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A B S T R A C T

The antibacterial agents and therapies today are facing serious problems such as drug resistance. Introducing
dual inhibiting effect is a valid approach to solve this trouble and bring advantages including wide adaptability,
favorable safety and superiority of combination. We started from potential DNA Gyrase inhibitory backbone
isatin to develop oxoindolin derivatives as atypical dual Gyrase (major) and FabH (assistant) inhibitors via a
two-round screening. Aiming at blocking both duplication (Gyrase) and survival (FabH), most of synthesized
compounds indicated potency against Gyrase and some of them inferred favorable inhibitory effect on FabH. The
top hit I18 suggested comparable Gyrase inhibitory activity (IC50 = 0.025 μM) and antibacterial effect with the
positive control Novobiocin (IC50 = 0.040 μM). FabH inhibitory activity (IC50 = 5.20 μM) was also successfully
introduced. Docking simulation hinted possible important interacted residues and binding patterns for both
target proteins. Adequate Structure-Activity Relation discussions provide the future orientations of modification.
With high potency, low initial toxicity and dual inhibiting strategy, advanced compounds with therapeutic
methods will be developed for clinical application.

1. Introduction

The antibacterial agents and therapies today are facing serious pro-
blems such as drug resistance [1,2]. The abuse of antibiotics has aggravated
the unfavorable situation [3,4]. Novel functional molecules with potential
antibacterial potency are in urgent need to bring new hope in curing
bacterial infections and diseases [5–8]. Meanwhile, introducing dual in-
hibiting effect is reported as a valid approach to solve this trouble [9–12].
Usually, dual inhibiting has advantages including wide adaptability, fa-
vorable safety and superiority of combination [13–16]. When mono-tar-
geting strategy limited researchers within the dilemma of balancing the
potency with toxicity and the threat of more easily causing drug-resistance,
typical dual-targeting strategy would break the limits [17].

Herein, we investigated two targets, DNA Gyrase (Gyr) [18] and
FabH [19]. The former causes negative supercoiling of the DNA or re-
laxes positive supercoils [20–22]. Due to the structural differences in
prokaryotes and eukaryotes, DNA Gyrase is targeted by antibiotics in-
cluding Ciprofloxacin into subunit A and Novobiocin into subunit B

[23]. Mimicing typical DNA Gyrase inhibitors has been reported to be a
practical tactic to develop similar prodrugs [24–27]. FabH, also called
β-ketoacyl-acyl carrier protein synthase III, catalyzes the starting step of
bacterial fatty acid synthesis [28–30], an significant process in the
metabolism [31,32]. In particular, FabH only exists in bacteria and
plants [33]. Our task is achieving dual inhibitors, thus blocking both
the duplication and survival of pathogenic bacteria.

In consideration of the inclination for targets in the physiological
processes, we used an atypical dual-targeting strategy as reported [34].
DNA Gyrase was regarded as the major target and FabH was set as the
assistant one because duplication was more fierce than survival,
therefore our choice was developing FabH inhibition upon DNA Gyrase
inhibitors. Shown in Fig. 1, we selected isatin as the initial backbone
due to the reported cases of its modification for exploiting DNA Gyrase
inhibitors [35–38] like its analogous flavonoids [39–42]. After seriously
evaluating the similarity of the two subunits of DNA Gyrase via
homologous modeling (Fig. S1) and overall in silico study, we attempted
to use the cyclopropyl moiety, a typical feature of DNA Gyrase
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inhibitors (usually for GyrA and recently reported for GyrB [43]). Based
on Structure-Based Drug Design and bioisosterism, we took the simi-
larity of isatin, flavonoid and Novobiocin (Gyrase inhibitor,
IC50 = 0.040 μM) to regenerate the backbone with the feasible addition
of cyclopropyl. The calculated binding situations suggested inhibitory
potential (Supporting Information, SI). For introducing FabH inhibitory
potential, none of the reported controls (Thiolactomycin, Platensimycin
and Kanamycin B) was suitable for hybridization. Tentatively, we se-
lected the acylhydrazone moiety (eC]NeNHeCOe) because when
this pharmacophore was added on alternative backbones [44–47], the
potency could be retained to some extent. Fully investigated the feasi-
bility of the new generated series through designing rationale and
preliminary docking simulation, we conducted the two-round screening
with enriched substitutes. We preferred the top hits as atypical dual
inhibitors mainly for Gyrase and auxiliarily for FabH, according to their
tendentious functions on duplication and survival.

2. Experimental section

The experimental section with NMR information and spectra were
detailed in the Supporting Information.

3. Results and discussion

3.1. Synthesis of the compounds

The oxoindolin derivatives H1-H20 (H for “hydrazine”) and I1-I30
(I for “isatin”) were synthesized in two rounds. All (except H20) were
reported for the first time with satisfactory analytical and spectroscopic
data (SI). No cis–trans isomerism was found during reaction, and NMR
data indicated all the series were trans configuration. The general
synthesis method was outlined in Scheme 1. First, substituted isatin was
stirred in DMF at 50 ℃ with (bromomethyl)cyclopropane and K2CO3

added, yielding 1-(cyclopropylmethyl)indoline-2,3-dione (B). Second, a
condensation reaction using hydrazine reagents resulted in the target
compounds H1-H20 and I1-I30. The expansion to form I1-I30 was
based on the biological performances of H1-H20.

3.2. Biological evaluation and the two-round screening

The synthesized H1-H20 were evaluated for their Gyrase and FabH
inhibitory activities. The results were expressed as IC50 (the half max-
imal inhibitory concentration), presented in Table 1.

Most of this series indicated potency against Gyrase, and some of them
inferred favorable inhibitory effect on FabH. Since the Gyrase inhibition
seemed in the leading position, a preliminary Structure-Activity
Relationship (SAR) discussion on Gyrase inhibition was conducted. Several
hints could be inferred. The first hint was that among simple substitutes,
putting it on para-position was superior to on meta-position. All involved
substitutes (-F, -Cl, -Br and -OMe) obeyed this hint. The second hint was
that multi-substituted ones (H15-H18) were potential for inhibition, but
not better than the top single-substituted ones (H5, H10). Thus we re-
garded the comparison of simple substitute on para-position as the most
significant clue. Here the steric effect was more decisive than the elec-
tronic affection. The corresponding order (“ > ” meant “better than”) was
-Me (IC50 = 0.950 μM) > -OPh (IC50 = 1.22 μM) > -CF3 (IC50 =
10.1 μM) ≥ -iPr (IC50 = 10.4 μM) > -OMe (IC50 = 11.8 μM) > -Br
(IC50 = 12.3 μM) > -Cl (IC50 = 13.1 μM) > -F (IC50 = 14.8 μM) > -H
(IC50 = 15.1 μM) > -tBu (IC50 = 24.7 μM). Thus, two choices, providing
substitute of suitable size (eg. -Me) or stretching the backbone to outer
space (eg. -OPh), were beneficial for modification. In addition, defaulting
part of the backbone (H19, H20) ruined the inhibitory activity.

One step further, we completed the default discussion on ox-
oindolin. Several single substitutes (-F, -Cl, -Br, -Me) were added on the
position of or next to the same one of Novobiocin. According to the SAR
discussion of H series, simple para-substituted ring was selected for this
step. Then the subsequent I series were generated with the tested results
in Table 2.

Most of the expanded compounds inferred improved Gyrase in-
hibitory activity and some of them retained potency against FabH. The
added factor made the SAR on Gyrase more complex. For the benzene
substitute R1, the original order in H series was -Me > -OPh > -
Br > -Cl > -F > -H, and the basic tendency in I series was almost the
same. When we divided I series by the oxoindolin substitute R2 and
discussed R1, -Me and -OPh occupied two of the top three in each

Fig. 1. The designing concept of the dual DNA Gyrase and FabH inhibitors.
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division while -H was always the bottom one. When discussing ox-
oindolin substitute R2, we could get two hints. One was that the steric
affection was still decisive, with the approximate order of -Cl (I7-

I12) > -Me (I25-I30) > -Br (I13-I18) > -F (I1-I6). The other was
that if we moved the position (from 5- to 4-) of the substitute, the af-
fection of different substitutes showed less fluctuation while the top one

Code R Code R

H1 Benzoyl H11 3- Fluorobenzoyl

H2 4-Fluorobenzoyl H12 3-Chlorobenzoyl

H3 4-Chlorobenzoyl H13 3-Bromobenzoyl

H4 4-Bromobenzoyl H14 3-Methoxybenzoyl

H5 4-Methylbenzoyl H15 3-Fluoro-4-methoxybenzoyl

H6 4-Methoxybenzoyl H16 3,4-Dimethoxybenzoyl

H7 4-Isopropylbenzoyl H17 3,5-Dimethylbenzoyl

H8 4-Tert-butylbenzoyl H18 3,5-Dimethoxybenzoyl

H9 4-Trifluoromethylbenzoyl H19 Phenyl

H10 4-Phenyloxybenzoyl H20 Thiocarbamoyl

Code R1 R2 Code R1 R2 Code R1 R2

I1 -H 5-F I11 -Me 5-Cl I21 -Cl 4-Br

I2 -F 5-F I12 -OPh 5-Cl I22 -Br 4-Br

I3 -Cl 5-F I13 -H 5-Br I23 -Me 4-Br

I4 -Br 5-F I14 -F 5-Br I24 -OPh 4-Br

I5 -Me 5-F I15 -Cl 5-Br I25 -H 5-Me

I6 -OPh 5-F I16 -Br 5-Br I26 -F 5-Me

I7 -H 5-Cl I17 -Me 5-Br I27 -Cl 5-Me

I8 -F 5-Cl I18 -OPh 5-Br I28 -Br 5-Me

I9 -Cl 5-Cl I19 -H 4-Br I29 -Me 5-Me

I10 -Br 5-Cl I20 -F 4-Br I30 -OPh 5-Me

Scheme 1. The general synthesis and structures of compounds H1-H20 and I1-I30.
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was less potent (I19-I24 vs. I13-I18). Fortunately, after this round, the
top ones were comparable with the positive control on DNA Gyrase
inhibition. Since the SAR of Gyrase inhibition was not concise enough
and that of FabH was difficult to be induced in independent series,
visualized SARs of both targets were displayed in the 3D QSAR part.

We chose the top 8 and bottom 2 (one for each round) compounds in
Gyrase inhibition screening to evaluate their antibacterial and cytotoxic
performances. Tween80 was used to eliminate the impact of blocking
fatty acid synthesis, thus to weaken the impact of FabH inhibition [48].
As seen in Table 3, the selected compounds all suggested favorable
antibacterial activity and low toxicity. Noticeably, they did not show
remarkable potency against quinolone-resistant Staphylococcus aureus
(QRSA, resistant to both GyrA and GyrB inhibitors) [49], indicating that
their effect was mainly based on DNA Gyrase inhibition. Meanwhile,
FabH inhibition could retain some potency against bacteria when

Gyrase inhibition was blocked.
Flow cytometry analysis was conducted to indicate the antibacterial

activity on S. aureus. As shown in Fig. 2, when we treated the bacteria
with increasing concentrations of I18 (0–0.50 μM) for 48 h, the per-
centage of apoptotic cocci displayed a significant increase in a dose-
dependent manner. This result agreed with that of MTT method.

3.3. In silico study

For in silico study (detailed in SI), the ADMET simulation indicated
that almost all the compounds suggested good potential in druggability.
Along with the modification, the molecular docking models hinted
possible binding situations. For Gyrase, key residues included Asp81,
Arg84, Gly85, Arg144 and Thr173, which basically agreed with pre-
cious models; while for FabH, key residues included Met201, His238,

Table 1
DNA Gyrase and FabH inhibitory activities of H1-H20.

Code IC50 (μM)Gyrase IC50 (μM)FabH Code IC50 (μM)Gyrase IC50 (μM)FabH

H1 15.1 ± 1.15 15.2 ± 1.37 H11 35.8 ± 3.22 N.D.
H2 14.8 ± 1.23 N.D. H12 20.2 ± 1.83 N.D.
H3 13.1 ± 1.07 10.8 ± 1.01 H13 55.7 ± 4.75 N.D.
H4 12.3 ± 1.03 N.D. H14 17.2 ± 1.31 146 ± 12.1
H5 0.950 ± 0.080 10.6 ± 1.00 H15 5.95 ± 0.48 N.D.
H6 11.8 ± 1.02 3.50 ± 0.32 H16 4.43 ± 0.41 N.D.
H7 10.4 ± 1.00 14.5 ± 1.18 H17 15.5 ± 1.38 N.D.
H8 24.7 ± 2.06 47.5 ± 4.52 H18 1.98 ± 0.15 N.D.
H9 10.1 ± 0.95 15.8 ± 1.35 H19 > 200 N.D.
H10 1.22 ± 0.11 21.0 ± 1.96 H20 > 200 24.2 ± 2.28
Novobiocin 0.040 ± 0.003 — Kanamycin B — 3.15 ± 0.30

N.D. meant Not Detected at highest concentration tested (500 μM).

Table 2
DNA Gyrase and FabH inhibitory activities of I1-I30.

Code IC50 (μM)Gyrase IC50 (μM)FabH Code IC50 (μM)Gyrase IC50 (μM)FabH

I1 78.2 ± 7.51 N.D. I16 26.3 ± 2.45 N.D.
I2 38.9 ± 3.68 4.10 ± 0.36 I17 2.37 ± 0.21 N.D.
I3 0.19 ± 0.015 N.D. I18 0.025 ± 0.002 5.20 ± 0.51
I4 8.15 ± 0.76 12.4 ± 1.10 I19 7.10 ± 0.65 N.D.
I5 6.65 ± 0.63 4.30 ± 0.40 I20 4.25 ± 0.40 N.D.
I6 5.28 ± 0.48 2.85 ± 0.23 I21 6.47 ± 0.52 18.2 ± 1.59
I7 4.88 ± 0.45 N.D. I22 6.20 ± 0.58 N.D.
I8 2.60 ± 0.23 N.D. I23 4.02 ± 0.35 68.2 ± 6.34
I9 3.42 ± 0.31 N.D. I24 0.480 ± 0.036 102 ± 9.89
I10 2.18 ± 0.20 N.D. I25 113 ± 10.6 N.D.
I11 0.075 ± 0.006 N.D. I26 19.8 ± 1.80 N.D.
I12 0.028 ± 0.002 8.35 ± 0.78 I27 12.1 ± 1.14 N.D.
I13 157 ± 14.9 N.D. I28 1.65 ± 0.16 N.D.
I14 1.41 ± 0.12 N.D. I29 2.49 ± 0.22 N.D.
I15 41.6 ± 3.70 N.D. I30 0.031 ± 0.003 7.10 ± 0.69
Novobiocin 0.040 ± 0.003 — Kanamycin B — 3.15 ± 0.30

N.D. meant Not Detected at highest concentration tested (500 μM).

Table 3
Antibacterial and cytotoxic performances of representatives.

Code MIC (μM)MSSA MIC (μM)MSSA + Tween80 MIC (μM)MRSA MIC (μM)QRSA MIC (μM)P. aeruginosa IC50 (μM)293 T

I18 0.15 ± 0.01 0.17 ± 0.01 0.14 ± 0.01 8.25 ± 0.72 1.38 ± 0.12 > 200
I12 0.31 ± 0.03 0.35 ± 0.03 0.30 ± 0.02 12.5 ± 1.05 2.04 ± 0.18 195 ± 16.5
I30 0.42 ± 0.04 0.50 ± 0.04 0.54 ± 0.05 10.2 ± 0.87 2.13 ± 0.20 > 200
I11 1.05 ± 0.09 1.04 ± 0.08 0.98 ± 0.08 150 ± 14.5 2.74 ± 0.25 187 ± 15.2
I3 1.86 ± 0.15 1.91 ± 0.16 2.14 ± 0.19 > 200 3.85 ± 0.35 178 ± 15.6
I24 4.17 ± 0.36 5.26 ± 0.50 7.15 ± 0.68 95.2 ± 7.93 6.25 ± 0.52 > 200
H5 7.58 ± 0.51 8.87 ± 0.78 10.3 ± 0.96 18.3 ± 1.70 8.36 ± 0.78 > 200
H10 10.2 ± 0.84 12.9 ± 1.12 9.16 ± 0.82 25.2 ± 2.15 9.26 ± 0.83 > 200
H19 > 200 > 200 > 200 > 200 75.7 ± 7.31 158 ± 14.8
I13 > 200 > 200 > 200 > 200 52.8 ± 5.10 > 200
Novobiocin 0.79 ± 0.07 0.78 ± 0.07 0.85 ± 0.06 38.5 ± 2.75 48.5 ± 4.3 > 200
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Fig. 2. Flow cytometry analysis of I18 on S. aureus. The dose-dependent apoptosis for 48 h.

Fig. 3. 3D-QSAR models of selected compounds into Gyrase and FabH. The maps of electronic potential (A & C), Van der Waals grids (B & D) and brief illustrations (E
& F) visualized the requirements of each factor.
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Asn241, Arg243 and Gly300.
To provide more brief SAR discussion, 3D QSAR models were built.

For Gyrase we took the top 40 compounds (conventional largest sample
size) while for FabH we took all the 20 compounds with correlated
activity. 80% of the compounds were chosen by random as training sets
while the rest 20% (H5, H8, H10, H17, I17, I18, I20, I21 for Gyrase;
H7, H10, H20, I12 for FabH) were defined as test sets. The correlation
coefficient r2 (0.856 for Gyrase; 0.967 for FabH) guaranteed the relia-
bility of both the models (r2 > 0.400). The maps of electronic potential
(red for electronic withdrawing in need while blue for electronic do-
nating) and Van der Waals grids (green for bulky group in need while
yellow for smaller) were shown in Fig. 3. For Gyrase, the modification
on the oxoindolin moiety required bulky electronic-withdrawing sub-
stitutes. On the introduced benzene ring, smaller electronic-with-
drawing group was needed in the nearby region whereas larger elec-
tronic-donating one was suitable in the outer-stretched region. This
result agreed with the preliminary Structure-Activity Relationship dis-
cussion upon the substitutes. For FabH, smaller backbone was a basic
requirement all around. Although electronic-withdrawing group
seemed better on both modified sites, an electronic-donating one was
still acceptable along the nearer meta-position of the introduced ben-
zene ring.

4. Conclusion

In summary, this work performed a two-round screening of ox-
oindolin derivatives as dual DNA Gyrase and FabH inhibitors. It com-
bined the procedures of modification, biological evaluation and in silico
study. From potential DNA Gyrase inhibitory backbone isatin, we im-
proved the Gyrase inhibition effect and introduced the possibility as
FabH inhibitors to realize the blocking of both duplication and survival.
Most of both series indicated potency against Gyrase and some of them
inferred favorable inhibitory effect on FabH. The top hit I18 suggested
comparable Gyrase inhibitory activity (IC50 = 0.025 μM) and anti-
bacterial effect with the positive control Novobiocin (IC50 = 0.040 μM).
It also possessed FabH inhibitory activity (IC50 = 5.20 μM) which en-
hanced its potential of atypically inhibiting dual targets and fighting
drug-resistance. Docking simulation provided the possible binding
pattern into both Gyrase and FabH, which picked probable important
interacted residues (Asp81, Arg84, Gly85, Arg144, Thr173 of Gyrase
and Met201, His238, Asn241, Arg243, Gly300 of FabH). 3D-QSAR
models and the substitute-based discussion hinted the future mod-
ification of controlling the size of the whole molecule with electron-
withdrawing surrounding but jumping out to introduce electron-do-
nating periphery. On the basis of high potency, low initial toxicity and
dual inhibiting strategy, further studies will be performed to identify
advanced molecules with therapeutic approaches and clinical potential.
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