduction and dehydration
steps. Among the related FAS Il enzymes, the condensing protein,
KAS, is an essential target for novel antibacterial drug design.®®
Three types of KAS (1, II, and III) have been identified to date. KAS
I (encoded by FabB) and KAS II (FabF) are elongation condensing
enzymes that use acyl-ACP as a primer to condense with malo-
nyl-ACP.>® The roles and structures of these two enzymes are sim-
ilar, but a number of the important mechanisms differ from those
of KAS 11l (encoded by FabH). KAS III catalyzes the initial condensa-
tion of acetyl-CoA with malonyl-ACP, and plays an essential role in
bacterial fatty acid synthesis.®'° The initial condensation step of
the FAS II system by KAS III is presented in Figure 1. The sequence
homology between KAS I and KAS II is about 40%, while KAS III only
displays overall homology of <10% with KAS I and KAS II

KASIII,a 35-50 kDa protein with a homodimeric active form, acts
as the condensing enzyme in various bacteria.!! The active site con-
tains a Cys-His-Asn catalytic triad, which is conserved in various
bacterial KAS Ill molecules.!?- 1 KAS Ill represents a promising target
for the design of novel antimicrobial drugs, since this protein regu-
lates the fatty acid biosynthesis rate via an initiation pathway and
its substrate specificity is a key factor in membrane fatty acid com-
position.’>~17 Moreover, the three-dimensional structure of the pro-
tein is highly conserved in various bacteria, and its inhibitors may
thus act as potent antibiotics with broad-spectrum activity.
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Figure 1. KAS Il accomplishes the initial condensation step in FAS II.

Receptor-oriented pharmacophore-based in silico screening is
an effective method to identify novel and specific ligands or inhib-
itors. Since the in silico screening process facilitates the systematic
analysis of possible interactions between a large number of com-
pounds and proteins with the detection of noncovalent interac-
tions in protein active sites, it is an impact methodology of a
rational drug design.'®22 Analysis of protein active sites is impor-
tant for establishing pharmacophore maps, and understanding
receptor-ligand interactions is an essential step of in silico screen-
ing. Pharmacophore maps depict sets of interactions (chemical fea-
tures or functionalities) aligned in three-dimensional space, and
include several features, along with excluded volume regions
based on receptor atom positions.?>** For each compound library,
a multiple conformer database is constructed and searched with a
set of pharmacophore maps. The resulting hits comprise various
conformers of a subset of compounds that satisfy one or more
maps, and are thus expected to fit the active site reasonably well.

In this study, we perform receptor-oriented pharmacophore-
based in silico screening of Escherichia coli KAS III (ecKAS III), with
the aim of identifying novel inhibitors. Candidate inhibitors dis-
played antimicrobial activity against Gram-negative Escherichia
coli (E. coli) and Klebsiella pneumonia (K. pneumonia), Gram-positive
Staphylococcus aureus (S. aureus) and Enterococcus faecalis (E. faecal-
is), and Methicillin-resistant staphylococcus aureus (MRSA), and were
subsequently assessed for binding to ecKAS III using biophysical
screening methods, such as STD-NMR and fluorescence quenching
experiments.

2. Experimental

2.1. Receptor-oriented pharmacophore-based in silico
screening

2.1.1. Building of a 3D compound database

250,000 Synthetic compounds from Specs.net (Kluyverweg,
Netherlands) and Maybridge Chemical Company (Tintagel, Corn-
wall, England) included a database. All compounds were converted
to 3D databases with multiple conformers by applying the catDB
utility program, as implemented in Catalyst™ (Accelrys Inc., San
Diego, CA).2> Multiple conformers were generated using the FAST
search method, and a maximum of 250 conformers was allowed
within an energy cut-off range of 20 kcal/mol. Default values of
all other parameters were applied.?>%¢

2.1.2. Receptor-oriented pharmacophore-based in silico
screening of ecKAS III

Pharmacophores are typically defined by three chemical fea-
tures, specifically, hydrogen bond donors (HBDs), hydrogen bond
acceptors (HBAs) and lipophilicity (Lipo). Active sites of proteins

or receptors often present these characteristics, which are com-
bined to establish pharmacophore maps. Pharmacophore maps
were determined with the excluded volume for heavy atoms,
which is the forbidden area in the active site that defines its shape.
An exclusion model was generated for the active site and sur-
rounding receptor regions and heavy atoms in the receptor ac-
counted for the excluded volume. Each receptor atom selected
for inclusion in the model was presented as an exclusion
point,20-22

We defined the active site of ecKAS III, based on the center and
radius of the binding substrate in an X-ray structure of ecKAS III
complexed with CoA or inhibitor.?”?® Interaction models were
generated within 10 A of the active site center, and the features ad-
justed taking into account the substrate binding model. Among the
multiple pharmacophore maps, the most favorable binding model
of ecKAS III and substrate was established via test in silico screen-
ing with CoA. Pharmacophore maps that effectively expressed the
binding model of enzyme with substrate were selected for search-
ing the compound library. In this study, maps were determined
with two groups. One group comprised three (two H-bond donor
and one lipophilic feature) or four features (two H-bond donors,
one acceptor, and one lipophilic feature) and the other was gener-
ated with two or three features and shape constraints. We selected
the final inhibitor candidates from visual inspections and ligand
score estimations (LigScore). These compounds were further sub-
jected to antimicrobial and binding assays.

Computational studies were performed on a Linux environment
using the Cerius?/SBF module (Accelrys Inc., San Diego, CA) and
catSearch utility, as implemented in Catalyst™ (Accelrys Inc., San
Diego, CA).

2.2. Expression and purification of ecKAS III

2.2.1. Construction of the ecKAS III expression plasmid

The fabH gene encoding KAS III was amplified from E. coli K-12
genomic DNA. The sense primer, 5'-catatgtatacgaagattattggtact-3’,
and antisense primer, 5'-ggatcctagaaacgaaccagcgcgg-3’, were de-
signed on the basis of GenBank accession number 48994873. At
the 5’ end of each primer, a restriction site (Ndel for the sense pri-
mer and BamHI for the antisense primer) was attached to facilitate
cloning. PCR was performed under the following conditions: 35 cy-
cles of denaturation for 1 min at 94 °C, annealing for 1 min at 55 °C,
and extension for 1 min at 72 °C. The resulting product was se-
quenced and cloned between the Ndel and BamHI sites of pET-
15b vector. The ligation mixture was transformed into E. coli
DH50 competent cells.

2.2.2. Expression and purification of ecKAS III
The pET-15b/ecKAS Il plasmid was transformed into the expres-
sion host, E. coli BL21 (DE3). Transformed cells were grown on Luria-
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Bertani (LB) agar plates containing 50 pg/mL ampicillin. SDS-PAGE
was employed to select a colony expressing ecKAS IIl with an N-ter-
minal polyhistidine tag. One colony was used to inoculate 50 mL of
LB medium with 50 pg/mL ampicillin, and grown overnight in a
37 °Cshakingincubator. Fully grown culture (10 ml) was mixed with
11 of fresh LB containing 50 pg/mL ampicillin, and grown at 37 °C
until an optical density at 600 nm of 1.0. The culture was induced
with 1 mM IPTG and grown for 5 more hours at 30 °C. Cells were har-
vested, and the pellet stored at —80 °C.

All lysis and purification procedures were performed at 4 °C.
The frozen pellet was resuspended and lysed by ultrasonication
in buffer A containing 50 mM sodium phosphate and 300 mM
NaCl. The cell lysate was centrifuged and the supernatant loaded
onto a HiTrap chelating column (GE) pre-equilibrated with buffer
A. The column was washed with buffer A, and the bound material
eluted with a linear gradient from 0 to 600 mM imidazole. The
ecKAS IllI-containing fraction was pooled and concentrated with
AmiconUltra (Millipore) using exchanging buffer B (50 mM sodium
phosphate, 100 mM NacCl, pH 8.0). SDS-PAGE was applied to iden-
tify the ecKAS Ill-containing fraction at each stage of purification.

2.3. Binding assays

2.3.1. NMR screening

Saturation transfer difference NMR (STD-NMR) experiments
were performed at 298 K.293° The protein was saturated on-reso-
nance at —1.0 ppm and off-resonance at 40 ppm, with a cascade
of 40 selective Gaussian-shaped pulses of 50 ms duration and
100 ps delay between each pulse in all STD-NMR experiments.
The total duration of the saturation time was set to 2 s.

For STD-NMR experiments, 10 pM recombinant ecKAS III in
50 mM sodium phosphate buffer, 100 mM NaCl, pH 8.0, and candi-
date inhibitors were mixed at a protein/ligand ratio of 1:100. In to-
tal, 1024 scans for each experiment were acquired, and a
WATERGATE sequence used to suppress the water signal. A spin-
lock filter (5 kHz strength and 10 ms duration) was applied to sup-
press the protein background. All NMR spectra were recorded on
Varian Unity Plus 500 MHz and Bruker Avance 500 MHz NMR spec-
trometers at KBSI. Resonance assignments of 'H NMR spectra of
free ligands were completed using 'H-'H COSY, NOESY, HMBC,
and HBQC experiments.

2.3.2. Fluorescence analysis

The binding constants of inhibitors and ecKAS III were mea-
sured on a model RF-5301PC spectrofluorophotometer (Shimadzu,
Kyoto, Japan). The ecKAS III protein (10 pM) was added to buffer
(50 mM sodium phosphate, 100 mM NacCl, pH 8.0). Each candidate
inhibitor was titrated to a final protein/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 mm. Fluorescence quantum yields of
ecKAS 1II and ligand were determined by tryptophan emission.
Samples were excited at 290 nm, and emission spectra recorded
for light scattering effects from 290 to 500 nm. We estimated the
K, value using Eq. 1:!

Fo—F\ , 1 o
10g< F >_logﬁd+nlog[mh1bltor] (1)

where Fy and F represent fluorescence intensity from ecKAS III at
339 nm in the absence and presence of inhibitor, respectively, while
n is the number of inhibitor binding sites on the protein.

2.3.3. The MIC test
The antimicrobial activities of inhibitor candidates were exam-
ined using the standard two-fold serial broth dilution method>?33

with five bacterial species, including two Gram-negative bacteria
(E. coli (KCTC 1682) and K. pneumonia (KCTC 2242)), three Gram-
positive bacteria (S. aureus (KCTC 1621) and E. faecalis (KCTC
2011)), and MRSA (CCARM 3114). The four standard bacteria were
purchased from the Korean Collection for Type Cultures (KCTC)
(Taejon, Korea). The clinical isolate of MRSA (CCARM 3114) was
supplied by Culture Collection of Antimicrobial Resistant Microbes
(CCARM) (Seoul, Korea).

The bacterial suspension was adjusted to 0.5 McFarland stan-
dard prepared from a single colony on an agar plate incubated
for 18-24 h, and diluted 10-fold in Mueller Hinton broth. A 20 pL
aliquot of the diluted cell suspension (1 x 10® colony forming
units) was used to inoculate each well of a 96-well plate containing
100 pL of the same medium with the indicated concentrations of
candidate inhibitors. Plates were incubated at 37 °C for 20 h. MIC
was defined 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 three times
to verify methodology reproducibility using the above conditions.

3. Results and discussion
3.1. In silico screening of ecKAS III

In silico screening was performed on two binding models; Model
1 is based on the ecKAS IlI-CoA complex structure (1HNJ.pdb)?’
and model 2 on the ecKAS Ill-inhibitor complex structure
(1MZS.pdb).2* The 3D structure of ecKAS IIl is shown in Figure 2.
The greatest difference between the two models is whether the
substrate binds KAS III at the catalytic triad tunnel on the active
site via polar or hydrophobic interactions. The KAS III active site
generally contains a catalytic triad tunnel consisting of Cys-His-
Asn, which is conserved in the majority of bacteria. This catalytic
triad plays an important role in the regulation of chain elongation
and substrate binding. Since the alkyl chain of CoA is broken by Cys
of the catalytic triad of KAS III, interactions between Cys and sub-
strate appear to play an important role in substrate binding. Qiu
group (Qiu, X. et al., 2001) have been refined three-dimensional
structure of ecKAS Il in the presence and absence of malonyl-
CoA by X-ray spectroscopy. Since malonyl moiety is degraded by
ecKAS III, molecular docking studies for KAS Il and malonyl-CoA
was carried out to identify a plausible malonyl-binding mode.?’
They found that in one of the binding modes appeared in the lower
scored conformations, the malonyl carboxylate formed hydrogen
bonds to the backbone nitrogen of Phe304. Based on this report,
we designed pharmacophore maps considering the interaction
with Phe304. Phe304 located in the vicinity of the free terminal
thiol group of CoA, and that malonyl carbonyl oxygen is located
near the side-chains of His244 and Asn274, but does not form
hydrogen bonds with His244 and Asn274 residues.?’ In the X-ray
structure of ecKAS Il complexed with an indole inhibitor, a dichlo-
robenzyl ring (a hydrophobic functional group of the inhibitor)
occupies the catalytic triad tunnel instead of a polar group.>*

The geometric center of the ecKAS III substrate was used to de-
fine the active site center. The 9.0 A radius includes all the residues
forming the first shell around CoA or inhibitor bound to the recep-
tor. Chemical features were generated from receptor atoms within
9.0 A from the active site center.

Consequently, we established three pharmacophore maps (I, I
and III). Maps I and II belong to model 1, while Map III is related
to model 2. Pharmacophore maps were generated from the interac-
tion and exclusion models, using all possible combinations of the
three or four features. To prioritize and select optimal pharmaco-
phore maps, we performed self-hit test with multiple conformer
database of malonyl-CoA. In our self-hit-test, we prioritized the
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Figure 2. 3D Structure of ecKAS Il and pharmacophore maps determined using receptor-oriented pharmacophore-based in silico screening. (A) Structure of ecKAS III and its

binding site, (B) Pharmacophore Map I, (C) Map II, and (D) Map III.

maps that reproduced the coordination of substrate and the bind-
ing model of CoA-KAS Il at the X-ray structure most similarly
(rmsd < 0.4 A). Then, the maps were utilized to screen large dat-
abases. Among the 12 pharmacophore maps generated, only two
(Maps I and II) effectively represented the binding model of CoA-
KAS III. Map I consisted of three features, specifically, two hydro-
gen bond donors (HBD1 and HBD2) that involving the backbone
oxygen of Phe304 and Gly209, respectively, and one hydrophobic
interaction (Lipo1) with Ile156, Phe157 and Met207. Map Il com-
prised four features, specifically, two HBD (HBD1 and HBD2), a
hydrogen bond acceptor (HBA1, representing a hydrogen bond

with the Arg36 side-chain), and one hydrophobic interaction
(Lipo1) common to both maps.

Model 2 represents interactions between ecKAS IIl and a known
inhibitor, 1-(5-carboxy-pentyl)-5-(2,6-dichlorobenzyloxy)-1H-in-
dole-2-carboxylic acid. In this model, hydrophobic interactions at
the catalytic triad tunnel are important, and the inhibitor forms
hydrogen bonds specifically with Arg36 and Argl151 of KAS IIIL
Pharmacophore maps were determined by considering the interac-
tions between these two residues. The hydrophobic interaction
was formed with several specified residues of the active site pocket
(Phe157, 1le156, Leu189, and Met207). Map III involved three fea-
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tures, specifically, one hydrogen acceptor (HBA1, representing a
hydrogen bond with a side-chain of Arg36) and two lipo features
(Lipo1 and 2). A shape constraint was applied to regulate the num-
ber of compounds.3> We also performed self-hit test with multiple
conformer database of known inhibitor, 1-(5-carboxy-pentyl)-5-
(2,6-dichlorobenzyloxy)-1H-indole-2-carboxylic acid, and con-
firmed that among six pharmacophore maps, only Map III repro-
duced the binding model of inhibitor-KAS III similar to the X-ray
structure within 0.1 A rmsd.

The three maps were used to search a database built with
250,000 compounds and 1074 compounds were hit by three maps.
We initially selected 100 potential candidate ecKAS III inhibitors,
based on ligand scores (LigScore) range from 5.70 to 3.67.3637 Fi-
nally, 16 candidates were selected by visual inspection considering
the structural novelty of compounds. The two-dimensional struc-
tures of the selected compounds are depicted in Figure 3. These
compounds were further subjected to medium-throughput
screening.

3.2. Binding assay using NMR spectroscopy and fluorescence
experiments

The difference spectra of candidates obtained from STD-NMR
experiments disclosed resonances belonging to ligand protons
bound to ecKAS IIl. Among 16 candidates, 8 compounds bind to
ecKAS III. Our experiments additionally confirmed that the refer-
ence molecule, thiolactomycin (TLM), a known antibiotic inhibitor
of ecKAS III, interacted with the enzyme, as expected.>®-4° STD-
NMR spectra of TLM and YKAs3003 are shown in Figure 4.

When small molecules bind a comparably large protein, magne-
tization is transferred from protons of the protein to spatially close
protons of the ligand.*'*> The transferred magnetization can be
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measured after ligand dissociation from the protein.**** Binding
constants of these 8 compounds and TLM were determined using
fluorescence quenching experiments. The ecKAS III protein con-
tains six Trp residues at positions 56, 113, 123, 140, 221, and
276. Trp221 is in close proximity to the binding site. Protein fluo-
rescence was visibly decreased upon binding of inhibitors. This
quenching of fluorescence was used to estimate the binding con-
stant. The binding (or dissociation) constant, Ky, is defined as [free
protein] [free inhibitor]/[complex].** Fluorescence titration curves
of compounds are presented in Figure 5. The fluorescence intensity
was altered with increasing inhibitor concentrations. These
changes were attributed to the formation of a protein-inhibitor
complex. The K, values of the strong binding inhibitors, YKAs3003
and YKA3013, were estimated as 0.02 and 1.22 pM, respectively,
while that of the known inhibitor, TLM, was 121 uM. YKAs3003
was hit by Map I and YKA3013 by Map IIl. The binding affinities
and results of STD-NMR are listed in Table 1. Based on these re-
sults, we suggest that the strongly binding compounds, YKAs3003
and YKA3013, are potent inhibitors of ecKAS IIL

3.3. Antimicrobial activities of ecKAS III inhibitors

To establish the antimicrobial activities of the 8 candidate com-
pounds, we measured their minimal inhibitory concentration
(MIC) values against E. coli, K. pneumonia, S. aureus, E. faecalis and
MRSA. Two compounds (YKAs3001 and YKAs3003) displayed anti-
bacterial activity within a range of 128-256 pg/mL. YKAs3003
exhibited broad-spectrum activity against all bacterial strains.
The MIC value of YKAs3003 against gram-negative E. coli and
K. pneumonia was estimated as 128 pg/mL. For gram-positive bac-
teria, such as S. aureus and E. faecalis, the MIC value of YKAs3003
was 256 pg/mL. These values are similar to the MIC values
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Figure 3. 2D Structures of selected compounds hit by receptor-oriented pharmacophore-based in silico screening.
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Figure 4. Representative results of the STD-NMR binding assay. (A) TLM and (B) YKAs3003.

obtained with TLM.>® YKAs3001 did not display activity against
gram-negative bacteria. We propose that the outer membrane of
gram-negative bacteria acts as a barrier for this compound.*>4®
All three compounds displayed antimicrobial activity against
MRSA. Notably, the MIC activity of YKAs3001 was lower than those
of TLM and YKAs3003. The antimicrobial activities of these com-
pounds are listed in Table 2. Based on these results, we propose
that YAKs3003 is an inhibitor of ecKAS IIl with broad-spectrum
antimicrobial activity.

While YKAs3001 displayed similar antimicrobial activity to
YKAs3003, its low binding affinity implies that this compound does
not inhibit ecKAS III, but acts on other target proteins. YKA3013 did
not show antimicrobial activity but was a strong binding com-
pound. It may be due to difficulty in penetrating the bacterial cell
wall of YKA3013.

To estimate the cell permeability of YKA3013, we calculated
cLogP and topological polar surface area (TPSA) for four com-
pounds as listed in Table 2. cLogP is the partition coefficient be-
tween water and octanol as a factor of the lipophilicity of
molecules.*”® PSA is defined as the surface sum over all polar
atoms, in particular, TPSA is based on the summation of tabulated
surface contributions of polar fragments.?® These two properties

are commonly used functions for the determination of cell perme-
ability in transport across membranes.*=>! We used software of
Molinspiration (http://www.molinspiration.com) for calculations
of cLogP and TPSA.*° In Table 2, cLogP of YKA3013 is smaller than
those of YKAs3003 and TLM, and similar to that of YKAs3001.
Therefore, the lipophilicity of YKA3013 is smaller than those of
YKAs3003 and TLM. TPSA of YKA3013 is about 2-fold larger than
those of the rest three compounds. The low lipophilicity and large
TPSA are known as the common causes of poor cell permeability.
Based on calculated cLogP and PSA, we can conclude that
YKA3013 has more difficulty to permeate the cell membrane com-
pared with YKAs3001 and TLM.

The antibiotic activity of YKA3013 may be optimized by solving
the problems related to its penetration of the cell membrane.

3.4. Binding model of YKAs3003 and ecKAS III

STD-NMR may be applied to analyze site-specific binding of li-
gands, since the chemical moiety of the ligand in strongest contact
with protein displays the most intense NMR signals.?%5275> STD-
NMR has been utilized for mapping binding epitopes of ligand.”~
51 The largest STD signal in each compound was set to 100%, and
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Figure 5. Fluorescence spectra of 0-100 pM. (A) TLM and (B) YKAs3003.

Table 1

STD-NMR and fluorescence quenching experiments

Pharmacophore maps Compounds Binding assay by STD-NMR Kq (uM)

- TLM Binding 121

Map I YKAs3001 Binding >1000
YKAs3002 Binding >1000
YKAs3003 Binding 0.02
YKAs3007 Binding >1000

Map II YKA3001 Non-binding -
YKA3002 Binding >1000
YKA3004 Non-binding —
YKA3005 Non-binding —

Map III YKA3007 Non-binding —
YKA3008 Non-binding —
YKA3009 Non-binding —
YKA3011 Non-binding —
YKA3013 Binding 1.22
YKA3015 Binding 141
YKA3016 Binding >1000
YKA3020 Non-binding —

Kq is presented in pm.
¢ STD screening shows that these compounds do not bind ecKAS III. Fluorescence
quenching experiments were only performed for compounds that bound to ecKAS III.

Table 2

the relative intensities determined, as common for non-refined
STD effects.>® As reported in the group epitope mapping analysis,
relative intensities were calculated according to Eq. 2 by compar-
ing the intensities of signals in the STD-NMR spectrum (Isyp) with
that of a reference spectrum (Io).2°

Iy — I, I
Agry — o= fsa)_ Lo @)
L o

Figure 6 presents the relative intensity of saturation for individ-
ual protons of TLM and YKAs3003. In TLM, methyl protons of C11
were assigned the highest intensity value of 100%, signifying very
close contact with ecKAS III protein upon binding. Protons of C9
and C8 were awarded values of 87% and 90%, respectively. These
moieties contribute to hydrophobic interactions with the protein.

The chemical designation of YKAs3003 is 4-cyclohexyliminom-
ethyl-benzene-1,3-diol. The compound contains benzene-1,3-diol

o0y OH
2

(36) (46) (42)

N 11(38)

13 12(41)

Figure 6. 2D structures of (A) TLM and (B) YKAs3003, and the relative degree (%) of
saturation of individual protons determined from 1D STD-NMR spectra.

Cys112 _*

Phe304

Asn274

-~

Phe157

e

\A ‘ Gly209

Met207

4 1le156

Figure 7. Binding model of YKAs3003 and ecKAS III hit by Map I. The catalytic triad
is colored white, hydrophobic residues are green, and residues that participate in
hydrogen bonding with YKAs3003 are yellow.

MIC (pg/mL) values of four compounds, TLM, YKAs3001, YKAs3003, and YKA3013 against E. coli, K. pneumonia, S. aureus, E. faecalis, and MRSA, and calculated molecular properties

of compounds

Compound Gram-negative Gram-positive CLogP? TPSAP
E. coli K. pneumoniae S. aureus E. faecalis MRSA

TLM 128 256 256 256 128 3.01 37.30

YKAs3001 >1024 >1024 256 256 256 2.45 57.51

YKAs3003 128 256 256 256 128 3.12 52.82

YKA3013 >1024 >1024 >1024 >1024 >1024 229 102.3

3 CLogP is calculated using software of Molinspiration (www.molinspiration.com).%>°
b Topology polar surface area (TPSA) is calculated using software of Molinspiration (www.molinspiration.com).*%->
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and a cyclohexane moiety, which are connected with a methyl imi-
no group. The proton of C2 was assigned the highest intensity
(100%), while the relative intensity of the proton of C6 was 66%.
C2 is located between two hydroxy groups (HO1 and HO3), and
C6 is close to HO1. The two hydroxy groups in YKAs3003 were
not detected in the 'H NMR spectrum. Since the resonances of li-
gand protons that are chemically exchangeable with protons of
the solvent do not appear, they are not detected by STD-NMR upon
binding.*? Therefore, the benzene-1,3-diol moiety exhibiting a high
degree of saturation is strongly recognized by ecKAS III, and may
be critical for binding affinity. The proton of C8 displayed strong
intensity (68%), compared to the rest of the protons on cyclohex-
ane, with a STD effect in the range of 38-59%. It is proposed that
this moiety interacts with the protein predominantly through the
C8 region. In a hit model of YKAs3003, C8 is close to Ile156, and
may participate primarily in hydrophobic interactions, compared
to the other atoms in cyclohexane.

YKAs3003 was hit by pharmacophore map I consisting of three
features (HBD1 and HBD2 depicting the backbone carbonyl oxygens
of Phe304 and Gly209, respectively, and one hydrophobic interac-
tion (Lipo1) with Ile156, Phe157 and Met207). In the hit model,
HO1 and HO3 form hydrogen bonds with backbone carboxyl oxy-
gens of Phe304 and Gly209, respectively. Cyclohexane may form a
hydrophobic interaction with Ile156, Phe157 and Met207 of ecKAS
IIl. The binding model of YKAs3003 and ecKAS 11l is depicted in Figure
7. Our STD results correlate well with the known binding models of
YKAs3003 and ecKAS Il determined from in silico screening. The
binding information obtained from STD-NMR should facilitate the
optimization of hit compounds and identification of novel structural
compounds via in silico screening.

We propose that YKAs3003 is a potent inhibitor of ecKAS III
with antimicrobial activity, and in silico screening data provide suf-
ficient information to design effective ecKAS III inhibitors. Further
optimization of this compound is required to improve its antimi-
crobial activity.
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