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The rapid emergence of antibiotic resistance has become a prevalent threat to public health, thereby develop-
ment of new antibacterial agents having novel mechanisms of action is in an urgent need. Targeting at the
cytoskeletal cell division protein filamenting temperature-sensitive mutant Z (FtsZ) has been validated as an
effective and promising approach for antibacterial drug discovery. In this study, a series of novel biphenyl-
benzamides as FtsZ inhibitors has been rationally designed, synthesized and evaluated for their antibacterial
activities against various Gram-positive bacteria strains. In particular, the most promising compound 30
exhibited excellent antibacterial activities, especially against four different Bacillus subtilis strains, with an MIC
range of 0.008 pg/mL to 0.063 pg/mL. Moreover, compound 30 also showed good pharmaceutical properties
with low cytotoxicity (CCsp > 20 pg/mL), excellent human metabolic stability (T;2 = 111.98 min), moderate
pharmacokinetics (T1,2 = 2.26 h, F = 61.2%) and in vivo efficacy, which can be identified as a promising FtsZ

inhibitor worthy of further profiling.

1. Introduction

In recent years, the rapid emergence and increase of multidrug-
resistant bacteria strains that resistance to current antibiotic therapy
in both hospital and community has become a primary health problem
for the whole world. Therefore, the need for discovery and development
of new antimicrobial agents with novel mechanism of action has become
increasingly urgent [1,2]. Cell division, also known as cytokinesis, is a
crucial event for the survival of all bacterial cells and has been validated
as one of the most promising targets to develop novel antibiotics [3,4].
In particular, filamenting temperature-sensitive mutant Z (FtsZ), a
prokaryotic homolog of tubulin, is the most abundant and highly
conserved cytoskeletal cell division protein in almost all bacteria. Dur-
ing the cell division process, the first step is the polymerization of FtsZ to
form the Z ring in the midcell which used as the scaffold for the
recruitment of dozens of other downstream cell division proteins
[5-11]. Due to its essentiality for bacterial viability and high conser-
vation among almost all the bacterial species, FtsZ has been widely
explored and confirmed as an appealing target for antibacterial drug
discovery [8-11].

The last decade has seen a surge in the publication of FtsZ inhibitors,
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most of which exert their antibacterial effect by binding to three iden-
tified pockets of FtsZ protein: the synergistic T7 loop, the nucleotide
binding domain and the interdomain cleft [12-18]. Among them, the
interdomain cleft has attracted extensive attention because this cavity is
specific and not involved in any fundamental physiological function,
thereby avoiding cross inhibition of tubulin and reducing the eukaryotic
cell cytotoxicity. The most successful class of compounds targeting this
pocket is benzamide anologs. Since the disclosure of the first hit com-
pound 3-methoxy benzamide (3-MBA) [13], dozens of benzamide de-
rivatives have been synthesized and identified as FtsZ inhibitors (Fig. 1).
PC190723 is a milestone of these inhibitors with potent antibacterial
activity despite its clinical development is obstructed by its poor phar-
macokinetic property. Encouragingly, the prodrug of TXA707 (a
PC190723 derivative) developed by Taxis pharmaceuticals, oral
TXA709, has reached to phase I clinical trial for development as an
anti-resistance drug to be used in combination with obsolete antibiotics
as a fully oral anti-MRSA treatment.

It is well known that the biphenyl scaffold is a privileged moiety in
drug design, especially for binding in the hydrophobic pocket of targets.
The structure feature of the biphenyl core makes it possible to form
strong hydrophobic interaction with the nearby residues. In addition, it
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can also form pi-pi interactions with amino acids such as tyrosine and
tryptophan. It has been successfully used in many marketed drugs, for
example, anti-inflammatory drug Flurbiprofen, antifungal drug Bifona-
zole and antihypertensive drug Losartan (Fig. 2). Recently, biphenyl
scaffold has also been used as the key pharmacophore of PD-L1 in-
hibitors (e.g., INCB084550) to block PD-1/PD-L1 protein-protein
interaction which has been recognized as one of the most challenging
drug discovery tasks because of the high-affinity interaction between
two proteins [19].

3-(benzyloxy)-2,6-difluorobenzamide (1), a 3-MBA derivative, has
been published as a FtsZ inhibitor with an MIC of 16 pg/mL against
B. subtilis ATCC9372, 32 pg/mL against S. aureus ATCC25923 and 64 pg/
mL against S. aureus ATCC29213 [20]. By docking of this hit compound
with the FtsZ protein (RCSB: 3VOB) [21], we found that there is still a
huge hydrophobic cavity lies toward C-3 position of the terminus ben-
zene ring that could accommodate an extra aromatic group (Fig. 3).
Therefore, a series of biphenyl-benzamide compounds was rationally
designed, synthesized and evaluated for their antibacterial activities,
cytotoxicity, docking studies, molecular dynamics, microsome stability
and pharmacokinetics. In particular, one of the best compounds in this
work, 30 showed 256-1000 times improvement than hit 1 in antibac-
terial activity with an MIC of 0.016 pg/mL against B. subtilis ATCC9372,
0.031 pg/mL against B. subtilis MG27, 0.008 pg/mL against B. subtilis
618, 0.016 pg/mL against B. subtilis BSO1, 0.25 pg/mL against S. aureus
ATCC29213 and 0.125 pg/mL against S. aureus ATCC25923.

2. Chemistry

The biphenyl-benzamide derivatives (7-33) were synthesized from
the commercially available 2,4-difluoro-3-hydroxybenzoic acid (2) as
outlined in Scheme 1. The alkylation of 2 with 3-bromobenzyl bromide 3
in the presence of sodium iodide and potassium carbonate produced
intermediate 4. Then the acid was converted to benzamide 6 using
thionyl chloride, followed by treatment with ammonia carbonate. At
last, the final products (7-33) were obtained by coupling of 6 with varies
boronic acids (commercially available or made in house) in 73-89%
yields.

For biphenyl-benzamide derivative 19a, methyl 3-bromo-5-chloro-
benzoate 36 was used as the starting material which first coupled with
4-trifluoromethylphenylboronic acid 37 to afford biphenyl intermediate
38. Then the ester was reduced to hydroxyl group in the presence of
LiAlH4, After that, chlorination of 39 using thionyl chloride in DCM
furnished intermediate 40 which reacted with 41 to give the desired
compound 19a (Scheme 2).

The synthetic route for compounds 19b and 35a is shown in Scheme
3. The biphenyl core was constructed by coupling of (3-bromophenyl)
acetic acid methyl ester 42 with boronic acids. Then the intermediate 43
was brominated to give intermediate 44 using NBS and BPO. The
alkylation of 41 with 44 in the presence of sodium carbonate produced
intermediate 45, which was further reduced by LiAlH4 to yield the final
products (19b, 35a).

3. Results and discussion

3.1. Invitro antibacterial activity of biphenyl-benzamide derivatives and
SAR analysis

The target compounds listed in Table 1 were evaluated for their in
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vitro antibacterial activity by broth microdilution procedures described
in the method recommended by the Clinical and Laboratory Standards
Institute (CLSI) guidelines [22]. Preliminary minimal inhibitory con-
centration (MIC) values for all the target compounds were determined in
comparison with compound 1, PC190723 and vancomycin (Van) against
penicillin-susceptible strain B. subtilis ATCC9372, penicillin-susceptible
strain S. aureus ATCC25923, methicillin-resistance strain S. aureus
ATCC29213.

To validate our design strategy based on the docking study, the
simplest biphenyl-benzamide compound 7 was first synthesized as
illustrated in Scheme 1. As expected, antibacterial results showed that
the activity of 7 was significantly improved by replacement of the
benzene ring with a biphenyl group. It showed an MIC of 0.5 pg/mL
against B. subtilis ATCC9372, 2 pg/mL against S. aureus ATCC25923 and
2 pg/mL against S. aureus ATCC29213 (Table 1). Encouraged by these
results, we then explored the preliminary SAR of the biphenyl-
benzamide derivatives. A methyl group was first substituted to the C-
4’, C-5' and C-6' position of the terminus benzene ring to explore the
possible position for further optimization. Substitution at C-4' position
of the benzene ring (8) lead to a 2-fold improvement of antibacterial
activity while substitution at C-5' position (9) is detrimental to the ac-
tivity. To our delight, C-6' was found to be the optimal position for
further explore as compound 10 exhibited 4-fold improvement of ac-
tivity against all three bacteria strains compared with compound 7.
Therefore, different types of functional groups were substituted at C-6’
position. Extension the length of the alkyl chain from methyl group to n-
butyl group (11-13) has little impact on the antibacterial activity but n-
pentyl group and bulky alkyl groups such as isopropyl and tert-butyl
group resulted in complete loss of the activity against S. aureus. In
addition, several election withdrawing groups were also explored at C-6
position (17-21). The cyano group, although known as a privileged
scaffold to improve the drug-like property of the compound, also lead to
a complete loss of the antibacterial activity (18). Interestingly, fluorine
and trifluoromethyl substitution (19, 20) exhibited exactly the same
activity against all three bacterial strains. The most potent compound
(21) showed an MIC of 0.063 pug/mL against B. subtilis ATCC9372, 0.25
pg/mL against S. aureus ATCC25923 and 0.25 pg/mL against S. aureus
ATCC29213. Besides, the effect of the halogen substitutions at C-4 po-
sition of the biphenyl core was also explored. A 4-chloro substituted
derivative 19a was synthesized according to Scheme 2, but it failed to
further improve the antibacterial activity of compound 19.

Subsequently, a series of biphenyl-benzamide derivatives with di-
substitution at the terminus benzene ring was explored. Similar to
compound with C-5' mono-substitution (9), C-5' and C-6’ di-substitution
(22, 23) absolutely abolished their antibacterial activity with an MIC
more than 128 pg/mL in all three strains. Encouragingly, C-4' and C-6'
di-substitution (24-33) showed generally excellent antibacterial activ-
ity. When trifluoromethyl group was substituted at C-6’ position, six
compounds were synthesized and evaluated. Among them, compounds
25 and 27 exhibited exactly the same activity with an MIC of 0.031 pg/
mL against B. subtilis ATCC9372 and 0.25 pg/mL against S. aureus
ATCC25923 and S. aureus ATCC29213. Unexpectedly, the antibacterial
activity is completely lost when amide group was substituted at C-4’
position (26), probably due to its high steric hindrance. In particular,
compound 30 showed the most potent activity with an MIC of 0.016 pg/
mL against B. subtilis ATCC9372, 0.125 pg/mL against S. aureus
ATCC25923 and 0.25 pg/mL against S. aureus ATCC29213. Moreover,
introducing a methyl or hydroxymethyl group at the ether linker has
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Fig. 1. Selected examples of benzamide derivatives as FtsZ inhibitors.
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B. subtilis ATCC9372 16 ug/mL B. subtilis ATCC9372  0.016 ug/mL

S. aureus ATCC25923 32 ug/mL S. aureus ATCC25923 0.125 ug/mL

S. aureus ATCC29213 64 ug/mL S. aureus ATCC29213 0.25 ug/mL

Fig. 3. Rational design of biphenyl-benzamide FtsZ inhibitors.
Table 1
In vitro antibacterial activity of the target compounds.

Compds Ry Rz Rs B. subtilis ATCC9372 (pg/mL) S. aureus ATCC29213 (ug/mL) S. aureus ATCC25923 (ug/mL)
7 -H -H -H 0.5 2 2
8 -H -H -CHs 0.25 1 1
9 -H -CHj3 -H 32 >128 >128
10 -CH3 -H -H 0.125 0.5 0.5
11 CH,CH3 -H -H 0.125 0.5 0.5
12 -CH2CH,CH3 -H -H 0.125 1 1
13 -CH2(CH2)2CHj3 -H -H 0.125 1 0.5
14 -CH,(CH,)3CH3 -H -H 0.125 >128 >128
15 -CHy(CHs)2 -H -H 0.5 >128 >128
16 -CH(CH3)3 -H -H 2 >128 >128
17 -OCH3 -H -H 0.25 2 1
18 -CN -H -H >128 >128 >128
19 -CF3 -H -H 0.125 2 1
19a - - - 1 >128 >128
20 -F -H -H 0.125 2 1
21 -Cl -H -H 0.063 0.25 0.25
22 -CF3 -F -H >128 >128 >128
23 -CF3 -Cl -H >128 >128 >128
24 -CF3 H -OCHj 0.063 1 1
25 -CF3 -H -CHj3 0.031 0.25 0.25
26 -CF3 -H -CONHy >128 >128 >128
27 -CF3 -H -Cl 0.031 0.25 0.25
28 -CF3 -H -F 0.063 1 1
29 -CF3 -H -CF3 0.125 0.5 0.5
30 -Cl -H -CHs 0.016 0.25 0.125
31 -Cl -H -Cl 0.031 0.25 0.25
32 -Cl -H -F 0.016 0.5 0.5
33 -Cl -H -CF3 0.125 0.5 0.5
19b -CF3 -H -H 0.5 8 4
30a -Cl -H -CHj3 0.125 1 1
1 - - - 16 64 32
VAN - - - 1 1 0.5
PC190723 - - - 0.5 1 1

VAN: Vancomycin.
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Scheme 1. Synthetic route for compounds 7-33. Reagents and conditions: (i) K,COg, KI, DMF, 50 °C; (ii) oxalyl chloride, DMF, DCM, r.t.; (iii) ammonium carbonate,
DCM, rt; (iv) Pd(dppf)Cl,, Na,COs3, dioxane/H,0, 100 °C.
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Scheme 2. Synthetic route for compound 19a. Reagents and conditions: (i) Pd(dppf)Cl,, Na,CO3, dioxane/H»0, 100 °C; (ii) LiAlHy4, THF, 0 °C; (iii) thionyl chloride,

DCM, 40 °C; (iv) KoCOg, KI, DMF, 50 °C.
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Scheme 3. Synthetic route for compounds 19b and 30a. Reagents and conditions: (i) Pd(dppf)Cl,, Na,CO3, dioxane/H,0, 100 °C; (ii) NBS, BPO, CHCl3, reflux; (iii)

Na,CO3, DMF; (iv) LiAlH,, THF/MeOH.

been reported to improve the activity of FtsZ inhibitors [23]. Therefore,
compounds 19b and 30a were synthesized as shown in Scheme 3.
However, both of their antibacterial activities were slightly reduced
compared with their parent compounds.

As several biphenyl-benzamide derivatives displayed remarkable
antibacterial activities against B. subtilis ATCC9372, we further deter-
mined the activity of compounds 25, 27, 30 and 32 against another
three B. subtilis strains. As shown in Table 2, these compounds showed
excellent activity against all these strains with an MIC range of 0.008 pg/
mL to 0.063 pg/mL. Compound 30 still exhibited the best activity with
an MIC of 0.031 pg/mL against B. subtilis MG27, 0.008 pg/mL against
B. subtilis 618 and 0.016 pg/mL against B. subtilis BSO1. In addition,
compound 30 was also evaluated in a variety of different pathogenic
bacteria, including sensitive and resistant strains of Gram-positive and
Gram-negative bacteria and it did not show antibacterial activity against
Gram-negative bacteria strains (Table 3).

3.2. Cytotoxicity against Vero cells and selectivity index (SI) of selected
compounds

With the antibacterial activities of biphenyl-benzamide compounds
in hand, the cytotoxicity of compounds 25, 27, 30 and 32 were further
tested against African green monkey kidney cells (Vero cells) using the
Alamar blue assay (Table 4). The 50% cytotoxic concentration (CCsp) is
defined as the lowest concentration of compound which leads to a 50%

Table 2
In vitro antibacterial activity of compounds 25, 27, 30 and 32 against four
different B. subtilis strains.

Compds  B. subtilis B. subtilis B. subtilis 618  B. subtilis
ATCC9372 (pg/ MG27 (pg/ (pg/mL BSO1 (pg/mL)
mL)> mL)

25 0.031 0.063 0.031 0.016

27 0.031 0.063 0.063 0.031

30 0.016 0.031 0.008 0.016

32 0.016 0.031 0.016 0.016

reduction in cell viability. The results indicated that all of these com-
pounds are nontoxic to Vero cells (CCsp > 20 pg/mL) and exhibited
favorable selectivity index (SI) larger than 645, indicating that these
compounds are generally safe toward mammalian cells.

3.3. Bactericidal or bacteriostatic assay

Encouraged by its potent antibacterial activity and low cytotoxicity,
the MBC of compound 30 was further determined against S. aureus
ATCC25923 and B. subtilis ATCC9372 to investigate whether its activity
was bactericidal or bacteriostatic. According to the CLSI standards, a
bactericidal antibiotic has an MBC to MIC ratio of <4, while a bacte-
riostatic agent has an MBC to MIC ratio of >4. The results summarized in
Table 5 showed that compound 30 exhibited an MBC/MIC ratio of 2
against S. aureus ATCC25923 and an MBC/MIC ratio of 4 against
B. subtilis ATCC9372, which was regarded as bactericidal behavior.

3.4. Kinetics of the bactericidal activity and bacteria resistance evaluation

To further investigate the antibacterial activity of the newly syn-
thesized biphenyl-benzamide compounds, the time-killing curve de-
terminations were performed to explore the antibacterial kinetics of
compound 30 against S. aureus ATCC25923 and B. subtilis ATCC9372.
The experiment was performed as previously reported [22] and the re-
sults are presented in Fig. 4. The bacteria showed no reduction in the
counts of CFU from vehicle which was incubated without compound 30.
Fig. 4A showed that 4 x MIC concentration of compound 30 can rapidly
cause a reduction of S. aureus ATCC25923 below the lowest detectable
limit (10° CFU/mL) in 3 h. The growth of S. aureus ATCC25923 can be
completely inhibited in all the concentrations after 12 h. For B. subtilis
ATCC9372 bacteria survival assay, 2 x MIC of compound 30 can reduce
the viable counts below the lowest detectable limit after incubation for
3 h (Fig. 4B). These results revealed that biphenyl-benzamide de-
rivatives can inhibit the bacteria growth quickly in a bactericidal mode.
In addition, the multipassage resistance selection assay was used to
evaluate the potential resistance development of compound 30. S. aureus
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Table 3
In vitro antibacterial activity of compound 30 against sensitive and resistant strains of Gram-positive and Gram-negative bacteria.
Compds  S. aureus 669" (pg/ S. aureus 6917*" (ug/ S. aureus shhsE1¢ (ug/ E. coli 25922 (ng/ P.aeruginosa 15690 (pg/ K.pneumoniae 14578 (pg/
mL) mL) mL) mL) mL) mL)
30 0.06 0.125 0.125 >128 >128 >128
VAN 0.5 0.5 0.5 >128 >128 >128

@ Ampicillin-resistant strain.
b Kanamycin-resistant strain.
¢ Methicillin-resistant strain; VAN: Vancomycin.

Table 4
Cytotoxicity profile against Vero cells and Selectivity Index (SI).

Selectivity Index

No. Compds  B. subtilis CCsp against Vero
ATCC9372 (pg/ cells (ug/mL) (CCs0/MIC)
mL)
1 25 0.031 >20 >1250
2 27
3 30 0.016 >20 >645
4 32
Table 5
Comparison of MBC and MIC of compound 30 against two bacteria strains.
Bacteria strains Compds MBC (ng/ MIC (pg/ MBC/
mL) mL) MIC
S. aureus 30 0.25 0.125 2
ATCC25923 Vancomycin 0.5 0.5 1
B. subtilis ATCC9372 30 0.063 0.016 4
Vancomycin 1 1 1

ATCC29213 was passaged for 18 cycles at subinhibitory concentration
(0.5 x MIC) of 30 and norfloxacin. As shown in Fig. 5, only 4-fold MIC
increase was observed for compound 30 after 18 passages, while the MIC
of norfloxacin was increased by 128-fold. These results indicated that
compound 30 avert the bacterial resistance and could represent as a
potential candidate to combat drug-resistant bacteria.

3.5. Effects on the FtsZ polymerization and GTPase activity

The effect of compound 30 on polymerization of SaFtsZ was first
visualized by transmission electron microscopy (TEM). It was found that
the size and thickness of the SaFtsZ polymer was substantially increased
after treatment with 10 pg/mL of compound 30, indicating that this
compound could stimulate the bundling of the FtsZ protofilaments
(Fig. 6). To further validate this phenomenon, a microliter plate-based
spectrophotometric light-scattering approach was conducted to detect
FtsZ polymerization by measuring the solution absorbance at 340 nm. As

Time kill curve for S. aureus ATCC25923

A

shown in Fig. 7A, 10 pg/mL of compound 30 was able to significantly
induce the polymerization of SaFtsZ. Moreover, it could also effectively
inhibit the GTPase activity of SaFtsZ in a dose-dependent manner

(Fig. 7B).
3.6. Effects on the morphology of Bacillus subtilis

FtsZ inhibitors are well known to disrupt bacterial cell division and
change the morphology of bacteria. Thus, B. subtilis ATCC9372 was
incubated with compound 30 at 1 x MIC concentration and their
morphology was observed through an optical microscope. The results
showed that the length of the B. subtilis ATCC9372 was much longer than
the control. As shown in Fig. 8, the length of B. subtilis ATCC9372 control
cells was around 10 pm, while the cells treated with compound 30 were
found longer than 60 pm. These results strongly suggested that our
biphenyl-benzamide derivatives can cause abnormal bacterial cell di-
vision and lead to bacterial cell death, which is consistent with the
previously reported benzamide inhibitors targeted on FtsZ [24,25].
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Fig. 5. Propensity of development of bacterial resistance against compound 30.

Time kill curve for B. subtilis ATCC9372

10 s 10 —
5 % — 30 1xMIC 5 T — ‘ 30 1xMIC
& — e 30 2MIC 87 . 30 2xMIC
T LT
E ¢ —+—30 axmic £ 6% —+—30 4xMIC
5 5 2 s
' (TN
© 4 30 exmic Q4 30 BxMIC
-3 - 3
2 —— Vancomycin 2 —— Vancomycin
i 2xMIC ) 2xMIC
0 *— Vehicle 0 . —— Vehicle
0 3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24
Time/h Time/h
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Fig. 6. Transmission electron micrographs of SaFtsZ polymers in the presence of DMSO vehicle (A) and in the presence of compound 30 (B) at 10 pg/mL.
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Fig. 7. (A) The impact of compound 30 on the polymerization of SaFtsZ in a concentration-dependent manner; (B) Inhibition of GTPase activity of SaFtsZ by different

concentrations of compound 30.
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Fig. 8. Morphology of B. subtilis ATCC9372 in the absence or presence of compound 30 (0.016 pg/mL).

3.7. Computational studies of the binding mode and molecular dynamics
(MD) simulation

The computational analysis of compound 30 with SaFtsZ protein was
evaluated by induced fit docking (IFD) module of Schrodinger. As shown
in Fig. 9, compound 30 adopts an ideal conformation in the hydrophobic
pocket (PC-site) near the T7 loop. Similar to PC190723, the benzamide
moiety of compound 30 makes three key interactions with SaFtsZ. The
carbonyl group of the benzamide coordinated with the calcium ion and
the primary amino group forms two hydrogen bond with the carbonyl of

Val207 and Asn263. Two fluoro groups at the ortho position of the
amide are located in hydrophobic cores generated by residues Leu200,
Val203, Leu209 and Leu297. The ether linker function as an adjusting
spacer that properly places the biphenyl moiety in the hydrophobic
cavity formed by amino-acid residues GIn192, Gly193, Gly196, Leu200,
Met226, Thr309, Val310 and Ile311. In addition, an electrostatic
interaction is formed between the terminus chloro group in biphenyl
moiety and the amide hydrogen in the side chain of GIn192.
Subsequently, the dynamics of compound 30 and protein complex
system was evaluated by MD simulation. 100ns NPT MD simulations is
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Fig. 9. Predicted binding modes of SaFtsZ (PDB ID: 3vob) in complex with compound 30.

performed in a TIP3P explicit water box with a radius of 20 A and the
values of root mean square deviation (RMSD) were calculated to analyze
the overall structure stability and conformational changes. As shown in
Fig. 10A, there are sharply increase during 0-5 ns in both complex
systems. In particular, the RMSD values of compound 30-FtsZ complex is
similar to PC190723-FtsZ complex after 10 ns, which indicate both
systems have comparable stability. In addition, the RMSD values of key
amino acids around the binding pocket of compound 30 and PC190723
were also compared (Fig. 10B). Obviously, these amino acid residues
fluctuated significantly in both systems before 30 ns, probably because
initial binding of the ligands tended to change the flexibility of amino
acids around the pocket. Similarly, both systems leveled off in the last 70
ns and finally reached to a relatively stable state.

3.8. Microsome stability on mouse, rat and human

Metabolic stability is a key parameter in defining the pharmacolog-
ical and toxicological profile of drugs as well as patient compliance
during the drug discovery and development process. Therefore, com-
pound 30 was further evaluated for in vitro metabolic stability in mouse,
rat and human liver microsomes. Ketanserin was used as the reference
compound for the microsome stability experiment. As shown in Table 6,
compound 30 shows great difference among these species. It disappears
rapidly in mouse and rat liver microsomes with a half-life of 5.09 and
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3

RMSD(A)

1 | |
0

0 25 50 T
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)
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13.55 min, respectively. Fortunately, it is more stable in human liver
microsome with a half-life of 111.98 min and low clearance of 15.52
mL/min/kg.

3.9. Pharmacokinetics and in vivo efficacy

With its excellent in vitro antibacterial potency and favorable
microsome stability profile, compound 30 was further progressed into in
vivo pharmacokinetic studies at an intravenous dose of 1 mg/kg and at
an oral dose of 5 mg/kg in ICR mouse. As illustrated in Table 7, the
plasma PK of compound 30 via intravenous (iv) route at 1 mg/kg dose
revealed its high clearance at 5682.8 mL/h’kg with short terminal half-
life (t1,2) of 0.28 h. It is well known that the benzamide FtsZ inhibitors
such as PC190723 have suffered from poor pharmacokinetic property
and the prodrug strategy has been developed. To our delight, it exhibited
moderate exposure (AUC(g.) = 544.2 h*ng/mL) for oral administration
of compound 30 at 5 mg/kg dose with an oral bioavailability (F) of
61.2%. In addition, compound 30 was preliminarily assessed for in vivo
efficacy using a mouse blood model of infection. In brief, the mice
divided into three group (four mice per group) were infected with about
6 x 10° CFUs of S. aureus ATCC25923 for 1h, followed by treatment with
0.5 mL saline (negative control), 0.5 mL compound 30 (25 mg/kg), and
0.5 mL vancomycin (25 mg/kg), respectively. As shown in Fig. 11,
compound 30 significantly reduced the bacteria burden and showed

— PC190723
= 3

| | |

0
Q 25 S0 kA 10X
MD simulation time(ns)

Fig. 10. (A) RMSD values of the overal 30-FtsZ and PC190723-FtsZ complex systems. (B) RMSD values of key amino acids around the binding pocket in

both systems.
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Table 6
Stability of compound 30 in mouse, rat and human liver microsomes.
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Test Article Species Percent Remaining (%) Ty /2 (minute) Cline (mL/min/kg)
0 min 5 min 15 min 30 min 45 min
Ketanserin human Mean 100.00 81.82 64.17 48.64 34.28 30.45 57.09
RSD* 0.02 0.00 0.02 0.01 0.01
rat Mean 100.00 76.92 45.05 20.58 12.06 14.49 171.42
RSD* 0.06 0.03 0.03 0.05 0.12
mouse Mean 100.00 63.78 25.05 7.84 2.62 8.57 637.04
RSD* 0.03 0.01 0.02 0.01 0.09
30 human Mean 100.00 97.08 86.18 83.41 74.96 111.98 15.52
RSD* 0.02 0.01 0.03 0.02 0.06
rat Mean 100.00 73.71 39.02 19.07 10.00 13.55 183.28
RSD* 0.01 0.03 0.03 0.05 0.03
mouse Mean 100.00 53.10 11.94 1.74 0.46 5.09 1072.34
RSD* 0.01 0.09 0.08 0.02 0.44
@ Relative Standard Deviation of Area Ratio.
Table 7
Murine pharmacokinetic profiles of compound 30.
No. Route Dose (mg/kg) T12 (h) Tmax (h) Cmax (ng/mL) AUC(g.y (h*ng/mL) AUC(¢.0) (h*ng/mL) Vs (ng/mL) CL (mL/h/kg) F%
30 AR 1 0.28 0.083 480.5 177.8 178.7 1545.5 5682.8 /
pO"* 5 2.26 0.5 429.3 544.2 559.3 / / 61.2

# Three mice per study for IV.
Y Three mice per study for PO.
¢ Formulation: 5% DMSO/4% ethanol/5% Cremophor EL/86% water.

comparable in vivo efficacy with vancomycin.
4. Conclusion

In conclusion, based on the docking studies of hit compound 1, a
series of novel biphenyl-benzamide derivatives have been rationally
designed, synthesized and evaluated against various gram-positive
bacteria strains. The results indicate that these compounds exhibit sig-
nificant antibacterial activity against most of the testing strains. Among
them, the most potent compound 30 displayed antibacterial activities
against various S. aureus and B. subtilis with an MIC ranging from 0.008
pg/mL to 0.25 pg/mL. It is noteworthy that the activities of compound
30 were significantly improved compared with the hit compound 1 and
even much better than PC190723 and vancomycin. In bactericidal ki-
netic assay, compound 30 was found to have rapid bactericidal prop-
erties which can rapidly cause a reduction of S. aureus ATCC25923 and
B. subtilis ATCC9372 cells below the lowest detectable limit (10° CFU/

3000
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Vancomycin

500

Control

Fig. 11. In vivo efficacy of compound 30 and vancomycin in a mouse blood
model of infection with S. aureus ATCC25923.*P < 0.01, **P < 0.005,
compared with the negative control group.

mL) in 3 h at 4 x MIC concentration. Inverted fluorescence microscopy
analysis revealed the extension of B. subtilis length with compound 30
suggesting that it has the same mechanism of action as previously re-
ported FtsZ targeting benzamide derivatives. In addition, compound 30
was found to be non-toxic to Vero cells (CCs > 20 pg/mL) and exhibited
favorable selectivity index. Moreover, compound 30 also showed good
pharmaceutical properties with excellent human metabolic stability (T;,
2 =111.98 min), moderate pharmacokinetics (T2 =2.26 h, F = 61.2%)
and in vivo efficacy. All together, the studies described herein highlight
compound 30 as a lead compound targeting FtsZ with excellent anti-
bacterial activities and pharmaceutical properties. Further optimization
of the drug-like property and in vivo studies of the biphenyl-benzamide
derivatives are ongoing in our lab.

5. Experiment section

All reagents and solvents were purchased from commercial suppliers
and used without any purification unless otherwise noted. The product
solutions were evaporated in vacuo using a rotatory evaporator. The
reactions were monitored by thin layer chromatography (TLC) using
GF254 silica gel plates visualized with ultraviolet (UV) light (254 nm).
Flash chromatography was performed using RediSep Rf Normalphase
Silica Flash Columns (Silica Gel 60 ;\, 230-400 mesh). Nuclear magnetic
resonance spectra (NMR) were recorded on a Bruker Avance 500 spec-
trometer (*H NMR (500 MHz), '3C NMR (101 MHz)). Chemical shifts for
'H NMR were reported as § values and coupling constants were in hertz
(Hz). The following abbreviations were used for spin multiplicity: s =
singlet, bs = broad singlet, d = doublet, t = triplet, q = quartet, m =
multiplet. Chemical shifts for 13C NMR reported in ppm relative to the
solvent peak. Low-resolution mass spectra (MS) and compound purity
data were acquired on a Waters ZQ LC/MS single quadruped system
equipped with an electrospray ionization (ESI) source, a UV detector
(220 nm and 254 nm), and an evaporative light scattering detector
(ELSD). High resolution mass spectra were recorded using an LTQ-
Orbitrap-XL (Thermo Fisher Scientific; ESI+ mode) at a resolution of
60000@m/2z400. High performance liquid chromatography (HPLC)
analysis revealed a purity of >95% for all compounds.
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5.1. Synthesis

5.1.1. 3-((3-bromobenzyl)oxy)-2,6-difluorobenzoic acid (4)

To a solution of 2,4-difluorophenol 2 (3.0 g, 17.2 mmol) in THF (20
mL) was added NaOH (43 mL, 1 M, 43.1 mmol), 1-bromo-3-(bromo-
methyl)benzene 3 (9.0 g, 3.6 mmol) at 0 °C and stirred for 1 h. Then
the resulting solution was heated to reflux and stirred overnight. The
mixture was acidified by HCI solution (1 M) and filtrated. The filter cake
was dissolved in DCM and purified by flash column chromatography
(DCM/MeOH, 97/3) to yield the intermediate 4 (4.6 g, 77.9%). ESI-MS
caled. for C4HoBrF;03 [M + H]™, 343.0, found 343.1.

5.1.2. 3-((3-bromobenzyl)oxy)-2,6-difluorobenzamide (6)

To a solution of 4 (4.6 g, 13.4 mmol) in DCM (60 mL) was added
oxalyl chloride (1.8 mL, 1.5 g/mL, 20.1 mmol) at 0 °C and stirred at
room temperature for 3 h. The resulting solution was evaporated to yield
the crude intermediate 5 as yellowish liquid. Then crude intermediate 5
was dissolved in DCM (100 mL) and ammonium carbonate (4.0 g, 22.8
mmol) was added. The resulting solution was stirred at room tempera-
ture for 15 h. The mixture was added MeOH (5 mL), filtered and washed
with MeOH. The filtrate was evaporated and purified by flash column
chromatography (DCM/MeOH, 20/1) to yield the intermediate 6 (4.3 g,
93.8%). ESI-MS caled. for Ci4H;oBrFaNO, [M + HI', 342.0, found
342.1.

5.1.3. Typical procedure for the synthesis of (7-33)

To a solution of 6 (100 mg, 0.29 mmol) in dioxane (3 mL) and HyO
(0.5 mL) was added boric acid (0.35 mmol), Pd(dppf)Cl; (42.4 mg, 0.06
mmol), NayCO3 (92.2 mg, 0.87 mmol) and heated with microwave at
100 °C for 1 h. The reaction mixture was diluted with EtOAc (25 mL),
washed with Hy0, washed with brine and dried over Na3SO4. The
resulting solution was evaporated and purified by flash column chro-
matography (PE/EA, 70/30) to afford the according products in good
yield.

Synthesis of 3-([1,1'-biphenyl]-3-ylmethoxy)-2,6-difluorobenzamide
(7): white solid, 86.3% yield; HPLC purity: 99.2%; 'H NMR (500 MHz,
DMSO0) 68.13 (s, 1H), 7.84 (s, 1H), 7.75 (s, 1H), 7.66 (t, J = 9.7 Hz, 3H),
7.53-7.43 (m, 4H), 7.41-7.29 (m, 2H), 7.07 (t, J = 8.8 Hz, 1H), 5.26 (s,
2H); 13¢ NMR (101 MHz, DMSO) 6 161.3, 153.1, 150.7, 149.3, 146.8,
142.8, 140.4, 139.8, 137.1, 129.2, 129.0, 127.6, 126.9, 126.7, 126.5,
126.2, 116.0, 111.0, 110.8, 70.8. HRMS (ESI) calcd. for CooH15F3NO2
[M + H] ", 340.1104, found 340.1141.

Synthesis of 2,6-difluoro-3-((2'-methyl-[1,1'-biphenyl]-3-yl)methoxy)
benzamide (8): white solid, 86.7% yield; HPLC purity: 100%; 'H NMR
(500 MHz, DMSO) 6§ 8.12 (s, 1H), 7.83 (s, 1H), 7.50-7.39 (m, 3H),
7.35-7.23 (m, 5H), 7.20 (d, J = 6.1 Hz, 1H), 7.07 (t, J = 8.9 Hz, 1H),
5.24 (s, 2H), 2.21 (s, 3H); 13¢ NMR (101 MHz, DMSO) § 161.3, 153.1,
150.7, 149.4, 146.9, 142.8, 141.4, 140.9, 136.3, 134.7, 130.4, 129.5,
128.7,128.5,127.5,126.4,126.0,115.9, 116.0, 70.8, 21.1. HRMS (ESI)
caled. for Cy1H;7FoNO,y [M + H]T, 354.1261, found 354.1308.

Synthesis of 2,6-difluoro-3-((3'-methyl-[1,1'-biphenyl]-3-yl)methoxy)
benzamide (9): white solid, 81.5% yield; HPLC purity: 99.3%; 1H NMR
(500 MHz, DMSO) § 8.13 (s, 1H), 7.84 (s, 1H), 7.73 (s, 1H), 7.63 (d, J =
7.6 Hz, 1H), 7.52-7.41 (m, 4H), 7.39-7.28 (m, 2H), 7.20 (d, J = 7.4 Hz,
1H), 7.07 (t, J = 8.9 Hz, 1H), 5.26 (s, 2H), 2.38 (s, 3H); '3C NMR (101
MHz, DMSO) 6 161.3, 153.1, 150.7, 149.3, 146.9, 142.7, 140.5, 139.8,
138.1, 137.0, 129.2, 128.9, 128.3, 127.4, 126.8, 126.2, 123.8, 115.9,
111.0, 70.8, 21.1. HRMS (ESI) caled. for CyH;7FaNO, [M + HIT,
354.1261, found 354.1309.

Synthesis of 2,6-difluoro-3-((4'-methyl-[1,1'-biphenyl]-3-yl)methoxy)
benzamide (10): white solid, 89.0% yield; HPLC purity: 100%; ‘H NMR
(500 MHz, DMSO) 6 8.12 (s, 1H), 7.84 (s, 1H), 7.72 (s, 1H), 7.62 (d, J =
7.7 Hz, 1H), 7.56 (d, J = 8.0 Hz, 2H), 7.48 (t, J = 7.6 Hz, 1H), 7.41 (d, J
= 7.6 Hz, 1H), 7.35-7.26 (m, 3H), 7.07 (t, J = 8.6 Hz, 1H), 5.25 (s, 2H),
2.35 (s, 3H); 13C NMR (101 MHz, DMSO) § 161.3, 153.0, 150.6, 149.3,
146.9, 142.8, 142.7, 140.3, 137.0, 136.9, 129.6, 129.2, 126.6, 126.5,
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126.2, 125.9, 115.9, 111.0, 110.8, 70.8, 20.7. HRMS (ESI) calcd. for
Co1H17FoNO, [M + H]Y, 354.1261, found 354.1285.

Synthesis of 3-((4'-ethyl-[1,1'-biphenyl]-3-yl)methoxy)-2, 6-difluor-
obenzamide (11): white solid, 83.5% yield; HPLC purity: 98.2%; I NMR
(500 MHz, DMSO) 6 8.13 (s, 1H), 7.84 (s, 1H), 7.72 (s, 1H), 7.64-7.56
(m, 3H), 7.48 (t,J = 7.6 Hz, 1H), 7.42 (d, J = 7.6 Hz, 1H), 7.35-7.29 (m,
3H), 7.07 (t, J = 8.5 Hz, 1H), 5.25 (s, 2H), 2.65 (q, J = 7.6 Hz, 2H),
1.27-1.18 (m, 4H); 13C NMR (101 MHz, DMSO) 6 161.3, 153.1, 150.7,
149.3, 146.8, 143.3, 142.8, 140.4, 137.2, 137.0, 129.2, 128.4, 126.6,
126.6, 126.3, 126.0, 115.9, 111.0, 110.8, 70.8, 27.8, 15.6. HRMS (ESI)
caled. for CooH9FoNO,y [M + H]T, 368.1417, found 368.1460.

Synthesis of 2,6-difluoro-3-((4'-propyl-[1,1'-biphenyl]-3-yDmethoxy)
benzamide (12): white solid, 82.4% yield; HPLC purity: 100%; ‘H NMR
(500 MHz, DMSO) 6 8.13 (s, 1H), 7.84 (s, 1H), 7.72 (s, 1H), 7.62 (d, J =
7.7 Hz, 1H), 7.58 (d, J = 7.9 Hz, 2H), 7.48 (t, J = 7.6 Hz, 1H), 7.42 (d, J
= 7.5 Hz, 1H), 7.36-7.27 (m, 3H), 7.07 (t, J = 8.9 Hz, 1H), 5.25 (s, 2H),
2.59 (t,J = 7.6 Hz, 2H), 1.67-1.57 (m, 2H), 0.91 (t, J = 7.3 Hz, 3H); 13¢
NMR (101 MHz, DMSO) 6 161.3, 153.1, 150.7, 149.3, 146.9, 142.8,
142.7, 141.7, 140.4, 137.2, 137.0, 129.2, 129.0, 126.5, 126.3, 126.0,
115.9, 111.0, 110.8, 70.8, 36.9, 24.0, 13.7. HRMS (ESI) calcd. for
Ca3H21FoNO5 [M + H]+, 382.1574, found 382.1624.

Synthesis of 3-((4'-butyl-[1,1'-biphenyl]-3-yDmethoxy)-2, 6-difluor-
obenzamide (13): white solid, 88.3% yield; HPLC purity: 99.9%; I NMR
(500 MHz, DMSO) § 8.12 (s, 1H), 7.84 (s, 1H), 7.72 (s, 1H), 7.62 (d, J =
7.7 Hz, 1H), 7.57 (d, J = 8.1 Hz, 2H), 7.48 (t, J = 7.6 Hz, 1H), 7.41 (d, J
= 7.6 Hz, 1H), 7.35-7.27 (m, 3H), 7.07 (t, J = 8.4 Hz, 1H), 5.25 (s, 2H),
2.62(t,J ="7.7 Hz, 2H), 1.62-1.54 (m, 2H), 1.37-1.28 (m, 2H), 0.91 (t,J
= 7.4 Hz, 3H); '3*C NMR (101 MHz, DMSO) 6 161.3, 153.0, 150.7, 149.3,
146.9, 142.8, 142.7, 141.9, 140.4, 137.2, 137.0, 129.2, 128.9, 126.6,
126.3, 126.0, 115.9, 111.0, 110.8, 70.8, 34.4, 33.1, 21.8, 13.8. HRMS
(ESI) caled. for Co4Ha3FoNO, [M + H]Y, 396.1730, found 396.1782.

Synthesis of 2,6-difluoro-3-((4'-pentyl-[1,1'-biphenyl]-3-yDmethoxy)
benzamide (14): white solid, 83.5% yield; HPLC purity: 99.8%; 1 NMR
(500 MHz, DMSO) § 8.13 (s, 1H), 7.84 (s, 1H), 7.72 (s, 1H), 7.62 (d, J =
7.7 Hz, 1H), 7.57 (d, J = 8.0 Hz, 2H), 7.48 (t, J = 7.6 Hz, 1H), 7.42 (d, J
= 7.5 Hz, 1H), 7.35-7.27 (m, 3H), 7.07 (t, J = 8.9 Hz, 1H), 5.25 (s, 2H),
2.61 (t,J="7.6 Hz, 2H), 1.64-1.56 (m, 2H), 1.35-1.27 (m, 4H), 0.87 (t,J
= 6.8 Hz, 3H); '*C NMR (101 MHz, DMSO) § 161.3, 153.1, 150.7, 149.3,
146.9, 142.8, 142.7, 141.9, 140.4, 137.2, 137.0, 129.2, 128.9, 126.6,
126.3, 126.0, 115.9, 111.0, 110.8, 70.8, 34.7, 30.9, 30.6, 22.0, 13.9.
HRMS (ESI) caled. for CosHasFoNOy [M + HI', 410.1887, found
410.1938.

Synthesis of 2,6-difluoro-3-((4'-isopropyl-[1,1'-biphenyl]-3-y1)
methoxy)benzamide (15): white solid, 83.3% yield; HPLC purity: 99.5%;
'H NMR (500 MHz, DMSO) § 8.13 (s, 1H), 7.84 (s, 1H), 7.72 (s, 1H),
7.64-7.56 (m, 3H), 7.48 (t, J = 7.6 Hz, 1H), 7.42 (d, J = 7.6 Hz, 1H),
7.37-7.29 (m, 3H), 7.07 (t, J = 8.9 Hz, 1H), 5.25 (s, 2H), 2.97-2.88 (m,
1H), 1.23 (d, J = 6.9 Hz, 6H); 1°C NMR (101 MHz, DMSO) 5 161.3,
153.1, 150.7, 149.3, 147.9, 146.9, 142.8, 140.4, 137.4, 137.0, 129.2,
126.9,126.7,126.6,126.3, 126.0,115.9,111.0, 110.8, 70.8, 33.1, 23.8.
HRMS (ESI) caled. for Co3HyFoNO, [M + H]T, 382.1574, found
382.1613.

Synthesis  of  3-((4’-(tert-butyD)-[1,1'-biphenyl]-3-yDmethoxy)-2,6-
difluorobenzamide (16): white solid, 81.8% yield; HPLC purity: 99.8%;
H NMR (500 MHz, DMSO) 5 8.13 (s, 1H), 7.84 (s, 1H), 7.72 (s, 1H),
7.64-7.57 (m, 3H), 7.49 (t, J = 7.6 Hz, 3H), 7.42 (d, J = 7.5 Hz, 1H),
7.36-7.29 (m, 1H), 7.07 (t, J = 8.9 Hz, 1H), 5.25 (s, 2H), 1.32 (s, 9H);
13C NMR (101 MHz, DMSO) 6 161.3, 153.0, 150.7, 150.1, 149.3, 146.9,
142.8, 140.3, 137.0, 137.0, 129.2, 126.6, 126.4, 126.3, 126.0, 125.8,
115.9, 111.0, 110.8, 70.8, 34.3, 31.1. HRMS (ESI) calcd. for
Ca4H23FoNO, [M + HIY, 396.1730, found 396.1773.

Synthesis of 2,6-difluoro-3-((4'-methoxy-[1,1'-biphenyl]-3-yl)methoxy)
benzamide (17): white solid, 87.0% yield; HPLC purity: 100%; 'H NMR
(500 MHz, DMSO) 6 8.13 (s, 1H), 7.84 (s, 1H), 7.70 (s, 1H), 7.60 (t, J =
8.7 Hz, 3H), 7.46 (t,J = 7.6 Hz, 1H), 7.38 (d, J = 7.6 Hz, 1H), 7.35-7.29
(m, 1H), 7.10-7.02 (m, 3H), 5.24 (s, 2H), 3.80 (s, 3H); 13C NMR (101
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MHz, DMSO) 6§161.3, 159.0, 153.1, 150.7, 149.3, 146.9, 142.8, 140.1,
137.0, 132.1,129.1, 127.8, 126.2, 126.0, 125.7, 115.9, 114.4, 110.0,
110.8, 70.9, 55.2. HRMS (ESI) caled. for Co;H;7FoNO3 [M + H]T,
370.1210, found 370.1236.

Synthesis of 3-((4'-cyano-[1,1'-biphenyl]-3-yl)methoxy)-2,6-difluor-
obenzamide (18): white solid, 85.3% yield; HPLC purity: 100%; 'H NMR
(500 MHz, DMSO) 6 8.12 (s, 1H), 7.95 (d, J = 8.3 Hz, 2H), 7.89 (d, J =
8.3 Hz, 2H), 7.84 (s, 2H), 7.74 (d, J = 7.2 Hz, 1H), 7.58-7.51 (m, 2H),
7.37-7.29 (m, 1H), 7.07 (t, J = 8.6 Hz, 1H), 5.27 (s, 2H); >*C NMR (101
MHz, DMSO) 6§161.3, 153.1, 150.8, 146.8, 144.3, 142.7, 138.5, 137.4,
132.9,129.5, 128.2, 127.6, 126.9, 126.6, 118.8, 116.0, 115.9, 110.0,
110.8, 110.2, 70.9. HRMS (ESI) caled. for C21H14F2N202 [M + H]+,
365.1057, found 365.1086.

Synthesis of 2,6-difluoro-3-((4’-(trifluoromethyl)-[1,1'-biphenyl]-3-yl)
methoxy)benzamide (19): white solid, 82.7% yield; HPLC purity: 99.1%;
1H NMR (500 MHz, DMSO) § 8.13 (s, 1H), 7.90 (d, J = 8.1 Hz, 2H), 7.83
(d, J = 8.0 Hz, 4H), 7.72 (d, J = 7.4 Hz, 1H), 7.59-7.49 (m, 2H),
7.38-7.30 (m, 1H), 7.07 (t, J = 8.7 Hz, 1H), 5.28 (s, 2H); 13C NMR (101
MHz, DMSO) 6 161.3, 153.1, 150.7, 149.3, 146.9, 143.8, 142.8, 142.7,
138.8, 137.3, 129.4, 127.9, 127.5, 126.9, 126.5, 125.9, 125.8, 115.9,
111.1, 110.8, 70.7. HRMS (ESI) calcd. for CoHy4F5sNOy [M + H]T,
408.0978, found 408.1016.

Synthesis of 2,6-difluoro-3-((4'-fluoro-[1,1'-biphenyl]-3-yl)methoxy)
benzamide (20): white solid, 86.2% yield; HPLC purity: 100%, 'H NMR
(500 MHz, DMSO) 6 8.12 (s, 1H), 7.84 (s, 1H), 7.75-7.69 (m, 3H), 7.63
(d, J =7.7 Hz, 1H), 7.50 (t, J = 7.6 Hz, 1H), 7.44 (d, J = 7.6 Hz, 1H),
7.35-7.28 (m, 3H), 7.07 (t, J = 8.9 Hz, 1H), 5.25 (s, 2H); 1>C NMR (101
MHz, DMSO) 6 163.2, 161.3, 160.8, 153.1, 150.7, 149.3, 146.9, 142.8,
139.4, 137.1, 136.3,129.2, 128.8, 126.9, 126.5, 126.2, 115.9, 111.0,
110.8, 70.8. HRMS (ESI) calcd. for CooH14F3NO, [M + H] T, 358.1010,
found 358.1034.

Synthesis of 3-((4'-chloro-[1,1'-biphenyl]-3-yl)methoxy)-2,6-difluor-
obenzamide (21): white solid, 81.1% yield; HPLC purity: 98.7%; 1 NMR
(500 MHz, DMSO) 6 8.13 (s, 1H), 7.84 (s, 1H), 7.75 (s, 1H), 7.70 (d, J =
8.4 Hz, 2H), 7.65 (d, J = 7.6 Hz, 1H), 7.55-7.44 (m, 4H), 7.37-7.28 (m,
1H), 7.07 (t, J = 8.8 Hz, 1H), 5.25 (s, 2H); 3C NMR (101 MHz, DMSO)
6161.3, 153.1, 150.7, 149.3, 146.9, 142.7, 139.1, 138.6, 137.2,132.5,
129.3, 129.0, 128.5, 127.2, 126.5, 126.2, 116.0, 111.1, 110.8, 70.8.
HRMS (ESI) caled. for CooHi4CIFoNO, [M + HI]T, 374.0715, found
374.0760.

Synthesis  of  2,6-difluoro-3-((3'-fluoro-4’-(trifluoromethyl)-[1,1'-
biphenyl]-3-yl)methoxy)benza-mide (22): white solid, 84.4% yield; HPLC
purity: 99.8%; 'H NMR (500 MHz, DMSO) 6 8.13 (s, 1H), 7.91-7.83 (m,
4H), 7.79-7.71 (m, 2H), 7.59-7.53 (m, 2H), 7.37-7.30 (m, 1H), 7.07 (t,
J = 8.8 Hz, 1H), 5.27 (s, 2H); 13C NMR (101 MHz, DMSO) 5161.3, 160.6,
158.1, 153.2, 150.8, 149.4, 146.8, 142.8, 137.4, 129.5, 128.5, 127.8,
127.0, 126.7, 123.1, 116.0, 115.3, 115.1, 111.1, 110.8, 70.6. HRMS
(ESD) calcd. for Co1H13FgNO, [M + H1*, 426.0884, found 426.0931.

Synthesis  of 3-((3'-chloro-4’-(trifluoromethyl)-[1,1'-biphenyl]-3-y1)
methoxy)-2,6-difluorobenza- mide (23): white solid, 83.8% yield; HPLC
purity: 98.6%; 'H NMR (500 MHz, DMSO) 6 8.13 (s, 1H), 8.04 (s, 1H),
7.94 (d, J = 8.3 Hz, 1H), 7.91-7.81 (m, 3H), 7.77 (d, J = 3.6 Hz, 1H),
7.59-7.52 (m, 2H), 7.37-7.29 (m, 1H), 7.07 (t, J = 8.4 Hz, 1H), 5.27 (s,
2H); 13¢ NMR (101 MHz, DMSO) 6161.3, 153.1, 150.7, 149.3, 146.9,
145.5, 142.7, 137.4, 137.2, 131.5, 129.5, 129.5, 128.5, 128.5, 127.1,
126.8, 125.8, 116.0, 111.1, 110.8, 70.7. HRMS (ESI) calcd. for
C21H13C1F5N02 M + H]Jr, 4420589, found 442.0630.

Synthesis of 2,6-difluoro-3-((2'-methoxy-4’-(trifluoromethyD-[1,1'-
biphenyl]-3-yl)methoxy)benza-mide (24): white solid, 86.5% yield; HPLC
purity: 99.6%; 'H NMR (500 MHz, DMSO) 6 8.13 (s, 1H), 7.84 (s, 1H),
7.59 (s, 1H), 7.53-7.44 (m, 4H), 7.39 (d, J = 6.5 Hz, 2H), 7.35-7.28 (m,
1H), 7.07 (t, J = 8.8 Hz, 1H), 5.24 (s, 2H), 3.85 (s, 3H); *C NMR (101
MHz, DMSO) §161.3, 156.5, 153.1, 150.7, 149.3, 146.9, 142.8, 136.9,
136.3, 133.5, 131.2, 129.1, 128.7, 128.4, 127.2, 117.5, 115.9, 111.0,
110.8,108.4, 70.7, 56.0. HRMS (ESI) calcd. for CooH16FsNO3 [M + H] T,
438.1084, found 438.1140.
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Synthesis  of  2,6-difluoro-3-((2'-methyl-4’-(trifluoromethyl)-[1,1’-
biphenyl]-3-y)methoxy)benza-mide (25): white solid, 81.4% yield; HPLC
purity: 99.1%; 'H NMR (500 MHz, DMSO) 6 8.12 (s, 1H), 7.84 (s, 1H),
7.69 (s, 1H), 7.62 (d, J = 8.0 Hz, 1H), 7.55-7.48 (m, 2H), 7.47-7.41 (m,
2H), 7.37 (d, J = 6.9 Hz, 1H), 7.35-7.28 (m, 1H), 7.07 (t, J = 8.4 Hz,
1H), 5.25 (s, 2H), 2.29 (s, 3H); 13C NMR (101 MHz, DMSO) 6161.3,
153.2, 150.8, 149.4, 146.9, 145.0, 142.8, 140.0, 136.6, 136.4, 130.4,
128.7, 128.6, 128.3, 127.1, 126.9, 122.7, 116.1, 111.0, 110.8, 70.7,
56.0. HRMS (ESI) calcd. for CooHi6FsNOy [M + H]T, 422.1135, found
422.1164.

Synthesis  of  3’-((3-carbamoyl-2,4-difluorophenoxy)methyl)-4-(tri-
fluoromethyD)-[1,1'-biphenyl]-2- carboxamide (26): white solid, 87.5%
yield; HPLC purity: 99.5%; 'H NMR (500 MHz, DMSO) 6 8.13 (s, 1H),
7.93 (s, 1H), 7.86 (d, J = 9.1 Hz, 2H), 7.76 (s, 1H), 7.62 (d, J = 8.0 Hz,
1H), 7.56 (s, 1H), 7.53-7.43 (m, 4H), 7.36-7.28 (m, 1H), 7.08 (t, J = 8.8
Hz, 1H), 5.23 (s, 2H); 13C NMR (101 MHz, DMSO) §169.6, 161.3, 153.2,
150.8, 149.3, 146.9, 142.8, 142.6, 139.3, 138.0, 136.5, 131.1, 128.6,
128.2, 127.7, 127.4, 126.0, 124.3, 116.0, 111.0, 110.9, 70.8. HRMS
(ESI) caled. for CooH;5FsN2O3 [M + H]T, 451.1036, found 451.1088.

Synthesis  of 3-((2'-chloro-4’-(trifluoromethyl)-[1,1'-biphenyl]-3-yl)
methoxy)-2,6-difluorobenza- mide (27): white solid, 86.1% yield; HPLC
purity: 98.2%; 'H NMR (500 MHz, DMSO) 6 8.12 (s, 1H), 8.00 (s, 1H),
7.86-7.78 (m, 2H), 7.66 (d, J = 8.0 Hz, 1H), 7.59-7.53 (m, 3H),
7.49-7.45 (m, 1H), 7.35-7.29 (m, 1H), 7.07 (t, J = 8.9 Hz, 1H), 5.26 (s,
2H); 13¢ NMR (101 MHz, DMSO) 6161.3, 153.1, 150.7, 149.4, 146.9,
143.6, 142.8, 137.6, 136.6, 132.5, 132.3, 128.9, 128.7, 128.5, 127.9,
126.8, 124.4, 116.0, 111.0, 110.8, 70.6. HRMS (ESI) calcd. for
C21H13C1F5N102 [M + H]+, 4420589, found 442.0635.

Synthesis  of  2,6-difluoro-3-((2'-fluoro-4’-(trifluoromethyl)-[1,1'-
biphenyl]-3-yl)methoxy)benza-mide (28): white solid, 85.4% yield; HPLC
purity: 99.5%; 'H NMR (500 MHz, DMSO) 6 8.12 (s, 1H), 7.87-7.76 (m,
3H), 7.70 (d, J = 6.0 Hz, 2H), 7.62-7.54 (m, 3H), 7.36-7.30 (m, 1H),
7.07 (t, J = 8.9 Hz, 1H), 5.27 (s, 2H); 13C NMR (101 MHz, DMSO)
§161.3, 160.0, 157.6, 153.2, 150.7, 149.3, 146.9, 142.8, 137.0, 133.9,
132.1, 129.1, 128.8, 128.2, 121.8, 115.9, 113.9, 113.7, 111.1, 110.8,
70.6. HRMS (ESI) calcd. for Ca1H13F¢N;02 [M 4 H]*, 426.0850, found
426.0850.

Synthesis of 3-((2',4'-bis(trifluoromethyD)-[1,1'-biphenyl]-3-y1)
methoxy)-2,6-difluorobenzamide (29): white solid, 78.3% yield; HPLC
purity: 98.6%; 'H NMR (500 MHz, DMSO) § 8.13 (d, J = 11.1 Hz, 3H),
7.84 (s, 1H), 7.68 (d, J = 7.9 Hz, 1H), 7.58-7.50 (m, 2H), 7.46 (s, 1H),
7.37-7.27 (m, 2H), 7.06 (t, J = 8.8 Hz, 1H), 5.25 (s, 2H); 13C NMR (101
MHz, DMSO) §161.3, 153.2, 150.8, 149.4, 146.9, 144.6, 142.7, 138.0,
136.4, 133.6, 129.2, 128.4, 128.3, 127.9, 127.8, 124.6, 123.1, 122.1,
116.0, 111.0, 110.8, 70.6. HRMS (ESI) calcd. for CaoH13FgN105 [M +
H1*, 476.0884, found 476.0933.

Synthesis of 3-((4'-chloro-2'-methyl-[1,1'-biphenyl]-3-yl)methoxy)-2,6-
difluorobenzamide (30): white solid, 73.3% yield; HPLC purity: 99.2%;
H NMR (500 MHz, DMSO) 6 8.12 (s, 1H), 7.84 (s, 1H), 7.51-7.44 (m,
2H), 7.41 (s, 2H), 7.35-7.28 (m, 3H), 7.22 (d, J = 8.2 Hz, 1H), 7.07 (t, J
= 8.8 Hz, 1H), 5.24 (s, 2H), 2.21 (s, 3H); 13¢ NMR (101 MHz, DMSO)
§161.3, 153.2, 150.8, 149.3, 146.9, 142.8, 140.2, 139.8, 137.4, 136.5,
132.0, 131.2, 129.9, 128.7, 128.4, 126.8, 125.9, 116.0, 111.0, 70.7,
20.0. HRMS (ESI) calcd. for Co1Hy6CIFoN102 [M + H] +,388.0871, found
388.0893.

Synthesis  of  3-((2',4'-dichloro-[1,1'-biphenyl]-3-yl)methoxy)-2,6-
difluorobenzamide (31): white solid, 84.5% yield; HPLC purity: 96.2%;
H NMR (500 MHz, DMSO) 6 8.12 (s, 1H), 7.85 (s, 1H), 7.75 (s, 1H),
7.57-7.49 (m, 4H), 7.48-7.38 (m, 2H), 7.35-7.28 (m, 1H), 7.07 (t, J =
8.8 Hz, 1H), 5.25 (s, 2H); °C NMR (101 MHz, DMSO) 5161.3, 153.1,
150.8, 149.3, 142.8, 138.4, 137.8, 136.5, 133.1, 132.7, 132.3, 129.3,
129.0,128.7,127.7,127.5,115.9,111.1,110.8, 70.6. HRMS (ESI) calcd.
for CooH13CloFoN105 [M + H] T, 408.0325, found 408.0352.

Synthesis of 3-((4'-chloro-2'-fluoro-[1,1'-biphenyl]-3-yl)methoxy)-2,6-
difluorobenzamide (32): white solid, 81.3% yield; HPLC purity: 97.6%;
'H NMR (500 MHz, DMSO) 6 8.14 (s, 1H), 7.86 (s, 1H), 7.63 (s, 1H),
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7.61-7.48 (m, 5H), 7.41 (d, J = 8.2 Hz, 1H), 7.36-7.29 (m, 1H), 7.07 (t,
J = 8.8 Hz, 1H), 5.25 (s, 2H). 13C NMR (101 MHz, DMSO) 5161.3, 160.2,
157.7, 153.2, 149.3, 142.8, 136.9, 134.2, 132.0, 129.0, 128.6, 128.2,
127.6,125.3,116.9,116.6,115.9,111.1,110.8, 70.6. HRMS (ESI) calcd.
for CaoH13CIFsN; 05 [M + HI™, 392.0620, found 392.0658.

Synthesis of 3-((4'-chloro-2’-(trifluoromethyl)-[1,1'-biphenyl]-3-y1)
methoxy)-2,6-difluoroben- zamide (33): white solid, 79.2% yield; HPLC
purity: 95.7%; 'H NMR (500 MHz, DMSO) 6 8.12 (s, 1H), 7.91 (s, 1H),
7.88-7.79 (m, 2H), 7.55-7.47 (m, 2H), 7.45 (d, J = 8.2 Hz, 1H), 7.41 (s,
1H), 7.29 (t, J = 9.8 Hz, 2H), 7.06 (t, J = 8.9 Hz, 1H), 5.23 (s, 2H); 3¢
NMR (101 MHz, DMSO) §161.3, 153.2, 150.8, 146.9, 142.8, 139.2,
138.2, 136.3, 134.1, 132.9, 132.3, 128.5, 128.4, 128.0, 127.5, 126.1,
121.8,116.0,111.0,110.8, 70.6. HRMS (ESI) calcd. for Co1H;3CIF5N10-
[M + H]%, 442.0589, found 442.0633.

5.1.4. Methyl 5-chloro-4’-(trifluoromethyl)-[1,1'-biphenyl]-3-carboxylate
(38)

To a solution of methyl 3-bromo-5-chlorobenzoate 36 (301.6 mg,
1.22 mmol) in dioxane (6 mL) and H,O (1 mL) was added (4-(tri-
fluoromethyl)phenyl)boronic acid 37 (300.5 mg, 1.58 mmol), Pd(dppf)
Cl, (187.5 mg, 0.26 mmol), NayCO3 (429.4 mg, 4.05 mmol) and heated
with microwave at 100 °C for 1 h. The reaction mixture was diluted with
EtOAc (25 mL), washed with HyO, washed with brine, dried over
NaySO4. The resulting solution was evaporated and purified by flash
column chromatography (PE/EA, 97/3) to afford the intermediate 38
(370 mg, 96.2%) as a light yellow oil. H NMR (500 MHz, DMSO) §
8.17-8.14 (m, 1H), 8.06-8.03 (m, 1H), 7.76 (t, J = 1.7 Hz, 1H), 7.71 (q,
J = 8.5 Hz, 4H), 3.96 (s, 3H). ESI-MS calcd. for C;5H;oClF30, [M + H] T,
315.0, found 315.1.

5.1.5. (5-chloro-4’-(trifluoromethyl)-[1,1'-biphenyl]-3-yl)methanol (39)

To a solution of 38 (370 mg, 1.18 mmol) in THF (8 mL) was added
LiAlH4 in THF solution (0.52 mL, 2.5 M, 1.3 mmol) at 0 °C for 2 h. The
reaction mixture was quenched with NajySO4-10H20 (419 mg, 1.3
mmol), filtered and washed with EA (80 mL). The filtrate was evapo-
rated and purified by flash column chromatography (PE/EA, 91/9) to
afford the intermediate 39 (260 mg, 77.1%) as a white solid. H NMR
(500 MHz, DMSO) 6 7.69 (q, J = 8.4 Hz, 4H), 7.48 (d, J = 11.3 Hz, 2H),
7.40 (s, 1H), 4.77 (s, 2H). ESI-MS caled. for CysH;oClF305 [M + H]™,
287.0, found 287.1.

5.1.6. 2,6-Difluoro-3-(2-hydroxy-1-(4’-(trifluoromethyl)-[1,1'-biphenyl]-
3-yDethoxy)benzamide (19a)

White solid, 72.3% yield; HPLC purity: 99.1%); 'H NMR (500 MHz,
DMSO) 6§ 8.12 (s, 1H), 7.89 (d, J = 8.0 Hz, 2H), 7.83 (d, J = 7.2 Hz, 3H),
7.79 (s, 1H), 7.66 (d, J = 7.4 Hz, 1H), 7.52-7.44 (m, 2H), 7.21-7.13 (m,
1H), 6.94 (t, J = 8.8 Hz, 1H), 5.47 (s, 1H), 5.23 (d, J = 5.5 Hz, 1H),
3.90-3.82 (m, 1H), 3.75-3.68 (m, 1H); '3C NMR (101 MHz, DMSO)
6161.4, 153.0, 150.6, 149.6, 147.2, 143.9, 142.3, 139.2, 138.7, 129.4,
128.2, 127.9, 127.6, 126.8, 125.8, 125.6, 123.0, 117.1, 110.9, 110.7,
82.3, 65.5. HRMS (ESI) calcd. for Co1H13CIF5N105 [M + H] T, 442.0589,
found 442.0630.

5.1.7. Synthesis of 3-((5-chloro-4’-(trifluoromethyl)-[1,1'-biphenyl]-3-yl)
methoxy)-2,6-difluorobenza- mide (19b)

White solid, 78.8% yield; HPLC purity: 99.4%); 'H NMR (500 MHz,
DMSO) 6 8.14 (s, 1H), 7.94 (d, J = 8.1 Hz, 2H), 7.84 (d, J = 8.2 Hz, 3H),
7.81 (d, J = 5.5 Hz, 2H), 7.59 (s, 1H), 7.37-7.30 (m, 1H), 7.09 (t, J = 8.9
Hz, 1H), 5.28 (s, 2H); 3¢ NMR (101 MHz, DMSO) §161.3, 153.3, 150.9,
149.3, 146.9, 142.6, 142.3, 140.9, 139.7, 134.1, 128.7, 127.8, 127.3,
126.6,126.0,125.9,125.2,116.0,111.2,110.9, 69.9. HRMS (ESI) calcd.
for C22H16F5N103 [M + H]+, 4381084, found 438.1127.

5.1.8. Synthesis of 3-(1-(4'-chloro-2'-methyl-[1,1'-biphenyl]-3-yD)-2-
hydroxyethoxy)-2,6-difluoro- benzamide (30a)
White solid, 98.5% yield; HPLC purity: 99.4%); 'H NMR (500 MHz,
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DMSO) 5 8.12 (s, 1H), 7.83 (s, 1H), 7.46-7.37 (m, 4H), 7.31 (d, J = 8.2
Hz, 1H), 7.26 (d, J = 6.9 Hz, 1H), 7.21 (d, J = 8.2 Hz, 1H), 7.19-7.13 (m,
1H), 6.95 (t, J = 8.9 Hz, 1H), 5.47-5.42 (m, 1H), 5.23 (t, J = 5.3 Hz, 1H),
3.88-3.81 (m, 1H), 3.74-3.67 (m, 1H), 2.17 (s, 3H); '3C NMR (101 MHz,
DMSO) 6161.8, 153.5, 151.1, 150.1, 147.6, 142.7, 140.4, 140.2, 138.7,
137.9, 132.4, 131.7, 130.4, 129.1, 128.0, 126.4, 126.0, 117.7, 111.4,
82.6, 65.9, 20.4. HRMS (ESI) caled. for CyoH;gCIFoNOs [M + HIT,
418.0977, found 418.1001.

5.2. Determination of the minimal inhibitory concentration (MIC)

The minimum inhibitory concentration (MIC) of the synthesized
compounds was conducted in the 96-well microplate using the broth
microdilution method described in the Clinical and Laboratory Stan-
dards Institute (CLSI) guidelines [22]. The Log-phase bacteria strains
cultured in Mueller Hinton broth (MHB) were diluted and added to
96-well microtiter plates containing 2-fold serial dilutions of compound
or control drug at concentrations ranging from 128 to 0.25 pg/mL or 2 to
0.004 pg/mL. The final volume in each well was 0.1 mL and the mi-
crotiter plates were incubated aerobically for 18 h at 37 °C. The
absorbance at 600 nm (OD600) was recorded and the MIC was defined
as the lowest compound concentration at which the growth of bacteria
was inhibited by > 90%. Three independent assays were performed for
each test.

5.3. Cytotoxicity assay

The active newly synthesized compounds were screened for their
cytotoxicity against Vero cells using Alamar blue assay. ~2 x 10° cells/
well was seeded in 96 well plate and incubated at 37 °C with a 5% CO»
atmosphere. After 24 h, compounds were added and incubated for 72 h
at 37 °C with 5% CO; atmosphere. After the incubation period, cells
were incubated with AlamarBlue™ Cell Viability Reagent at 1: 10
dilution (v/v) in dark for 3 h and the absorbance was measured at Ex/
Em: 560/590 nm.

5.4. Minimum bactericidal concentration (MBC) assay

MBC assay was conducted using the broth microdilution assay
described in the preceding section. After the 24 h incubation period, 5-
pL aliquots from the clear solution of microtiter wells were plated onto
LB agar plate. Then the LB agar plates were incubated aerobically at
37 °C for 24 h and the colonies were counted. The MBC value is being
defined as the lowest compound concentration that no colonies were
observed on the LB agar plate.

5.5. Time-kill curve assay

The log-phase culture of S. aureus ATCC25923 and Bacillus
ATCC9372 were diluted to approximately 106 CFU/mL in volumes of
MHB, containing various concentrations of 30 (1 x , 2 x , 4 x and 8 x
MIC) or vancomycin (2 x MIC). Cultures were incubated at 37 °C with
shaking. At appropriate time intervals (3, 6, 12 and 24 h), 100 pL
samples were removed for serial dilution in 900 pL volumes of MHB and
100 pL volumes from three dilutions were spread onto LB agar plate. All
LB agar plates were incubated at 37 °C and the cell counts (CFU/mL)
were enumerated after incubating the plates at 37 °C after 24 h.

5.6. Drug resistance study

The initial MIC values of compound 30 and control antibiotic (nor-
floxacin) against S. aureus ATCC29213 were determined as described
above. Bacteria from duplicate test tubes at a concentration of 0.5 x MIC
were used to prepare the bacterial dilution (approximately 5 x 10° CFU/
mL) for the next MIC assay. Then, these bacterial suspensions were
incubated with compound 30 and norfloxacin. After incubation at 35 °C
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for 24 h, the fold increase in MIC value was determined. The process was
repeated for 18 passages.

5.7. Transmission electron microscopy (TEM)

Recombinant SaFtsZ protein was purchased from Cytoskeleton
(FTZ02). At room temperature, SaFtsZ (12 pM) was incubated in 50 mM
Hepes-KOH buffer (pH 6.8) in the presence of the test compound dis-
solved in DMSO for 10 min. Then 50 mM KCl, 5 mM MgCl,; and 1 mM
GTP were added to reaction and incubated at 37 °C for 20 min. After
that, 10-pL drops of the resulting dilutions were placed on glow-
discharged, copper, 400 mesh, Formvar/carbon-coated grids. The
grids were negatively stained with a solution of 1% phosphotungstic
acid for 1 min and air-dried. The grids were then digitally imaged on a
Tecnai G2 Spirit transmission microscope [26].

5.8. FtsZ polymerization assay

The polymerization of SaFtsZ protein was monitored using a mi-
crotiter plate-based light-scattering (turbidity) assay [18,26]. in which
changes in light scattering are reflected by corresponding changes in
absorbance at 340 nm. Test compound were combined with 1 mM GTP
and 12 pM FtsZ in 100 pL of reaction solution, which contained 50 mM
Hepes, 50 mM KCl and 5 mM MgCl,. Reactions were assembled in
half-volume, flat-bottom microtiter plates, and polymerization was
continuously monitored at 25 °C by measuring A340 in a BioTek In-
struments Cytation 5 plate reader.

5.9. GTPase activity test

The GTPase activity of SaFtsZ was measured by using an ATPase/
GTPase Activity Assay Kit (SIGMA MAK113) according to the Kit in-
structions [27,28]. FtsZ (6 pM) was preincubated with different con-
centrations of tested compounds in 50 mM Hepes-KOH buffer for 10 min
at room temperature. Then 300 mM of KCI, 5 mM of MgCl, and 1 mM
GTP were added. The reaction mixture was incubated at 37 °C. After 30
min, the reactions were quenched by adding 100 mL of Cytophos re-
agent for 10 min. Inorganic phosphate was quantified by measuring the
absorbance at 620 nm with a microplate reader (BioTek Instruments Ltd,
us).

5.10. Visualization of bacterial morphology

Phenotype assay was performed essentially as described previously
[15,18,25,29-31]. Briefly, the Bacillus ATCC9372 cells were grown
overnight in MH broth at 37 °C. The cultures were diluted to an OD600
of approximately 0.01 and 10 pL aliquots were added to transparent
96-well microtiter microplates containing dilutions of compound in
100-pL volumes of medium. After incubation for approximately 3 h at
37 °C, the cells for morphology studies were harvested and resuspended
in 100 pL of PBS buffer containing 0.2% agarose. After that, 8 pL of the
suspension mixture was then placed on a microscopic slide. The
morphology of the bacterial cells was observed and captured under a
Nikon Eclipse Ti2 Inverted Microscope at 100 magnifications.

5.11. Computational study and molecular dynamics

Docking studies were performed using induced fit docking (IFD)
module of Schrodinger [29]. The crystal structure of FtsZ (PDB ID: 3vob)
was downloaded from the Protein Data Bank (PDB). Protein-ligand in-
teractions and binding poses of ligands were visualized and analyzed
using Pymol. MD simulations were carried out with Amber 20, and the
force field parameter of the complex system was built with TLEAP
package and Amber ff14SB [32].
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5.12. Microsome stability experiment

This experiment was conducted by ChemPartner. Briefly, the meta-
bolic stability assay in mouse, rat and human liver microsomes were
determined by measuring the percentage of compound remaining after
incubation. The assay incubation system contained microsomes with
final liver microsomal protein concentration of 0.75 mg/mL, 0.5 mM
compound and NADPH regeneration system (6 mM) in 100 mM phos-
phate buffer at pH 7.4. Firstly, all the plates with microsome and com-
pound were pre-incubate at 37 °C for 5 min. Then 15 pL of NADPH stock
solution (6 mM) was added to the plates to start the reaction and timing.
At 5-min, 15-min, 30-min, and 45- min, 135 pL of ACN containing IS was
added to the wells of corresponding plates, respectively, to stop the re-
action. After quenching, shake the plates at the vibrator (IKA, MTS 2/4)
for 10 min (600 rpm/min) and then centrifuge at 5594 g for 15 min
(Thermo Multifuge x 3R). Finally, transfer 50 pL of the supernatant
from each well into a 96-well sample plate containing 50 mL of ultrapure
water (Millipore, ZMQS50F01) for LC/MS analysis.

5.13. Pharmacokinetics

Male ICR mice were used in the PK study of compound 30. The
dosage and the number of animals for each group were presented in
Table 5. Both the intravenous and oral doses were formulated in a so-
lution of 5% DMSO, 4% ethanol, 5% Cremophor EL and 86% water. The
time points for blood sample collection were 15 min, 30 min, 1 h, 2 h, 4
h, 6 h, 8 h and 24 h after dosing for oral administration, and 5 min, 15
min, 30 min, 1 h, 2 h, 4 h, 8 h and 24 h for intravenous injection. The
plasma samples were collected, centrifuged and stored at -20 °C till the
analysis. The concentration of the tested compound in plasma was
determined with LC-MS/MS 18 (TQ6500, Triple quad). The PK param-
eters were calculated with WinNonlin software V6.3 using non-
compartmental analysis (Pharsight Corporation, Mountain Vew, USA)

5.14. In vivo efficacy

All experimental procedures conformed to the animal experiment
guidelines of the Animal Care and Welfare Committee of Bioland Lab-
oratory. The cultures of S. aureus ATCC25923 in mid-log phase were
centrifuged, and the cell pellets were suspended and diluted in sterile
saline solution. Groups of ICR mouse with an average weight of 25 g
were injected intravenously with 0.1 mL of saline solution containing
S. aureus ATCC25923 of 6 x 107 CFU/mL. After 1 h, the mice were then
intraperitoneal administered with 0.5 mL saline, 0.5 mL compound 30
(25 mg/kg), and 0.5 mL vancomycin (25 mg/kg), respectively. To
evaluate bacteremia, eye blood samples were obtained before treatment
and 1 h after treatment, and then plated onto the agar plates. At last, the
plates were incubated at 37 °C overnight for CFU enumeration [18].
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