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ARTICLE INFO ABSTRACT

Keywords: S. aureus resistant to methicillin (MRSA) is one of the most-concerned multidrug resistant bacteria, due to its role
Antibiotic resistance in life-threatening infections. There is an urgent need to develop new antibiotics against MRSA. In this study, we
MRSA

firstly compiled a data set of 2,3-diaminoquinoxalines by chemical synthesis and antibacterial screening against
S. aureus, and then performed cheminformatics modeling and virtual screening. The compound with the Specs ID
of AG-205/33156020 was discovered as a new antibacterial agent, and was further identified as a Gyrase B
(GyrB) inhibitor. In light of the common features, we hypothesized that the 6c as the representative of 2,3-dia-
minoquinoxalines also inhibited GyrB and eventually proved it. Via molecular docking and molecular dynamics
simulations, we identified binding modes of AG-205/33156020 and 6¢ to the ATPase domain of GyrB.
Importantly, these GyrB inhibitors inhibited the MRSA strains and showed selectivity to HepG2 and HUVEC.
Taken together, this research work provides an effective ligand-based computational workflow for scaffold
hopping in anti-MRSA drug discovery, and discovers two new GyrB inhibitors that are worthy of further
development.

Antibacterial agent
Virtual screening
DNA Gyrase inhibitors

1. Introduction

The increasing emergence of antibiotic resistance poses a serious
threat to public health worldwide [1]. Among the bacteria that devel-
oped antibiotic resistance, the ESKAPE pathogens, i.e., E. faecium, S.
aureus, K. pneumoniae, A. baumannii, P. aeruginosa and Enterobacter
species are the most important, as they are involved in many life-
threatening infections and difficult to treat [2]. The ESKAPE patho-
gens resistant to clinically used antibiotics were covered by the World
Health Organization (WHO) “priority pathogens” list for R&D of new
antibiotics [3]. According to this list, S. aureus resistant to methicillin
(MRSA) belongs to the class of “high-priority” pathogens.

MRSA is a major cause of both community and hospital-acquired
infections such as complicated skin and skin structure infections,
bacteremia, diabetic foot infection and community acquired

pneumonia, and has led to remarkable increases in morbidity, mortality
as well as overall healthcare costs [4]. At present, several drugs are
available for the treatment of MRSA infections in clinic (e.g. vancomy-
cin, daptomycin and linezolid). However, the safety concerns have
limited their use in clinical practice [4]. Though new antibacterial
agents with favorable toxicity profiles are in late clinical development
phases, they are derived from previously approved drug classes and their
mechanisms are the same [5]. To avoid cross-resistance, anti-MRSA
agents with new chemotypes or new modes of action are urgently
needed.

Virtual screening is a widely used strategy for hit identification [6],
and has been proved fast and effective for discovery of new-chemotype
antibacterial agents [7,8]. As such, we applied this strategy to discover
novel anti-MRSA agents. Unlike other studies that completely used the
known chemical structures with known activity as references for
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building ligand-based models [9-11], we newly compiled a set of
compounds for cheminformatics modeling by chemical synthesis and
bacterial growth inhibition assay. The chemical series that we focused
on was the 2,3-diaminoquinoxaline (cf. Fig. 1). Recently, several de-
rivatives were reported as antibacterial agents against S. aureus
RCMBO010010 [12]. Due to the rather limited chemical data and the lack
of knowledge on mode of action, however, no cheminformatics
modeling work based on this chemical series had been done. Based on
the data set, we built the common-feature pharmacophore models with
six active 2,3-diaminoquinoxalines in the modeling set, and determined
the optimal model by its performance evaluation with the actives and
inactive 2,3-diaminoquinoxalines in the test set. Apart from this anal-
ysis, we also used the most potent derivative to generate a shape-based
model and FCFP_6 fingerprints. By integrating the models into a
computational workflow, we performed in silico and in vitro screening to
identify diverse antibacterial agents against S. aureus with scaffolds
different from the 2,3-diaminoquinoxalines. We also studied mode of
action of the hit as well as the 2,3-diaminoquinoxalines, and proposed
plausible binding modes by molecular docking and molecular dynamics
simulations. In order to highlight the clinical significance of this
research work, we presented the antibacterial activity against clinically-
isolated MRSA and the cytotoxicity profile.

2. Results and discussions
2.1. 2,3-diaminoquinoxalines for computational modeling

Since pharmacophore modeling required a certain number of active
and inactive compounds, we synthesized 18 derivatives with the 2,3-dia-
minoquinoxaline as the core scaffold and tested their antibacterial ac-
tivity in term of MIC against S. aureus ATCC29213, a wild-type and
methicillin-sensitive S. aureus (MSSA) strain, by the broth microdilution
method [13].

The synthetic routes of the derivatives were designed and performed
according to the previous publications [14-16], with minor modifica-
tion. As shown in Scheme 1, the synthesis of 6a-1 started with the re-
action between o-phenylenediamines (1a-b) and oxalic acid for the
production of the 2,3-Quinoxalinediones (2a-b) [12]. By the chlorina-
tion of the 2,3-Quinoxalinediones and the substitution with various
anilines to the 2,3-dichloroquinolines (3a-b), the target compounds
were obtained. Notably, we used DMF as the solvent and aluminum
trichloride as the catalyst in the last step, which led to a high reaction
rate and a good yield (59%-80%). As for 7a-c, the un-substituted 2,3-
dichloroquinoline reacted with ethyl amine to produce the 3-chloro-N-
ethylquinoxalin-2-amine (4), which was further substituted by different
anilines at the position 3. The synthesis of 8a—c was based on the same
scheme as 7a-c, except that 4-chlorobenzenesulfonamide was used to
replace ethyl amine as the reagent in the reaction. All the target com-
pounds were structurally validated by melting points, 'H NMR, '3C NMR
and HRMS.

The NH protons of 6a-f revealed peaks in "H NMR spectra at 5 9.15,
9.20, 9.37, 9.93, 9.81 and 8.96 ppm, respectively. The corresponding
aromatic C—H protons of these compounds were displayed in 'H NMR

H
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-

Fig. 1. The 2,3-dianilinoquinoxaline scaffold in antibacterial agents
against S. aureus.
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spectra as the signals from 7.20 to 8.32. As for compounds 6 g-1, the
unique methyl groups on the quinoxalines can be identified in both 'H
NMR and '3C NMR spectra. To be specific, their proton signals were
respectively shown at § 2.45, 2.45, 2.47, 2.43, 2.43 and 2.43 ppm in 'H
NMR, and their carbon signals were observed at § 21.41, 21.41, 21.42,
21.40, 19.23, 21.40 ppm in 3C NMR spectra. With regard to compounds
7a-c, the signals of two NH protons appeared at the positions different
from those of compounds 6a—f in the 'H NMR spectra. The two peaks
were located at § 8.77 ppm and 7.18 ppm for both 7a and 7c¢, and at 8.84
ppm and 7.21 ppm for 7b. The other features of compounds 7a-c
included two signals of the ethyl groups in the 13C NMR spectra, i.e., §
36.37 and 14.67 ppm for 7a, § 36.38 and 14.67 ppm for 7b, and § 36.38
and 14.66 ppm for 7c. The structures of compounds 8a-c were easy to
validate from the 'H NMR spectra, according to the peaks at 6 12.36,
12.37, 12.33 ppm (for the NH protons of sulfonamide) and the signals at
§9.10, 9.23, 8.93 ppm (for the NH protons of the phenylamino groups).

Their chemical structures and MICs are listed in Table 1. Although
the structures of 6a, 6b, 6¢, 6e and 6f were previously reported, all of
them were never tested against S. aureus ATCC29213 [12,14,17]. As
shown in the table, 6a-1 showed potent antibacterial activity against
S. aureus ATCC29213 (MICs: 0.1-3.13 pg/mL). 7a-c could inhibit
S. aureus ATCC29213 at the concentrations between 50 pg/mL and 100
pg/mL. However, 8a-c were not active, with MICs greater than 100 pg/
mL. The above data demonstrated a preliminary relationship between
the chemical structures of 2,3-diaminoquinoxalines and the antibacte-
rial activity for S. aureus ATCC29213. To be specific, (i) symmetrical
substitutions of the 2,3-dichloroquinoxaline with the phenylamino
groups were optimal for antibacterial activity (6a-1 vs. 7a-c/8a-c).
When the phenylamino group on one side was replaced with either
ethylamino- or sulfonamide- group, the antibacterial activity was
significantly reduced. (ii) The electron-withdrawing substituents at the
phenylamino group are better for antibacterial activity than the
electron-donating groups, e.g. 6a-d vs. 6e-f, 6 g-i vs. 6 k-1. This set of
compounds represents an ideal set of compounds for cheminformatics
modeling.

2.2. Insilico and in vitro screening for antibacterial agents

2.2.1. Computational models

We used Catalyst/HipHop module of Discovery Studio (v16.1.0,
Dassault Systemes Biovia Corp) to generate 10 common-feature phar-
macophore models, based on six 2,3-diaminoquinoxalines with potent
antibacterial activity against S. aureus, i.e. 6a-f. The features of the
pharmacophore models are shown in Table 2. The ranks of the phar-
macophore models were very close, with 75.92 as the maximum and
73.26 as the minimum. The values of Direct Hit, Partial Hit and Max Hit
were the same for 10 models.

To facilitate model selection, the other 12 2,3-diaminoquinoxaline
derivatives, i.e. 6 g-1, 7a-c and 8a-c were used as a test set for the
evaluation of model performances in discriminating actives from in-
actives. According to Fig. 2a, it is easy to identify pharm_07 as the
optimal model as it assigned the maximal values (4.7-5.0) to the actives
whereas the minimal values (0.05-2.5) to the inactives. This model was
composed of one hydrophobic feature for aromatic rings and two gen-
eral hydrophobic features, one hydrogen bond donor, one hydrogen
bond acceptor (cf. Fig. 2b).

We used ROCS to build the shape-based model, with the lowest-
energy conformer generated by Discovery Studio as the query. The
model is shown in Fig. 2c.

2.2.2. Computational workflow

The computational workflow consisted of pharmacophore filtering,
shape matching and fingerprints-based similarity search (cf. Scheme 2).
We screened the Specs chemical library (~210,000 compounds) for
potential antibacterial agents with the computational workflow. A total
of 45,550 Specs compounds with their corresponding conformers/
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Scheme 1. The general synthetic route of the 2,3-diaminoquinoxalines. (a) 4 N HCl, oxalic acid, reflux, 4 h; (b) SOCl,, DMF; (c) Ethyl amine, EtOH, reflux, 8 h; (d) 4-

chlorobenzenesulfonamide, DMF, K,COs, reflux, 4 h; (e) Ro-PhNH,, AlCl3;, DMF.

stereoisomers that matched Pharm_07 passed the pharmacophore
filtering. We only selected 5,901 compounds with the pharmacophore
FitValues>3.2. By matching the conformers to the shape-based models,
we picked 2500 top-scoring compounds. Furthermore, we calculated 2D
similarity in term of Tanimoto coefficient (Tc) between these com-
pounds and compound 6¢ based on FCFP-6 fingerprints. To identify hits
with core scaffolds different from the 2,3-diaminoquinoxaline, we
excluded the most similar compounds with the Tc values greater than
0.3 (i.e. 2,3-diaminoquinoxalines). From the other compounds with Tc
values less than 0.3, we selected 503 compounds (Tc: 0.24-0.12). The
structural clustering into 25 clusters based on FCFP_6 fingerprints
facilitated the selection of structurally diverse compounds. By visual
inspection, we selected one or two chemical structures from each cluster
by giving priority to those with greater FitValues and shape Tc values,
less fingerprint similarity as well as good synthetic feasibility. We
selected 15 Specs compounds that were commercially available and had
never been previously reported as antibacterial agents. The FitValues of
these compounds ranged from 3.40 to 4.38, indicating of a relatively
high pharmacophore similarity (Table 3). Their shape similarity values
(Tc) were between 0.57 and 0.69, which demonstrated that they
generally fit the shape of the most active derivative 6c. Besides, the
minimum of the fingerprint similarity (Tc) was 0.13, while the
maximum was 0.22. It implied that the compounds somewhat shared
common fingerprints with the most active derivative 6¢ but also con-
tained unique scaffolds.

2.2.3. Experimentally validated hits

We purchased and tested 15 potential hits for their antibacterial
activity against S. aureus ATCC29213. As shown in Table 3, the com-
pound with the Specs ID of AG-205/33156020 was experimentally
validated as an antibacterial agent, and its MIC value was 6.25 pg/mL.
Though not as potent as some of the 2,3-diaminoquinoxalines, it was
structurally different from the 2,3-diaminoquinoxalines, with the
fingerprint similarity (Tc) as low as 0.16. Fig. S3 shows AG-205/
33156020 was well mapped to the pharmacophore model Pharm_07
(FitValue: 3.72). The successful identification of the diverse hit

validated the effectiveness of our ligand-based computational workflow
for scaffold hopping.

2.3. Mode of action

2.3.1. Inhibition of S. aureus DNA Gyrase B

As mentioned above, AG-205/33156020 was never tested against
S. aureus. In order to understand its mode of action, we further analyzed
the fragments of its chemical structure. It was interesting to see that this
compound contained the fragment named arylaminotriazine, which
appeared in the Gyrase inhibitors from Astrazeneca [18]. A few publi-
cations pointed out that Astrazeneca arylaminotriazines inhibited DNA
supercoiling by targeting the ATP binding site of GyrB [19,20]. With this
evidence, we tested it for its inhibitory activity on GyrB. As a result, it
showed moderate inhibition, with the ICsy value of 1.1 + 0.1 uM (cf.
Fig. 3a). Because its chemical structure well matched the optimal
common-feature pharmacophore model and the shape-based model
derived from the 2,3-diaminoquinoxalines, we also tested the repre-
sentative compound 6c¢ against GyrB. As expected, 6¢ was a GyrB in-
hibitor, with an ICsg value of 5.2 + 0.1 pM (cf. Fig. 3a).

2.3.2. Plausible binding modes

The data above demonstrated that AG-205/33156020 and 6¢ were
two new GyrB inhibitors with moderate antibacterial activity against
S. aureus. With the crystal structure of GyrB (PDB code: 4URO), we
performed molecular docking of the two compounds against GyrB with
OEDocking module in OpenEye and then molecular dynamics (MD)
simulations for 100 ns with AMBER 20 to further analyze the pro-
tein-ligand interactions. The RMSDs of the heavy atoms in GyrB and the
two ligands as a function of time are shown in Fig. 3b, where the protein
structure or ligand structure in every frame is superimposed on the
corresponding starting conformation by the CPPTRAJ program [21]. As
for the system of GyrB in complex with AG-205/33156020, it reached
equilibrium after about 40 ns. The system of GyrB in complex with 6¢c
reached a plateau after approximately 80 ns. The respective pro-
tein-ligand binding mode after equilibrium was extracted and is shown
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Table 1
Chemical structures of the 2,3-diaminoquinoxalines and their antibacterial ac-
tivity against S. aureus ATCC29213 in term of MIC (pg/mL).

Compound ID Ry Ry S. aureus ATCC29213(pug/mL)  Usage

Modeling set
Ra
N NH
X
Ri N”NH
Ra
6a H 4-Cl 0.2
6b H 4-Br 0.2
6¢ H 3,4-diCl 0.1
6d H 3,4-diF 0.2
6e H 4-Me 3.13
6f H 4-Et 3.13
68 CH; 4-Cl 0.39 Test set
6h CH; 4-Br 0.2
6i CH3 3,4-diCl 0.2
6j CH; 4-Me 1.56
6 k CH3 4-Et 1.56
61 CH3 4- 3.13
Propyl
H
N\ N N
XX
Ri N7 NH
Rz
7a H 4-F 100
7b H 4-Cl 50
7c H 4-Br 50
cl
CILE
N7 NH
Rz
8a H 4-F >100
8b H 3,4-F >100
8c H 4-Me >100
Table 2

10 common-feature pharmacophore models generated with the Catalyst/
HipHop module in Discovery Studio.

Pharmacophore Features” Rank Direct Hit” Partial Hit® Max Fit
Model

pharm 01 XXZDH 75.92 111111 000000 5
pharm_02 XZ7ZDH 74.75 111111 000000 5
pharm_03 XXZDA 74.72 111111 000000 5
pharm_04 RXZDH 74.46 111111 000000 5
pharm 05 XZZDA 73.55 111111 000000 5
pharm_06 XZZDH 73.43 111111 000000 5
pharm_07 XZZDH 73.35 111111 000000 5
pharm 08 XXZDH 73.34 111111 000000 5
pharm_09 XXZDH 73.31 111111 000000 5
pharm_10 RXZDA 73.26 111111 000000 5

# X, hydrophobic from aromatic rings; Z, general hydrophobic; D, hydrogen
bond donor; H, hydrogen bond acceptor lipid; A, hydrogen bond acceptor; R,
ring aromatic.

b Direct Hit: 1, a ligand fully matches the pharmacophore; 111111, all the
ligands directly match the pharmacophore;

¢ Partial Hit: 1, a ligand partially rather than fully matches the pharmaco-
phore; 000000, no ligand partially matches the pharmacophore.

Bioorganic Chemistry 114 (2021) 105042

in Fig. 3c.

AG-205/33156020 binds to GyrB via forming (1) the hydrogen
bonds between the phenolic hydroxyl group and Asp81/Gly85 as well as
between the triazine fragment and His124, (2) the hydrophobic in-
teractions with Pro87, Ala98, His124, Ile51, 11e86 and Ile175. 6¢ binds
at the entrance of the ATP binding site of GyrB. As expected, its 2,3-dia-
minoquinoxaline scaffold plays the most essential role in protein-ligand
binding as it forms the electrostatic interaction with Arg84 and the
hydrogen bonds with Lys118 and Glu58. It should be noted that only one
of the secondary amine groups interacts with the protein. Two
dichlorophenyl groups interact with Thr173/Ile175 and Lys118/Ile102
via hydrophobic interactions, respectively. The details of the pro-
tein-ligand interactions from MD simulations may provide insights for
further structural optimization.

2.4. Anti-MRSA activity and cytotoxicity

To explore whether the two GyrB inhibitors were promising for
further development, we tested their antibacterial activity against clin-
ical isolates of MRSA by the broth microdilution assay [13], and their
cytotoxicity to two mammalian cell lines by the sulforhodamine B (SRB)
assay [22]. Table 4 lists the MIC values for three clinical isolates of
MRSA. As shown in the table, both compounds can inhibit the growth of
MRSA below the concentration of 10 pg/mL. Though not as potent as the
last-resort antibiotics, i.e. vancomycin, AG-205/33156020 achieved
the MIC values of 4-8 pg/mL (or 9.5-19.0 uM). 6¢ was equivalent to
vancomycin in term of potency, with the MIC value of 0.5 pg/mL (or 1.1
pM). Regarding the cytotoxicity, the CCsg values of AG-205/33156020
for human hepatocellular carcinoma (HepG2) cells and human umbilical
vein endothelial cells (HUVEC) were 21 pM and 34 pM, while the values
of 6¢c were 4.9 pM and 10 pM, respectively. According to the above data,
it is concluded that both hits showed anti-MRSA activity and were
somewhat selective to HepG2 and HUVEC, but remained to be
optimized.

3. Conclusion

MRSA has been defined by WHO as “high-priority” for new antibi-
otics discovery and development. This is somewhat attributed to cross-
resistance, i.e. bacterial resistance to all the drugs of the same chemo-
type or mode of action. Discovery of novel antibacterial chemotypes
may overcome this issue. In this study, we comprehensively employed
chemical synthesis, cheminformatics analysis, ligand-based virtual
screening and biological evaluation to identify novel anti-MRSA hits.

The 2,3-diaminoquinoxalines were previously reported as a new
class of antibacterial agents against S. aureus [12], but the amount of the
available derivatives was insufficient for cheminformatics modeling. To
close the gap in experimental data, we first compiled a data set
composed of 18 compounds with the 2,3-diaminoquinoxaline as the
scaffold and with the MIC values ranging from 0.1 pg/mL to > 100 pg/
mL, by chemical synthesis and antibacterial screening against S. aureus
ATCC29213. Based on the data set, we built 10 common-feature phar-
macophore models with the DS/HipHop module and selected pharm_07
out as the optimal model. We then integrated the pharmacophore model,
the shape-based model and the FCFP-6 fingerprints of 6c into the
computational workflow, screened the Specs chemical library and
identified a structurally different compound with moderate antibacterial
activity against S. aureus ATCC29213, namely AG-205/33156020.

Furthermore, we performed bioassay to understand the mode of
action and demonstrated that AG-205/33156020 was a S. aureus GyrB
inhibitor. Due to the same pharmacophore features and shape shared by
6c, we hypothesized and eventually validated GyrB as one protein target
of 6¢. This is quite interesting as the protein targets of the 2,3-diamino-
quinoxalines had never been reported before this study. By molecular
docking and molecular dynamics simulations, we have proposed the
most plausible binding modes of the two GyrB inhibitors, which would
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Fig. 2. The models of the computational workflow. (a) The 2,3-diaminoquinoxalines in the test set are mapped to every pharmacophore model. (b) The optimal
common-feature pharmacophore model. The model is composed of one hydrophobic feature from aromatic rings (blue) and two general hydrophobic features (light
blue), one hydrogen bond donor (purple), one hydrogen bond acceptor (green). The most active 2,3-diaminoquinoxaline 6c is mapped to the model. (c) The shape-
based model from the lowest-energy conformation of 6c. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

Specs chemical
library (~210 K)

pharmacophore
(DS/Catalyst/HipHop)

FitValue>3.2 (Top5,901)

shape (OE/ROCS)

shape_Tanimoto (TopZ2,500)

FCFP_6 (DS Fingerprints)

2D_Similarity<0.3 (Top503)

clustering & visual inspection

Diversity, synthetic feasibility,
commercial availability

15 potential hits

Scheme 2. The computational workflow for virtual screening.

be helpful for hit-to-lead optimization. Further evaluation of anti-MRSA
activity of the two new GyrB inhibitors and cytotoxicity to HepG2 and
HUVEC has shown they effectively and somewhat selectively inhibit the
growth of the MRSA strains. As no GyrB inhibitor was approved for
clinical use after the withdrawing of novobiocin [23], both AG-205/
33156020 and 6¢ may serve as good starting structures for development
of new antibiotics.

4. Materials and methods
4.1. Chemistry

4.1.1. General methods

All the reactions were monitored by thin layer chromatography
(TLC) on the silica gel plates GF254 (0.20 mm, Yantai Chemical Industry
Research Institute, China). High resolution mass spectrometry (HRMS)
was performed by the LC/MSD TOF mass spectrometer system (Agilent
Technologies Inc., USA). 'H NMR spectra were all recorded on Bruker
Avance III 500 spectrometer (Varian Mercury, USA) at the frequency of
500 MHz. °C NMR (101 MHz or 126 MHz) spectra were recorded on
Bruker 400 or 500 spectrometer. For the spectrometry, DMSO-dg was
used as the solvent and tetramethylsilane was used as an internal stan-
dard. The column chromatography on silica gel (200-300 mm; Qingdao
Haiyang Chemical Co., Ltd, China) was used for the purification of
products. All the solvents and organic reagents were commercially
available and not further purified.

4.1.2. General procedure for the synthesis of intermediates 2a-b

The intermediates were prepared according to the synthetic routes
proposed by El-Atawy M.A. et al. [12]. The o-phenylenediamine or 4-
methylbenzene-1,2-diamine (1a/1b, 1 equiv) and anhydrous oxalic
acid (1 equiv) were dissolved in 4 N HCl (100 mL) in a round-bottom
flask in a size of 250 mL. The mixture was refluxed at 100 °C for 4 h
while being stirred. The reaction mixture was concentrated under
reduced pressure. The residue was washed with ethanol (50 mL) and
dried, which afforded 1,4-dihydroquinoxaline-2,3-dione (2a/2b) as
white solid.

4.1.2.1. 1,4-dihydroquinoxaline-2,3-dione (2a). Yield 83%, white and
powder-like solid. 1 NMR (500 MHz, DMSO-dg) 6 11.93 (s, 2H), 7.12
(m, 4H). 3¢ NMR (126 MHz, DMSO-dg) 6 155.79, 155.49, 132.73,
125.86, 124.20, 123.71, 115.60, 115.43, 20.98.
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Table 3
15 potential hits selected from the computational workflow. The chemical structures, the similarity based on pharmacophore features, shape features and 2D fin-
gerprints as well as their antibacterial activity (MIC) against S. aureus ATCC29213 are listed.

Specs ID Structure Similarity S. aureus ATCC29213
- L)
Pharmacophore Shape (Tc¢)* Fingerprint (ug/mL)
(FitValue) (Te)
AT-057/43468612 — p 3.40 0.68 0.14 >100
A
NS
@i = P
N HN
d
A0-476/41339614 2 4.38 0.61 0.14 >100
Ty s

AS-710/43364291 3.50 0.69 0.13 >100
AG-205/40649626 3.58 0.58 0.13 >100
A0-081/41480557 3.96 0.58 0.18 >100
F
o
. el
R H
‘ Z
AK-968/41927008 @S‘/}S ° 3.90 0.60 0.17 >100
NJ_I?N‘QS:Q
N
AE-641/40793067 4.08 0.61 0.15 >100
s O
@[N/%NH N Y
¢}
AG-205/33156020 /@ 3.72 0.62 0.16 6.25
%ﬂ\l\
NZSN HO.
O \NJ\N,N\J@\C‘
AG-690/12245283 L 3.75 0.60 0.17 >100
0o
o F
‘\S’N\)l\N C
S N
s
AH-487/41801452 L 4.00 0.65 0.13 >100
0
Qs
o1 L,
o
s

A0-476/42169377 o 4.05 0.64 0.18 50

AG-690/11231009 k 4.03 0.65 0.22 >100

AN-584/43492661 i 4.00 0.57 0.19 >100
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@ Tanimoto coefficient as a metric of structural similarity.
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Y The assay was performed in duplicate and vancomycin was the positive drug (MIC: 1.56 pg/mL).

Fig. 3. The molecular mechanism of compounds
AG-205/33156020 and  6c. (a) The

L concentration-dependent ATPase inhibition of
S. aureus Gyrase B (GyrB). The calculated ICsq
r values of AG-205/33156020 and 6¢ are 1.1 +

0.1 pM and 5.2 + 0.1 pM, respectively. (b) Heavy-
atom RMSDs of S. aureus GyrB and the ligands as
L a function of time during the 100-ns MD simula-
tions. Each RMSD was calculated with the start-
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T ing conformation/pose as the reference. (c)
Plausible binding modes of the two ligands to the
ATP binding site of S. aureus GyrB as derived
from MD simulations. Images were created with
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Discovery Studio 2016. The interacting residues
and the ligands are shown in stick representa-
tions. Color codes: orange, residues; green, AG-
205/33156020; purple, 6¢. (For interpretation of
the references to color in this figure legend, the
reader is referred to the web version of this
article.)
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Table 4
Antibacterial activity (MIC) and cytotoxicity (CCso) of two newly-identified
GyrB inhibitors.

Compound MIC (pg/mL) CCsp (M, mean =+
ID SD)"
MRSA MRSA MRSA HepG2 HUVEC
15-1 15-2 15-3
AG-205/ 4 8 4 21 +3 34+0.5
33156020
6¢ 0.5 0.5 0.5 49 + 10+2
0.4
vancomycin 0.5 1 1 n.d. n.d.

# values represent cytotoxicity after 72-hour treatment with the compounds.
mean, the average of duplicate; SD, standard deviation.

80 100

4.1.2.2. 6-methyl-1,4-dihydroquinoxaline-2,3-dione (2b). Yield 74%,
white and powder-like solid. 'H NMR (500 MHz, DMSO-dg) 611.85 (d, J
=5.9 Hz, 2H), 7.01 (d, J = 8.2 Hz, 1H), 6.92 (s, 1H), 6.87 (d, J = 8.2 Hz,
1H), 2.26 (s, 3H). 13C NMR (126 MHz, DMSO-ds) 5155.79, 155.49,
132.73, 125.86, 124.2, 123.71, 115.60, 115.43, 20.98.

4.1.3. General procedure for the synthesis of intermediates 3a-b

The intermediates were prepared according to the reference [24].
The compounds 2a/2b (1 equiv.) was placed in a round-bottom flask in a
size of 250 mL and then SOCI, (10 equiv.) was added. The reaction
mixture was stirred at 70 °C for 4 h, followed by the concentration under
reduced pressure. The residue was washed with n-hexane (50 mL) and
then dried, which afforded 2,3-dichloroquinoxaline (3a/3b) as a pale
yellow solid.

4.1.3.1. 2,3-dichloroquinoxaline (3a). Yield 90%, pale-yellow solid. 'H
NMR (500 MHz, DMSO-dg) 6 8.13 (m, 2H), 8.00 (dd, J = 21.0, 10.7 Hz,
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2H). 13C NMR (126 MHz, DMSO-dg) § 145.08, 140.50, 132.25, 128.39,
123.44, 115.58.

4.1.3.2. 2,3-dichloro-6-methylquinoxaline (3b). Yield 77%, pale-yellow
solid. 'H NMR (500 MHz, DMSO-dg) 6 7.98 (t, J = 7.0 Hz, 1H), 7.87
(d, J = 6.1 Hz, 1H), 7.80 (d, J = 8.5 Hz, 1H), 2.59 (s,3H). 13C NMR (126
MHz, DMSO-ds) 6 144.86, 143.97, 142.91, 140.58, 138.95, 134.30,
127.8,127.12, 21.76.

4.1.4. General procedure for the synthesis of target compounds 6a-1

The synthesis of 6a-1 were performed according to the earlier pub-
lication [14]. A suspension of compounds 3a-b (1 equiv.), aromatic
amine (1 equiv.) and AlCl3 (1.1 equiv.) in DMF (50 mL) was stirred at
110° C for 8 h. The reaction was quenched by cold water (50 mL). The
product was extracted with ethyl acetate (3 x 75 mL). The organic phase
was washed with water (2 x 20 mL) and brine (30 mL), dried with
anhydrous NaySO4. The solvent was evaporated under reduced pressure
and then the solid was purified by flash column chromatography with
petroleum ether/ethyl acetate (25:1) as the eluent.

4.1.4.1. NZ,N3-bis(4-chlorophenyl)quinoxaline-Z,3-diamine (6a). Yield
71%, light yellow solid. m.p.: 236-239 °C. 'H NMR (500 MHz,
DMSO-dg) 6 9.15 (s, 2H), 7.96 (d, J = 8.6 Hz, 4H), 7.60 (dd, J = 6.1, 3.5
Hz, 2H), 7.48 (d, J = 8.6 Hz, 4H), 7.40 (dd, J = 6.2, 3.5 Hz, 2H). 13C
NMR (101 MHz, DMSO-dg) 6 141.52, 139.67, 136.57, 128.97, 126.47,
125.98, 122.40. HRMS calcd for CyoH14C1oNg [M + H]*, 381.0666;
found, 381.0668

4.1.4.2. NZ,N3—bis(4—bromophenyl)quinoxaline—Z,3—diamine (6b). Yield
74%, light yellow solid. m.p.: 253-255 °C. 'H NMR (500 MHz,
DMSO-dg) 6 9.20 (s, 2H), 7.92 (d, J = 8.2 Hz, 4H), 7.60 (d, J = 8.6 Hz,
6H), 7.43 — 7.37 (m, 2H).*C NMR (101 MHz, DMSO-ds) §141.50,
140.11, 136.55, 131.86, 126.01, 125.98, 122.79, 114.43. HRMS calcd
for C20H14Br2N4 [M + H]Jr, 4689658, fOllIld, 468.9623

4.1.4.3. NZ, N3-bis( 3,4-dichlorophenyl)quinoxaline-2,3-diamine (6¢).
Yield 74%, yellow-green solid. m.p.: 151-153 °C. 'H NMR (400 MHz,
DMSO-dg) 6 9.37 (s, 2H), 8.31 (d, J = 2.5 Hz, 2H), 7.89 (dd, J = 8.8, 2.6
Hz, 2H), 7.68 — 7.58 (m, 4H), 7.44 (dd, J = 6.2, 3.5 Hz, 2H).13C NMR
(101 MHz, DMSO-dg) 6141.35, 140.95, 136.48, 131.26, 130.94, 126.55,
126.16,124.04,121.62, 120.61. HRMS calcd for CooH12N4Cl4 [M + H] T,
448.9889; found, 448.9883

4.1.4.4. NZ, N3-bis( 3,4-difluorophenyl)quinoxaline-2,3-diamine (64).
Yield 63%, yellow-green solid. m.p.: 216-218 °C. 'H NMR (500 MHz,
DMSO-dg) 6 9.93 (s, 2H), 8.32 (d, J = 7.6 Hz, 1H), 8.29 (d, J = 7.2 Hz,
1H), 7.84 - 7.78 (m, 2H), 7.63 (dt, J = 6.6, 3.4 Hz, 2H), 7.49 (d, J = 9.6
Hz, 1H), 7.46 (d, J = 9.6 Hz, 1H), 7.41 (dd, J = 6.3, 3.5 Hz, 2H).13C NMR
(126 MHz, DMSO) & 141.35, 137.92, 135.65, 126.11, 125.53,
123.47,117.67, 117.30, 115.60, 109.70.HRMS calcd for CogH1oN4F4 [M
+ H]™, 385.1071; found, 385.1064

4.1.4.5. N?,N-di-p-tolylquinoxaline-2,3-diamine (6e). Yield 73%, light
yellow solid. m.p.: 146-148 °C. 1 NMR (500 MHz, DMSO-dg) 6 9.81 (s,
2H), 7.77 (d, J = 7.9 Hz, 4H), 7.52 (dt, J = 6.2, 3.3 Hz, 2H), 7.29 (dd, J
= 6.3, 3.4 Hz, 2H), 7.20 (d, J = 7.8 Hz, 4H), 2.30 (s, 6H).13CNMR (101
MHz, DMSO-dg) §141.73, 137.48, 132.81, 129.67, 125.62, 121.75,
21.03. HRMS caled for CooHag N4 [M—H]', 339.1615; found: 339.1605

4.1.4.6. N? N%-bis(4-ethylphenyl)quinoxaline-2, 3-diamine (6f). Yield
58%, light yellow solid. m.p.: 127-130 °C. H NMR (500 MHz,
DMSO-dg) 6 8.96 (s, 1H), 7.82 (d, J = 8.2 Hz, 2H), 7.54 (dd, J = 6.2, 3.5
Hz, 1H), 7.34 (dd, J = 6.1, 3.6 Hz, 1H), 7.27 (d, J = 8.1 Hz, 2H), 2.64 (q,
J=7.6Hz, 2H), 1.25 (t, J = 7.6 Hz, 3H). '3C NMR (101 MHz, DMSO-de)
6 141.67, 138.53, 138.27, 136.66, 128.32, 125.73, 125.38, 121.26,
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28.14, 16.24. HRMS caled for CoqHosN4 [M + HI]T, 369.2074; found,
369.2069

4.1.4.7. N? N-bis(4-chlorophenyl)-6-methylquinoxaline-2,3-diamine

(6g). Yield 62%, yellow-green solid. m.p.: 228-231 °C. 'H NMR (500
MHz, DMSO-dg) 6 9.42 (s, 2H), 8.01 (t, J = 9.1 Hz, 4H), 7.50 (d, J = 8.2
Hz, 1H), 7.46 (dd, J = 9.1, 2.9 Hz, 4H), 7.43 - 7.40 (m, 1H), 7.23 (d, J =
8.2 Hz, 1H), 2.45 (s, 3H). 13C NMR (101 MHz, DMSO) 5 141.02, 139.91,
139.87, 136.32, 136.21, 135.42, 134.27, 134.19, 128.91, 127.60,
126.40, 126.27, 122.38, 122.27, 21.41.HRMS calcd for Co1HgN4Cly [M
+ H], 395.0825; found, 395.0815

4.1.4.8. N2 N>-bis(4-bromophenyl)-6-methylquinoxaline-2,3-diamine
(6h). Yield 67%, light yellow solid. m.p.: 234-236 °C.'H NMR (500
MHz, DMSO-dg) 6 9.49 (s, 2H), 7.97 (t, J = 8.8 Hz, 4H), 7.58 (m, J = 9.0,
3.0 Hz, 4H), 7.50 (d, J = 8.3 Hz, 1H), 7.42 (s, 1H), 7.24 (d, J = 8.3 Hz,
1H), 2.45 (s, 3H).!3*C NMR (101 MHz, DMSO-dg) 5141.49, 140.98,
140.30, 136.09, 135.47, 134.17, 131.80, 127.63, 125.46, 125.28,
122.80, 122.69, 114.40, 114.26, 21.41. HRMS calcd for Cy1H;6BroN4
[M + H]t, 482.9814; found: 482.9842

4.1.4.9. N? N%-bis(3,4-dichlorophenyl)-6-methylquinoxaline-2, 3-diamine
(61). Yield 81%, light yellow solid. m.p.: 169-171 °C. 'H NMR (500
MHz, DMSO-dg) § 9.22 (s, 1H), 9.19 (s, 1H), 8.32 (d, J = 2.5 Hz, 1H),
8.28 (d, J = 2.5 Hz, 1H), 7.86 (td, J = 8.3, 2.5 Hz, 2H), 7.65 (dd, J = 8.8,
3.2 Hz, 2H), 7.53 (d, J = 8.3 Hz, 1H), 7.47 - 7.43 (m, 1H), 7.29 (dd, J =
8.3, 2.0 Hz, 1H), 2.47 (s, 3H).'3>C NMR (101 MHz, DMSO-ds) 5141.31,
141.07, 140.98, 140.75, 136.42, 136.16, 134.50, 131.26, 130.90,
128.26, 125.85, 125.63, 123.91, 123.77, 121.47, 121.35, 120.49,
120.36, 21.42. HRMS caled fOI.C21H14C14N4 [M + Na]+, 484.9973;
found: 484.9858

4.1.4.10. 6-methyl-N2,N3-di-p-tolylquinoxaline-2,3-diamine (6j). Yield
80%, light yellow solid. m.p.: 161-163 °C. 'H NMR (500 MHz,
DMSO-dg) 6 8.89 (s, 1H), 8.85 (s, 1H), 7.78 (dd, J = 10.4, 8.2 Hz, 4H),
7.43 (d, J = 8.2 Hz, 1H), 7.37 - 7.33 (m, 1H), 7.22 (dd, J = 8.4, 2.5 Hz,
4H),7.20-7.14 (m, 1H), 2.43 (s, 3H), 2.34 (d, J = 2.9 Hz, 6H). ">*C NMR
(101 MHz, DMSO) 6 141.73, 141.22, 138.24, 138.17, 136.55, 134.75,
134.60, 131.95, 131.83, 129.51, 127.03, 125.44, 125.35, 121.16,
121.08, 21.40, 20.99.HRMS caled for CosHagNyg [M + H]™, 355.1917;
found: 355.1926

4.1.4.11. N? N°-bis(4-ethylphenyl)-6-methylquinoxaline-2,3-diamine
(6k). Yield 45%, yellow-green solid. m.p.: 155-158 °C. 1H NMR (500
MHz, DMSO-dg) 6 8.91 (s, 1H), 8.86 (s, 1H), 7.80 (t, J = 8.3 Hz, 4H), 7.43
(d,J=8.2Hz,1H), 7.35 (s, 1H), 7.28 - 7.23 (m, 4H), 7.17 (d, J = 8.2 Hz,
1H), 2.64 (qd, J = 7.5, 2.5 Hz, 4H), 2.43 (s, 3H), 1.24 (t, J = 7.7 Hz,
6H).13C NMR (101 MHz, DMSO) § 141.09, 140.57, 138.20, 138.08,
137.01, 136.91, 135.53, 134.11, 133.59, 126.94, 125.72, 123.90,
123.79, 119.82, 27.16, 19.23, 14.18. HRMS calcd for CosHagN4 [M +
H]+, 383.2230; found, 383.2224.

4.1.4.12. 6-methyl-N% N°-bis(4-propylphenyl)quinoxaline-2, 3-diamine

(61). Yield 72%, light yellow solid. m.p.: 144-146 °C. I NMR (500
MHz, DMSO-dg) § 8.91 (s, 1H), 8.87 (s, 1H), 7.81 (t, J = 8.3 Hz, 4H), 7.44
(d, J = 8.1 Hz, 1H), 7.39 - 7.35 (m, 1H), 7.23 (dd, J = 8.4, 3.2 Hz, 4H),
7.17 (dd, J = 8.3, 1.8 Hz, 1H), 2.62 - 2.55 (m, 3H), 2.43 (s, 3H), 1.64 (h,
J=7.5Hz, 4H), 0.95 (t,J = 7.3 Hz, 6H).'3C NMR (101 MHz, DMSO-dg)
§141.67, 141.15, 138.50, 138.41, 136.75, 136.56, 134.74, 134.62,
128.87, 127.03, 125.44, 125.36, 121.01, 120.89, 37.25, 24.69, 21.40,
14.15. HRMS caled for Co7H30N4 [M + H] T, 411.2543; found, 411.2537.

4.1.5. General procedure for the synthesis of target compounds 7a—c
According to the literature [15], a solution of 70% ethyl amine (2
equiv.) was dropwise added to a solution of compound 3a (1 equiv.)
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dissolved in absolute ethanol (50 mL). The reaction mixture was then
refluxed for 8 h. The solvent was evaporated under reduced pressure.
The residue was purified by flash column chromatography with petro-
leum ether/ethyl acetate (10:1) as the eluent to afford 3-chloro-N-eth-
ylquinoxalin-2-amine (4) as a white solid. The intermediate 4 was
directly used for the next reaction. It was dissolved in DMF (50 mL), to
which aromatic amine (1 equiv) and AlCl3 (1.1 equiv.) were added. The
mixture was stirred at 110° C for 8 h, then the reaction was quenched by
cold water (50 mL). The product was extracted with ethyl acetate (3 x
75 mL), and the organic phase was washed with water (2 x 20 mL) and
brine (30 mL), dried with anhydrous Na;SO4. The solvent was evapo-
rated under reduced pressure and the solid was purified by flash column
chromatography with petroleum ether/ethyl acetate (10:1) as the
eluent.

4.1.5.1. N?-ethyl-N3-(4-fluorophenyl)quinoxaline-2,3-diamine (Za).
Yield 59%, yellow solid. m.p.: 138-140°C. THNMR (500 MHz, DMSO-dg)
8 8.77 (s, 1H), 7.94 (dd, J = 9.0, 5.0 Hz, 2H), 7.50 (d, J = 7.9 Hz, 2H),
7.30 (t, J = 7.5 Hz, 1H), 7.27 — 7.21 (m, 3H), 7.18 (d, J = 5.0 Hz, 1H),
3.58 (qd, J = 7.3, 4.7 Hz, 2H), 1.34 (t, J = 7.2 Hz, 3H). 13C NMR (101
MHz, DMSO-dg) 13C NMR (101 MHz, DMSO) §144.19, 141.04, 137.85,
137.14, 137.11, 135.54, 125.74, 125.29, 125.18, 124.02, 122.42,
122.34, 115.73, 115.51, 36.37, 14.67. HRMS calcd for C;gH;sN4F
[M—HJ", 281.1194; found, 281.1208

4.1.5.2. N? -ethyl-N3 -(4-chlorophenyl)quinoxaline-2,3-diamine (7b).
Yield 78%, light yellow solid. m.p.: 142-144 °C. 'H NMR (500 MHz,
DMSO-dg) 6 8.84 (s, 1H), 7.98 (d, J = 8.7 Hz, 2H), 7.52 (dd, J = 13.0, 8.0
Hz, 2H), 7.45 (d, J = 8.6 Hz, 2H), 7.32 (t, J = 7.4 Hz, 1H), 7.26 (t, J =
7.5 Hz,1H),7.21 (t, J = 4.9 Hz, 1H), 3.58 (qd, J = 7.4, 4.9 Hz 2H), 1.33
(t, J = 7.3 Hz, 3H). 3¢ NMR(101 MHz, DMSO-dg) 6144.27, 140.77,
139.84, 138.0, 135.4, 128.9, 126.2, 125.87, 125.57, 125.24, 124.07,
121.98, 36.38, 14.67. HRMS calcd for C1¢H;15N4Cl4 [M—H], 297.0912;
found, 297.0911

4.1.5.3. Nz-ethyl-NB- (4-bromophenyl)quinoxaline-2,3-diamine (7c).
Yield 77%, light yellow solid. m.p.: 150-153 °C. 'H NMR (500 MHz,
DMSO-dg) 6 8.84 (s, 1H), 7.98 (d, J = 8.6 Hz, 2H), 7.52 (dd, J = 13.0, 7.9
Hz, 2H), 7.45 (d, J = 8.6 Hz, 2H), 7.32 (t,J = 7.4 Hz, 1H), 7.26 (t, J =
7.4 Hz, 1H), 7.21 (t, J = 4.9 Hz, 1H), 3.58 (qd, J = 7.4, 5.0 Hz, 2H), 1.33
(t, J = 7.2 Hz, 3H).'*C NMR(101 MHz, DMSO-ds) §144.29, 140.73,
140.26, 137.96, 135.37, 131.83, 125.89, 125.61, 125.24, 124.08,
122.39, 114.12, 36.38, 14.66. HRMS calcd for C1gH15BrN4 [M + H]T B
343.0553; found, 343.0541

4.1.6. General procedure for the synthesis of target compounds 8a—c

The synthesis of 8a-c was almost the same as that of 7a-c, except for a
solution of chlorobenzenesulfonamide was used to react with compound
3a.

4.1.6.1. 4-chloro-N-(3-((4-fluorophenyl)amino)quinoxalin-2-yl)benzene-
sulfonamide (8a). Yield 61%, light yellow solid. m.p.: 244-247 °C. Bii
NMR (500 MHz, DMSO-dg) 6 12.36 (s, 1H), 9.10 (s, 1H), 8.16 (d, J = 8.3
Hz, 2H), 8.06 — 7.98 (m, 2H), 7.97-7.84 (m, 1H), 7.70 (d, J = 8.4 Hz,
2H), 7.56 (d, J = 7.7 Hz, 1H), 7.39 (p, J = 7.1 Hz, 2H), 7.23 (t, J = 8.8
Hz, 2H). 13¢ NMR (101 MHz, DMSO) 6 159.83, 157.41, 137.86, 135.80,
135.76, 135.72, 129.56, 128.83, 126.55, 126.04, 125.94, 123.32,
115.69, 115.47. HRMS calcd for CooH14CIFN405S [M + H]+ , 428.0499;
found, 428.0483

4.1.6.2. 4-chloro-N-(3-((3,4-difluorophenyl)amino)quinoxalin-2  yl)ben-
zenesulfonamide (8b). Yield 73%, yellow-green solid. m.p.: 253-255 °C.
'H NMR (500 MHz, DMSO-dg) 6 12.37 (s, 1H), 9.23 (s, 1H), 8.31 - 8.21
(m, 1H), 8.16 — 8.10 (m, 2H), 7.94 — 7.89 (m, 1H), 7.85 - 7.77 (m, 1H),
7.71 — 7.64 (m, 2H), 7.63 — 7.55 (m, 1H), 7.47 — 7.39 (m, 1H), 7.42 -
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7.34 (m, 2H).'>C NMR (126 MHz, DMSO) 5 150.25, 150.15, 148.33,
148.22, 146.66, 144.64, 141.61, 140.57, 137.85, 136.53, 129.54,
128.91, 126.56, 126.33, 126.21, 117.62, 117.48, 110.02. HRMS calcd
for CooH13N402FS [M + HI™, 447.0489; found:447.0487.

4.1.6.3. 4-chloro-N-(3-(p-tolylamino)quinoxalin-2-yl)benzenesulfonamide
(8c). Yield 70%, light yellow solid. m.p.: 226-228 °C. 1y NMR (500
MHz, DMSO-dg) 6 12.33 (s, 1H), 8.93 (s, 1H), 8.15 (d, J = 8.3 Hz, 2H),
7.96-7.88 (m, 1H), 7.85 (d, J = 8.0 Hz, 2H), 7.69 (d, J = 8.3 Hz, 2H),
7.56 (d,J=7.8 Hz, 1H), 7.40 (t,J = 7.4 Hz, 1H), 7.36 (t,J = 7.5 Hz, 1H),
7.20 (d, J = 8.1 Hz, 2H), 2.32 (s, 3H).13C NMR (101 MHz, DMSO) &
141.71, 140.65, 137.83, 136.76, 132.86, 129.56, 129.51, 128.96,
126.53,126.01, 125.76,121.19, 114.20, 109.80, 20.99. HRMS calcd for
Co1H17N40,SCl [M + Nalt, 447.0653; found, 447.0656.

4.2. Computational modeling

4.2.1. Pharmacophore model generation

The Catalyst/HipHop implemented in Discovery Studio was used to
generate common feature pharmacophores based on the ligands in the
modeling set. The ligands were prepared by using the “prepare ligand”
module. This module added hydrogen atoms to the chemical structures
and generated the protonated state at the pH of 7.4. The “Principal” and
“MaxOmitFeat” properties were assigned to the ligands according to
their MIC values for S. aureus ATCC29213. To be specific, the values of 2
and 0 were respectively assigned to the “Principal” and the ‘Max-
OmitFeat’ attributes of 6a-d, which indicated that these compounds
were highly active and none of the pharmacophore features from them
were allowed to omit in model generation. For the other two moderately
active compounds, i.e. 6e and 6f, both the “Principal” and the “Max-
OmitFeat” attributes were set as 1. The “Fast” method was applied to
quickly generate a maximum of 255 diverse low-energy conformations
of each ligand, within the relative energy threshold of 20 kcal/mol. The
“Feature Mapping” module was applied to identify possible locations of
different pharmacophore features in the generated ligand conforma-
tions. From 272 features, hydrogen bond acceptor, hydrogen bond
donor, general hydrophobic features including those from aromatic
rings and from aliphatic chains, ring aromatic features were the most
frequent and important features. In the module of “Common Feature
Pharmacophore Generation”, the above-mentioned features were
selected and the allowed number of each feature in a pharmacophore
was set as 0 to 5. A maximum of 10 models were allowed to generate by
this module.

The pharmacophore models were evaluated with a data set
composed of 12 newly-synthesized active/inactive compounds. The
“Ligand Profiler” module in Discovery Studio was run to map all the
compounds to every generated pharmacophore model. In the module,
the parameter of “Maximum Omitted Features” was set to —1, indicating
all feature subsets of the pharmacophore were considered in model
evaluation. Other parameters were set as default. The pharmacophore
model that can best discriminate actives from inactives by FitValue was
regarded as the optimal model.

4.2.2. Shape generation

The lowest-energy conformation of the most active derivative 6¢ was
generated by the “Quick Minimization” tool in Discovery Studio. Based
on the conformation, ROCS (version 3.3.1.2, OpenEye Scientific Soft-
ware Inc., Santa Fe, NM, USA) was used to generate the shape-based
model. During the shape generation, no additional editing of the
model was performed.

4.2.3. Virtual screening

The Specs chemical library that included more than 210,000 com-
pounds (version Jun. 2019, accessed at http://www.specs.net) was used
for the virtual screening. The compounds in the library were prepared by
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the “Prepare Ligands” module in DS. The ligand preparation included
the generation of all protonated states at the pH of 7.4 and the
enumeration of all potential stereoisomers. A multi-conformer database
of the prepared structures was built by the “Build 3D Database” module
in Discovery Studio. In the database, each prepared structure is repre-
sented by a maximum of 100 conformers. As the first step, all the con-
formers in the 3D database were mapped to the pharmacophore model
(i.e. Pharm_07) by a rigid fit algorithm (“FAST” search) implemented in
the “Search 3D Database” module in DS. The similarity of pharmaco-
phore features was measured by the metric of FitValue. All the con-
formers with the FitValues greater than zero were put out. For the
conformers/stereoisomers that belong to the same Specs ID, only the
conformer/stereoisomer that best matched the pharmacophore model
was saved. Then, a certain number of compounds that passed the
pharmacophore filter were mapped to the shape-based model by ROCS.
ShapeTanimoto was the scoring function to measure shape similarity.
Subsequently, the “Find Similar Molecules by Fingerprints” module in
DS was used for 2D similarity search. In this module, the most active
derivative 6¢ in the modeling set was set as the reference. FCFP-6 was
the molecular fingerprinting algorithm and Tc was the metric to mea-
sure similarity. In order to identify diverse hits, only the compounds
with the Tc value less than 0.3 were retained. Structural clustering based
on FCFP-6 fingerprints was performed to generate 25 clusters, from
which the potential hits were selected by taking pharmacophore Fit-
Value, shape Tc and fingerprints Tc as well as synthetic feasibility,
commercial availability into consideration.

4.2.4. Molecular docking

The X-ray structure of S. aureus GyrB in complex with novobiocin
(PDB code: 4URO) was downloaded from the Protein Data Bank
(https://www.rcsb.org). Then, the identical protein chains and the
cocrystallized water molecules were deleted, and the cognate ligand
(novobiocin) was stripped from the crystal structure and saved for future
use. The “Clean Protein” tool of Discovery Studio was used to solve
potential problems in the protein structure such as nonstandard names,
incomplete residues, nonstandard atom orders, alternate conformations,
as well as incorrect connectivity and bond orders, modify all hydrogen
atoms and terminal residues, and generate the protonation state at pH
7.0.

As the first step of molecular docking using OpenEye (OpenEye
Scientific Software, Inc., Santa Fe, NM, USA), a maximum of 200 con-
formers was generated by the module named OMEGA (version 2.5.1.4)
[25]. Secondly, the prepared protein structure was converted to a re-
ceptor by OEDocking (version 3.0.1) [26], with the cognate ligand to
define the binding site. Thirdly, all the conformers of the compound
were positioned in the binding site of the receptor and scored by the
Chemgauss4 scoring function in OEDocking. Lastly, the top-scoring pose
was retained and used as the initial binding mode between the com-
pound and GyrB.

4.2.5. Molecular dynamics simulation

The all-atom MD simulation was performed for every GyrB-ligand
complex with AMBER 20 software [27] on GPUs. The initial structure
of the complex was generated by the above-mentioned molecular
docking. Each system was composed of a GyrB protein, a ligand, around
10,700 TIP3P water molecules, and 8 sodium ions that neutralize the
whole system. The partial atomic charges of the ligand were the AM1-
BCC charges calculated by the antechamber module of the AMBER soft-
ware package, while the other force field parameters of the ligand were
from GAFF2. The AMBER FF14SB force field was applied to the GyrB
protein. Antechamber and LEaP were used to generate the topology files
of ligands and GyrB, respectively.

For each protein-ligand complex, the solvent of the system was
minimized by both the steepest descent method (5000 steps) and the
conjugated gradient algorithm (20,000 steps). All the solute were
restrained using a harmonic potential, with a force constant of 500
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(kcal/mol)/f\z. Each MD simulation consisted of the relaxation phase,
the equilibrium phase, and the sampling phase. At the relaxation phase,
the system was heated gradually from 0 K to 300 K, with a 5-ps simu-
lation for each 50-K increase in temperature and a force constant of 2
(kcal/mol)/f\z. At the temperature of 300 K, the system was simulated
for 500 ps. At the equilibrium phase, the system was simulated at 1 bar
for 10 ns, including 5-ns simulation with restraints and 5-ns simulation
without any restraint. Lastly, a 100-ns MD simulation was performed for
each system with no restraint. A total of 10 000 snapshots were recorded
at this sampling phase. During the simulation, the temperature was
regulated by the weak-coupling algorithm and the pressure was regu-
lated by the isotropic position scaling algorithm with a pressure relax-
ation time of 1.0 ps. The integration of the equations of motion was
conducted at a time interval of 0.5 fs at the heating phase and 2 fs for the
other phases. All bonds were constrained using the SHAKE algorithm.
The particle-mesh Ewald (PME) method was used to calculate long-
range electrostatic interactions.

4.3. Biology

4.3.1. Bacterial growth inhibition assay

The broth microdilution assay recommended by the Clinical and
Laboratory Standards Institute [13] was performed to determine the
MICs of the compounds. The 2-fold dilutions of the compound dissolved
in MH broth medium/DMSO (100 pL) were added to 12 wells of the 96-
well plate, followed by the addition of the bacterial suspension (100 pL)
to each well. The resulting solutions of the compound were at the con-
centrations from 100 to 0.05 pg/mL (for S. aureus ATCC29213) or 64 to
0.03 pg/mL (for MRSA), while the resulting concentration of the bac-
terial suspension was approximately 10° CFU/ml. After incubation at
37 °C for 18-24 h, the MIC value was determined by visual inspection.
The MIC was the lowest concentration at which the bacterial growth was
completely inhibited. The assay was performed in duplicate.

4.3.2. S. aureus GyrB inhibition assay

The reaction mixture of the assay (10 pL) includes 5 nM S. aureus
Gyrase (Inspiralis Ltd., Norwich, United Kingdom), the buffer (40 mM
HEPES-KOH (pH 7.6), 10 mM magnesium acetate, 10 mM dithiothreitol,
50 g/L BSA, 500 mM potassium glutamate), the compound at the test
concentration, 1% DMSO, 10 nM linear pBR322 DNA, 100 mM ATP.
Firstly, the solutions of the compound at 10 times the test concentration
were prepared by using the assay buffer and DMSO as solvents. Then, the
compound solution (1 pL) was put into a PCR tube, followed by the
sequential adding of the buffer (7 pL), the linear pBR322 DNA (0.5 pL)
and S. aureus Gyrase (0.5 pL) as well as the ATP (1 pL). The reaction
mixture was incubated at 37 °C for 30 min.

To quantify the generated ADP, ADP-Glo kits were used. The ADP-
Glo reagent (40 pL) was added to the mixture and incubated at 37 °C
for 40 min. Following that, the detection reagent (50 pL) was added and
the mixture was incubated at another 5 min. The luminescence of the
mixture was recorded by the BioTek Synergy 2 microplate reader. The
enzymatic activity (%) after compound treatment at the test concen-
tration was calculated based on the luminescence of the mixtures with
the compound and without the compound. According to the activity
values (%) of the enzyme after the treatment with different concentra-
tions of the compound (i.e. 0.01 pM —100 pM), the ICsy value was
determined by using GraphPad Prism 5 software (GraphPad Software
Inc., La Jolla, CA). The compounds were tested in duplicate. Novobiocin
was the positive control of this assay.

4.3.3. Cytotoxicity assay

The SRB assay was used to determine the cytotoxicity. The cells
(HepG2 or HUVEC) seeded in 96-well plates were treated with the 3-fold
dilutions of the compounds (i.e. 0.01 pM-100 pM), and incubated at the
conditions of 37 °C and 5% CO» for 72 h. Then, the cells were fixed with
10% trichloroacetic acid (w/v), kept at 4 °C for 1 h, and washed with
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distilled water for 5 times and air-dried. Next, the cells were stained with
0.4% (w/v) sulforhodamine B (SRB) at the room temperature for 20 min
and washed with 1% acetic acid for 5 times. Lastly, the bound SRB was
solubilized with 10 mM Tris and the absorbance in term of optical
density was measured at 540 nm by using a Tecan Infinite M1000
microplate reader. According to the cell viability (%) after the treatment
with different concentrations of the compounds, the CCsy value was
determined by using GraphPad Prism 5 software (GraphPad Software
Inc., La Jolla, CA). Paclitaxel was used as the positive drug for this assay.
The assay was performed in duplicate.
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