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Abstract 23 

The discovery of small molecular inhibitors targeting essential and conserved bacterial drug 24 

targets such as FtsZ protein is a promising approach to fight against multi-drug resistant bacteria. 25 

In the present study, two new series of FtsZ inhibitors based on a 1-methylquinolinium scaffold 26 

were synthesized. The inhibitors possess a variety of substituent groups including the cyclic or 27 

linear amine skeleton at the 2- and 4-position of the quinolinium ring for structure-activity 28 

relationship study. In general, the inhibitors bearing a cyclic amine substituent at the 4-position of 29 

the quinolinium ring showed better antibacterial activity (MIC down to 0.25 μg/mL) than that at 30 

the 2-position, especially against Gram-positive bacteria. Among the twenty FtsZ inhibitors 31 

examined in various assays, A3 was identified to exhibit excellent antibacterial activity against S. 32 

aureus (MIC = 0.5-1 μg/mL), S. epidermidis (MIC = 0.25 μg/mL) and E. faecium (MIC = 1-8 33 

μg/mL). More importantly, A3 showed low hemolytic toxicity (IC5 = 64 µg/mL) and was found 34 

not readily to induce drug resistance. A3 at 2-8 μg/mL promoted the polymerization of FtsZ and 35 

interrupted the bacterial division. Furthermore, the ligand-FtsZ interaction study conducted with 36 

circular dichroism and molecular docking revealed that A3 induced secondary structure changes of 37 

FtsZ protein upon binding to the interdomain cleft of the protein. A3 is thus a potent inhibitor of 38 

FtsZ and shows potential to be used as a new antibacterial agent against drug-resistant bacteria. 39 

 40 

 41 

Keywords: 1-Methylquinolinium derivatives, FtsZ inhibitor, Antibacterial activity, Mechanism of 42 

action, Drug resistance. 43 
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1. Introduction 45 

The discovery of penicillin, the first antibiotic found in 1928, has saved innumerable lives. 46 

Beta-lactam antibiotics are regarded as one of the most important scientific discoveries in the 20th 47 

century [1, 2]. Nonetheless, the abuse and misuse of antibiotics accelerated the emergence cycle of 48 

drug resistance. For example, penicillin-resistant S. aureus (PRSA) was reported soon after 49 

penicillin applied to clinical medicine [3]. Currently, many drug-resistant bacteria including 50 

methicillin-resistant S. aureus (MRSA), vancomycin-resistant E. faecium (VRE) and the 51 

multidrug-resistant bacterial strains are commonly found in clinical settings [4-7] and these bacteria 52 

make the clinical antibiotics incapable of treating bacterial infections. The threat of drug-resistant 53 

bacteria or superbugs renders an urgent need to develop new types of antibacterial agents to solve 54 

the antibiotic resistance crisis.  55 

To search for new compounds selectively binding to essential proteins of bacterial cell cycle 56 

rather than penicillin-binding proteins is a promising strategy to develop a new class of antibacterial 57 

agents. With respect to the mechanism of bacterial cell division, it involves complicated dynamic 58 

and biological processes and requires many functional division proteins, which could be the 59 

potential antibacterial drug targets [8, 9]. Filamentous temperature sensitive mutant Z (FtsZ) is one 60 

of the essential proteins required for bacterial cell division and is highly conserved in bacteria [10]. 61 

Therefore, it is an ideal drug target for new antibiotic development. Since FtsZ is the first protein 62 

that reaches the division site, the interruption of the function of FtsZ may cause bacterial death [11-63 

13]. Recent studies have also demonstrated that some small organic molecules such as sanguinarine, 64 

berberine, PC190723 and Zantrin Z3 (Fig. 1) are the potent inhibitors of FtsZ [14-20]. However, 65 

only very few FtsZ inhibitors including TXA707 and TXA709 have been reported for clinical trial 66 

[19, 21-23], which indicates that the development of effective inhibitors targeting FtsZ for clinical 67 

use remains a challenge.  68 

Among the active FtsZ inhibitors reported recently, sanguinarine [14], berberine [15, 16], 69 

PC190723 [18] and Zantrin Z3 [20] are the hetero-bicyclic or hetero-polycyclic organic compounds 70 

that exhibit potent antibacterial activities. Our recent results further indicate that the 1-71 

methylquinolinium is an active hetero-bicyclic scaffold for FtsZ inhibitor development [24, 25]. In 72 

addition, we have previously found that the hetero-bicyclic indolyl-quinolinium derivatives c9 and 73 
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BIMQ [26, 27] (Fig. 2) are the effective pharmacophore for FtsZ inhibitor development. A recent 74 

study with the use of semi-synthetic kaempferol derivatives reported that the introduction of amine 75 

substituents with low pKa values into flavone scaffold was unfavourable to antibacterial activity 76 

[28]. Based on this, we tried to introduce N,N-dimethylaniline (with basic nitrogen) into the 1-77 

methylquinolinium ring to replace the indole substituent (with acidic nitrogen) and that may be 78 

able to enhance the antibacterial activity. In addition, the effect of substituent groups at the 2- and 79 

4-position of the 1-methylquinolinium ring for structure-activity relationship (SAR) study has not 80 

been systemically investigated. In the present study, we therefore focused on the structural design 81 

and advancement at the 2- and 4-position of the 1-methylquinolinium and to understand the SAR 82 

of antibacterial activity targeting FtsZ protein. In the molecular design, two series of structurally 83 

similar compounds, A series and B series (Fig. 2), with different substituent groups at the 2- and 4-84 

position of the 1-methylquinolinium ring, were synthesized for comparison. 85 

 86 

Fig. 1. Molecular structures of some recent reported FtsZ inhibitors: (A) sanguinarine, (B) 87 

berberine, (C) PC190723, (D) Zantrin Z3. 88 
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 89 

Fig. 2. The structural design of the quinolinium-based derivatives targeting FtsZ. The core hetero-90 

bicyclic skeleton of 1-methylquinolinium (black), the varied substituent groups (pink), and the 91 

substituent of 4-(dimethylamino)styryl (blue). 92 

 93 

2. Results and Discussion 94 

2.1 Synthesis of 1-methylquinolinium-based derivatives A1-A10, B1-B10 95 

The compounds A1-A10, B1-B10 (Scheme 1) were synthesized and purified according to the 96 

reported procedures [26, 29]. Intermediates 2a and 5a were obtained by the reaction of 4-chloro-2-97 

methylquinoline or 2-chloro-4-methylquinoline with iodomethane. The reaction of 2a or 5a with a 98 

selected amine gave 3a-3i and 6a-6i, respectively. These compounds were further reacted with 4-99 

dimethylaminobenzaldehyde to obtain the inhibitors A1-A9, B1-B9. For intermediates 2b and 5b, 100 

the compounds were obtained by the reaction of 2-methylquinoline or 4-methylquinoline with 101 

iodomethane. After obtaining the intermediates, 2b and 5b were further reacted with 4-102 

dimethylaminobenzaldehyde to obtain A10 and B10. All compounds were characterized by 1H 103 

NMR, 13C NMR, HRMS and HPLC (Fig. S10-S29). The E-isomers were the major products of the 104 

synthesis and were purified with column chromatography. HPLC analysis showed that the purity 105 

of the isolated compounds were higher than 95%. The compounds were designed to bear a 106 

positively charged quinolinium fragment for electrostatic interactions, a non-polar group of styryl 107 

fragment for non-polar interactions and a flexible or rigid amine group for hydrogen bond 108 
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interactions to enhance the affinity with the drug target.  109 

 110 

 111 

Scheme 1. Synthetic routes to the compounds of A series and B series. Reagents and conditions: 112 

(i) iodomethane, sulfolane, 60 ℃, overnight; (ii) the reaction with a selected amine, acetonitrile, 113 

60 ℃, overnight; (iii) aldehyde in n-butanol, 4-methylpiperidine, 100 ℃, 8 h. 114 

 115 

2.2 In vitro antibacterial activity of the derivatives 116 

The antibacterial activity of 1-methylquinolinium-based derivatives (A1-A10, B1-B10) was 117 

evaluated using the broth microdilution method. The structural difference between two series (A 118 

series and B series) of compounds is the amine group substituted at the C-2 and C-4 position of the 119 

1-methylquinolinium scaffold. The MIC results summarized in Table 1-3 revealed that the 120 

compounds against Gram-positive bacteria generally showed much better antibacterial activity than 121 

that of Gram-negative bacteria. Interestingly, in terms of MIC values, A10 and B10 only bearing 122 

an N,N-dimethylaniline substituent at either C-2 or C-4 position exhibited similar antibacterial 123 

activity, which may indicate that the substitution position of N,N-dimethylaniline did not cause 124 
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significant influence in the antibacterial activity. Furthermore, by comparing the MIC values of the 125 

compounds with the same amine-substituent at C-2 or C-4 position, it was found that the 126 

antibacterial activity of A series was approximately 2-16 times better than B series. The results 127 

suggest that the substituent groups at C-4 position (A series) were more potent than that at C-2 128 

position (B series). We thus speculated that the substituents at the C-4 position of the inhibitor 129 

could be a critical site to influence the structure and function of FtsZ protein. By comparing the 130 

substituent groups, it was found that morpholine (A1/B1) and 3-aminopropanol (A9/B9) groups 131 

containing oxygen atom (MIC = 16-64 μg/mL) showed much weaker antibacterial activity than 132 

piperidine (A2/B2) and N-propylamine (A5/B5) groups bearing no oxygen atom (MIC = 1-8 133 

μg/mL).  134 

In the MIC screening assays, four compounds A3, B3, A2 and A7 were found showing high 135 

antibacterial activity among the twenty derivatives. In particular, A3 is the best one and inhibits 136 

effectively the growth of S. aureus (MIC = 0.5-1 μg/mL). In addition, A3 against MRSA was found 137 

comparable to vancomycin but it was weaker than rifampin. The compound also showed better 138 

antibacterial activity against S. epidermidis and E. faecium including the drug-resistant bacterial 139 

strains. Comparing with Gram-positive bacteria, A3 generally display less antibacterial potency 140 

against most Gram-negative bacteria tested such as E. coli ATCC 8739 (MIC = 64 μg/mL) and P. 141 

Aeruginosa ATCC 27853 (MIC > 64 μg/mL). We speculated that the low bacterial membrane 142 

permeability of the compound may be a key factor that probably weakens the antibacterial activity 143 

against Gram-negative bacteria [30]. We thus used polymyxin B nonapeptide (PMBN) to enhance 144 

the outer membrane permeability of Gram-negative bacteria [31-33]. From the results shown in 145 

Table S1, we found that PMBN at 256 μg/mL did not inhibit the strains of E. coli ATCC 25922, E. 146 

coli ATCC 8739, A. baumannii ATCC 19606 and P. aeruginosa ATCC 27853; however, by 147 

combining the inhibitors (A3, B3, A2 and A7) with PMBN (20 μg/mL), the MIC against the Gram-148 

negative bacteria was significantly reduced to 1-8 μg/mL. The results indicate that the permeability 149 

of the bacterial outer membrane may be a critical factor reducing the antibacterial activity of the 150 

compounds against Gram-negative bacteria. 151 

  152 
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Table 1. The minimum inhibitory concentration (MIC) of compounds against Staphylococcus 153 

aureus (μg/mL). 154 

 
S. aureus 

ATCC 29213 

S. aureus 

ATCC 43300a 

S. aureus 

ATCC 33592a 

S. aureus 

ATCC BAA-1720a 

S. aureus 

Mu50b 

A1 32 64 64 64 32 

A2 1 1 1 2 2 

A3 1 1 0.5 1 1 

A4 1 2 1 8 1 

A5 8 8 4 4 8 

A6 4 4 2 2 4 

A7 2 2 2 1 4 

A8 2 2 2 2 4 

A9 32 64 32 64 16 

A10 16 nd nd nd nd 

B1 32 >64 64 >64 32 

B2 2 4 8 4 4 

B3 2 4 4 4 4 

B4 4 16 16 16 8 

B5 >64 32 >64 16 32 

B6 32 16 32 16 16 

B7 8 8 8 8 8 

B8 4 4 4 4 4 

B9 >64 >64 64 64 64 

B10 16 nd nd nd nd 

Cipc 0.25 2 0.125 >64 1 

Ampc >64 >64 64 >64 0.125 

Vanc 1 1 2 0.5 32 

Rifc 0.5 <0.125 >64 <0.125 0.125 

a Methicillin-resistant strain. b Vancomycin-intermediate strain. c Cip: ciprofloxacin, Amp: 155 

ampicillin, Van: vancomycin, Rif: rifampin. 156 

  157 
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Table 2. The minimum inhibitory concentration (MIC) of compounds against Gram-positive 158 

bacteria strains (μg/mL). 159 

a Vancomycin-resistant strain. b Clinically isolated strain. c Cip: ciprofloxacin, Amp: ampicillin, 160 

Van: vancomycin, Rif: rifampin. 161 

  162 

 
S. epidermidis 

ATCC 12228 

B. subtilis 

CMCC (B) 63501 

E. faecium 

ATCC 49624 

E. faecalis 

ATCC 29212 

E. faecium 

ATCC 700221a 

E. faecium 

VRE Straina, b 

A1 16 32 8 >64 16 32 

A2 1 2 8 4 1 4 

A3 0.25 4 8 2 1 4 

A4 1 4 4 2 2 4 

A5 2 16 16 4 4 8 

A6 2 8 16 2 4 8 

A7 1 4 8 4 4 4 

A8 2 4 4 8 4 4 

A9 8 >64 8 16 16 >64 

A10 16 64 8 >64 nd nd 

B1 16 16 8 >64 32 >64 

B2 1 4 8 16 2 8 

B3 1 8 16 16 2 16 

B4 2 16 16 64 8 16 

B5 32 16 32 64 16 16 

B6 16 8 16 32 8 8 

B7 8 8 8 16 8 8 

B8 4 2 4 4 4 4 

B9 64 32 >64 >64 64 64 

B10 16 64 16 >64 nd nd 

Cipc 1 0.25 32 4 >64 nd 

Ampc >64 4 2 1 0.25 >64 

Vanc >64 0.25 1 2 1024 >64 

Rifc 1 0.125 <0.125 0.125 <0.125 8 
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Table 3. The minimum inhibitory concentration (MIC) of compounds against Gram-negative 163 

bacteria strains (μg/mL). 164 

a NDM-1 expressing strain. b Multi-drug resistant strain. c Penicillin-susceptible strain. d Cip: 165 

ciprofloxacin, Amp: ampicillin, Van: vancomycin, Rif: rifampin. 166 

  167 

 
E. coli 

ATCC 25922 

E. coli 

ATCC 8739 

E. coli 

ATCC BAA 

2469a 

A. baumannii 

ATCC 19606b 

P. aeruginosa 

ATCC 27853c 

K. pneumoniae 

ATCC BAA 

2470a 

A1 >64 >64 >64 >64 >64 >64 

A2 16 64 64 64 >64 >64 

A3 8 64 64 >64 >64 >64 

A4 4 16 64 32 >64 >64 

A5 32 >64 >64 >64 >64 >64 

A6 32 >64 >64 >64 >64 >64 

A7 64 >64 >64 >64 >64 >64 

A8 >64 >64 >64 >64 >64 >64 

A9 >64 >64 >64 >64 >64 >64 

B1 >64 >64 >64 >64 >64 >64 

B2 16 32 64 >64 >64 >64 

B3 32 64 64 >64 >64 >64 

B4 16 32 64 >64 >64 >64 

B5 >64 >64 >64 >64 >64 >64 

B6 >64 >64 >64 >64 >64 >64 

B7 >64 >64 >64 >64 >64 >64 

B8 >64 >64 >64 >64 >64 >64 

B9 >64 >64 >64 >64 >64 >64 

Cipd 0.125 <0.125 >64 64 1 >64 

Ampd 2 16 >64 >64 >64 >64 

Vand >64 >64 >64 >64 >64 >64 

Rifd 2 8 >64 >64 >64 >64 
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2.3 The study of bactericidal and bacteriostatic effects 168 

The MBC values of the screened potent compounds (A3, B3, A2 and A7) against S. aureus, 169 

B. subtilis and E. faecium were investigated. The strains including S. aureus ATCC 29213, S. aureus 170 

ATCC 43300, B. subtilis CMCC (B) 63501 and E. faecium ATCC 700221 were tested. According 171 

to the CLSI standard [34], the bactericidal effect was observed when the ratio of MBC/MIC was ≤ 172 

2, while the bacteriostatic effect was observed when the ratio of MBC/MIC was ≥ 4. The MBC 173 

results (Table 4) revealed that these compounds were bacteriostatic agents for S. aureus and E. 174 

faecium, which were similar to the previously reported thiazole-quinolinium derivatives and the 175 

antibiotic Teicoplanin [35, 36]. On the other hand, the compounds, similar to a clinical antibiotic 176 

nalidixic acid [37], were bactericidal agents against B. subtilis. 177 

 178 

Table 4. MBCs and MBC/MIC ratios of selected compounds against four bacterial strains. 179 

 MBC (μg/mL) MIC (μg/mL) MBC/MIC 

S. aureus ATCC 29213 

A3 8 1 >4 

B3 16 2 >4 

A2 8 1 >4 

A7 8 2 4 

S. aureus ATCC 43300 

A3 8 1 >4 

B3 32 4 >4 

A2 4 1 4 

A7 8 2 4 

B. subtilis CMCC (B) 63501 

A3 4 4 1 

B3 16 8 2 

A2 4 2 2 

A7 4 4 1 

E. Faecium ATCC 700221 

A3 4 1 4 

B3 8 2 4 

A2 4 1 4 

A7 8 4 2 

 180 
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2.4 Time-killing kinetics of the inhibitor against a clinical isolate S. aureus ATCC 29213 181 

The potent compound A3 was further investigated to understand its time-killing kinetics against 182 

S. aureus ATCC 29213. The time-killing curve (Fig. 3) revealed that S. aureus was increased 183 

rapidly and reached 1011 CFU/mL without applying A3. However, with the addition of A3 at 1×, 184 

2×, and 4× MIC concentrations, respectively, the viable counts of bacteria decreased to 103–104 185 

CFU/mL after 8 h and then remained steady. It was found that the higher the concentration of A3 186 

used, the faster the rate of colonies decreased in the assay. Moreover, when the concentration of A3 187 

used was at 8× MIC, the bacterial counts were significantly reduced to below 103 CFU/mL after 8 188 

h. Finally, the viable bacteria were no longer detectable after 24 h incubation. The results suggested 189 

that A3 at 1×, 2×, 4× MIC concentrations inhibited the growth of S. aureus in a bacteriostatic mode 190 

and, at 8× MIC concentration, it killed S. aureus. The finding was in accord with the MBC results 191 

[27, 38].  192 

 193 

Fig. 3. Time-killing curves of A3 against S. aureus ATCC 29213. The assays were conducted at 194 

different compound concentrations: 0× MIC (1% DMSO) (black), 1× MIC (red), 2× MIC (green), 195 

4× MIC (blue), and 8× MIC (pink). 196 

 197 

2.5 Synergistic effects with methicillin against MRSA 198 

The checkboard assay was used to investigate the synergistic effect of compounds A3, B3, A2 199 

and A7 with methicillin against MRSA strains. Fractional inhibitory concentration (FIC) index ≤ 200 

0.5 was considered as synergism; 0.5-2 was considered as for additive effect, and > 2 was 201 

considered as antagonism [23, 39]. From the results of Table 5 and Fig. S1, it was found that the 202 
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MIC values of methicillin against MRSA were reduced to 64 μg/mL when combined with A3 (2 203 

μg/mL) and B3 (4 μg/mL), with an FIC index of 0.3125, indicating a synergistic effect. Compounds 204 

A2 and A7 also exerted similar effects. Therefore, these compounds could restore the antibacterial 205 

activity of methicillin against MRSA in a synergistic manner.  206 

 207 

Table 5. Synergistic effects of A3, B3, A2 and A7 with methicillin against S. aureus ATCC BAA-208 

41. 209 

 FIC index 
MIC (μg/mL) 

alone in combination 

A3 
0.3125 

8 2 

methicillin 1024 64 

B3 
0.3125 

16 4 

methicillin 1024 64 

A2 
0.25 

16 2 

methicillin 1024 128 

A7 
0.375 

4 0.5 

methicillin 1024 256 

 210 

2.6 Effects of the derivatives on bacterial cell division 211 

FtsZ is highly conserved among bacteria and is an essential protein for bacterial cell division. 212 

The interruption of FtsZ function may inhibit the bacterial cell division process. The morphology 213 

change of bacterial cells including cell length and/or size is one of the important phenotypes 214 

indicating the interruption of FtsZ function. In the present study, B. subtilis CMCC (B) 63501 was 215 

used to investigate the effect of the compounds on bacterial morphology changes. As shown in Fig. 216 

4A-B, the cell length of the bacteria was about 3-5 μm in the control group; however, for the 217 

treatment group applying A3 at 0.5× MIC for 4 h, a significant elongation of the bacterial cell (B. 218 

subtilis), approximately 70 μm, was observed. Similarly, compounds A2, A7 and B3 were able to 219 

cause the elongation of bacterial cells with a length about 30-50 μm (Fig. S2). Furthermore, S. 220 

aureus was used to conduct the same evaluation (Fig. 4C-D). The size of bacterial cells observed 221 

in the control group was about 1 μm, while after treating with A3, B3, A2 and A7 at 0.5× MIC, an 222 

enlargement of cell size was observed clearly. These results indicate that the compounds may target 223 
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FtsZ and exert significant effects on the inhibition of bacterial cell division.  224 

 225 

 226 

Fig. 4. The effect on the morphology of B. subtilis CMCC (B) 63501 and S. aureus ATCC 29213 227 

in the absence (A, C) and the presence of A3 (B, D). Scale bar for B. subtilis is 10 μm and for S. 228 

aureus is 5 μm. 229 

 230 

2.7 Effects of the derivatives on the FtsZ function  231 

Some FtsZ inhibitors such as PC190723, Zantrins, berberine and its derivatives [14, 16, 18] 232 

were reported to hinder the bacterial division through the interruption of the function of FtsZ 233 

protein. Our compounds may also target FtsZ and interrupt its function. S. aureus FtsZ was used to 234 

study the in vitro effect of the compounds on the polymerization of FtsZ. In the assays, both A3 235 

and B3 were able to promote FtsZ polymerization with respect to the remarkably increased A340 236 

values compared with the control using DMSO (Fig. 5). Notably, A3 showed much stronger 237 

enhancement effect than B3. The result may suggest that the compound (A3) with a cyclic amine 238 

group substituted at C-4 position of the 1-methylquinolinium ring could render better promotion 239 

effects on FtsZ polymerization. We further monitored the A340 changes of compounds A3, B3, A2 240 

and A7 at a gradient concentration from 2 μg/mL to 8 μg/mL (Fig. S3). It was found that the 241 
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compounds gave different degrees of enhancement in FtsZ polymerization. In general, the 242 

enhancement was found in a concentration-dependent manner. The promotion effect was also found 243 

in accord with the reported compounds such as OBTA, PC190723 and TXA707 [18, 19, 40].  244 

Since the FtsZ polymerization dynamic could also be regulated by GTPase activity, we further 245 

analyzed the effect of the compounds (A3, B3, A2, and A7) on GTPase activity using the GTPase 246 

kit. We found that all the compounds tested had no significant effect on the GTPase activity of S. 247 

aureus FtsZ (Fig. 6). The results were found similar to the reported inhibitors [41, 42] including 248 

the thiazole-quinolinium derivatives [35]. It could be due to the compounds bound to the 249 

interdomain cleft of FtsZ that may only enhance the polymerization of FtsZ protein but has no 250 

effect on interfering GTPase activity. 251 

 252 

Fig. 5. (A) The effect of compounds A3 and B3 at 8 μg/mL on the polymerization of FtsZ. (B) The 253 

effect of compound A3 at the concentration from 2 to 8 μg/mL on the polymerization of FtsZ. 254 

 255 

Fig. 6. The effect of A3, B3, A2 and A7 on the GTPase activity of FtsZ. 256 
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2.8 Interaction study of the derivatives with FtsZ protein 257 

The secondary structure of S. aureus FtsZ upon interacting with the inhibitor was tested by 258 

circular dichroism (CD) spectra. The spectroscopic data were processed by the software Chirascan 259 

Pro-Data Viewer and CDNN. The results (Fig. 7A) revealed that FtsZ with DMSO (control) 260 

contained 30.5% α-helix, 17.4% β-turn, 34.5% random coil and 17.6% other structures. After the 261 

treatment with A3 at 8 μg/mL, α-helix was increased to 41%, β-turn was decreased to 15.5%, 262 

random coil was decreased to 28.4%, and the other structures were decreased to 15.1% (Table S2). 263 

Similarly, the CD spectra of FtsZ were changed after B3, A2 or A7 treatment (Fig. 7B), suggesting 264 

that the content of secondary structures were changed (Table S2). The above results indicate that 265 

the compounds may interact with FtsZ protein and consequently cause the change of the secondary 266 

structure of the protein that results in breaking the balance of FtsZ polymerization [43]. The protein 267 

function was therefore interrupted.  268 

 269 

Fig. 7. The CD spectra of FtsZ (A) in the absence and presence of A3 at a concentration from 2 to 270 

8 µg/mL, (B) in the presence of 8 µg/mL A3, B3, A2 and A7. 271 

 272 

In addition, fluorescence titration method was also conducted to investigate the protein-ligand 273 

interaction. The detection of the changes in the intrinsic fluorescence of the compounds in the 274 

presence of S. aureus FtsZ protein may indicate the protein-ligand interaction occurred [44, 45]. 275 

As shown in Fig. S5, the fluorescence intensity was increased markedly as FtsZ was gradually 276 

added and the signal increased was in a concentration-dependent manner. The observation suggests 277 

that the compound may interact with FtsZ in solution. The equilibrium binding constants (Keq) of 278 

A3, B3, A2 and A7 with FtsZ were estimated to be 2×105 M-1 - 4×105 M-1 (Table 6). In addition, 279 



 

17 

 

isothermal titration calorimetry (ITC) titrations were performed to analyze the thermodynamic 280 

interaction of ligand-FtsZ. The results demonstrated that these compounds interacted with FtsZ 281 

spontaneously (Table 6 and Fig. S6) with the dissociation constant (KD) at micro-molar level [15].   282 

 283 

Table 6. The binding constants (Keq) and dissociation constants (KD) of FtsZ with the selected 284 

compounds. 285 

 A3 B3 A2 A7 

Binding constant 

Keq (×105 M-1) 
4.41 2.08 2.02 2.01 

Dissociation constant 

KD (μM) 
3.84 3.86 2.49 2.38 

 286 

2.9 Prediction of the binding mode of the 1-methylquinolinium-based derivatives with FtsZ 287 

Based on the results obtained from biological assays, A3 could be a potential inhibitor of FtsZ. 288 

The possible binding modes and binding sites of the compound with FtsZ were further studied with 289 

molecular docking. By comparing the biological activity of A3 with PC190723, both compounds 290 

could increase FtsZ polymerization. From Fig. 8A, A3 was predicted to bind to the hydrophobic 291 

interdomain cleft formed by H7-helix, T7-loop, and C-terminal β-sheet, which was consistent with 292 

the reported binding pocket of PC190723 that was confirmed by the crystal structure of S. aureus 293 

FtsZ in complex with PC190723 [46]. This could provide an explanation that A3 does not affect 294 

the GTPase activity. The 2D diagram (Fig. 8B) showed a number of hydrophobic interactions 295 

between A3 and the residues (Leu200, Met226, Ile228, and Val297) of FtsZ. Moreover, amide-π 296 

stacking, sometimes important for ligand binding [47], could be found between the 1-297 

methylquinolinium moiety and the residues including Gln192, Gly227 and Thr309. In addition, a 298 

carbon hydrogen bond interaction was predicted between the amine carbon chain and Gln192. A 299 

carbon hydrogen bond was also predicted with the residues of Val203, Val207 and Asn208. 300 

Furthermore, a large number of amino acid residues, such as Asp199, Gly205, Asn263 and Ile311, 301 

were predicted interacting with A3 through van der Waals forces.  302 

From the docking results, A3 may insert into the cleft with a slab configuration similar to that 303 
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of PC190723 [48]. The interaction between FtsZ and A3 may also involve a number of amino acid 304 

residues that are the same as those found in the FtsZ-PC190723 interaction. The N,N-305 

dimethylaniline substituent of A3 is predicted directly to interact with the T7-loop (Leu200, Val203, 306 

and Asn208), which is similar to the interaction observed in PC190723 with difluorobenzamide 307 

substituent. In addition, both the 1-methyl quinolinium ring and the 4-methylpiperidine substituent 308 

show hydrophobic interactions with H7-helix (Gln192) and β-sheet (Met226 and Ile228), which 309 

are similar to the interaction observed in the thiazopyridine ring of PC190723. However, there is 310 

an obvious difference found between A3 and PC190723 interacting with FtsZ. Gly193, one of the 311 

two amino acids that accounted for 90% of all PC190723-resistant MRSA mutations, has a 312 

hydrophobic interaction with PC190723; interestingly, it interacts with A3 through van der Waals 313 

force [18, 48]. Furthermore, the predicted binding mode between B3 and FtsZ (Fig. S7) was similar 314 

to that of A3. Nonetheless, we observed four amide-π stacked interactions of Gln192, Gly227 and 315 

Val203 with A3 but not with B3. There is only one amide-π stacking between B3 and Asp199.  316 

 317 

Fig. 8. Predicted binding modes of A3 with S. aureus FtsZ. (A) A3 bound to the C-terminal 318 

interdomain cleft of FtsZ. (B) Predicted interactions between A3 and the amino acids of FtsZ.  319 

 320 

2.10 Toxicity of the derivatives 321 

The hemolytic toxicity of the quinolinium-based derivatives was determined against 322 

erythrocytes from Kunming mice. Triton X-100 (0.008%-1%) was used as the reference. The 323 

hemolytic toxicity of other quinolinium-based derivatives was summarized in Fig. S8 and Table 324 

S3 for comparison. Among the compounds tested, both A3 (IC5 = 64 µg/mL) and B3 (IC5 = 32 325 

µg/mL) have low hemolytic toxicity (Fig. 9A) and have better IC5/MIC selectivity against mice 326 
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erythrocytes and S. aureus 29213 (Table S3). 327 

The cytotoxicity of the compounds with better antibacterial activity was determined against 328 

the mouse fibroblasts (L929) cells and human renal tubular (HK-2) cells. The IC50 results showed 329 

that the cytotoxicity of A3 was slightly lower than B3 (Fig. 9B). Furthermore, the selective index 330 

(SI = IC50/MIC) indicated that A3 has better selectivity than B3, which is similar to the results 331 

showed in the hemolytic toxicity. Interestingly, A3 bearing a 4-methylpiperidyl group substituted 332 

at the C4-position of the 1-methylquinolinium ring is less toxic than that of B3 (bearing a 4-333 

methylpiperidyl group substituted at C2-position). In addition, A3 exhibits better antibacterial 334 

activity. 335 

 336 

Fig. 9. (A) Hemolytic toxicity of compounds A3 and B3. The erythrocytes were treated with 337 

compounds (1-64 µg/mL) or Triton X-100 (0.008%-1%). (B) Cytotoxicity of compounds A3 and 338 

B3 on L929 and HK-2. 339 

 340 

2.11 Drug resistance of the 1-methylquinolinium-based derivatives 341 

To evaluate the drug-resistance of A3 and B3 against S. aureus ATCC 29213 and B. subtilis 342 

CMCC (B) 63501, three antibiotics (vancomycin, ciprofloxacin, and rifampin) were used as the 343 

control. After 35-passage incubation at sub-inhibitory concentration (0.5×MIC), the results (Fig. 344 

10) indicated that the MIC of A3 and B3 against S. aureus ATCC 29213 was increased only 8-fold, 345 

which is much less than the controls (128-fold for vancomycin, 512-fold for ciprofloxacin and 346 

4096-fold for rifampin). Similar results were also obtained in B. subtilis CMCC (B) 63501 (Fig. 347 

S9). With respect to the results, both A3 and B3 could effectively delay the induction of drug 348 
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resistance. 349 

 350 

 351 

Fig. 10. Bacterial resistance evaluation of (A) A3, vancomycin, ciprofloxacin, and rifampin, (B) 352 

compounds A3 and B3 against S. aureus ATCC 29213. 353 

 354 

3. Conclusion 355 

In conclusion, two series of quinolinium-based derivatives were systematically designed and 356 

synthesized for the study of the effect of substituent groups at the C4-position (A series) and C2-357 

position (B series) of the 1-methylquinolinium scaffold on the antibacterial activity targeting FtsZ. 358 

Compared to B series, the results generally suggested that A series exhibited better antibacterial 359 

activity against most of the bacteria including the antibiotic-resistant bacteria and showed lower 360 

cytotoxic. Among the compounds, A3 showed stronger antibacterial activity than B3 against Gram-361 

positive bacteria (0.5-8 μg/mL) including the common clinically resistant strains such as MRSA 362 

(0.5-1 μg/mL), VISA (1 μg/mL) and VRE (1-4 μg/mL). In addition, A3 exhibited weak activity 363 

against Gram-negative bacteria but it could be improved significantly by combining with PMBN. 364 

The mechanism study suggested that A3 significantly caused cell elongation of B. subtilis by 365 

enhancing FtsZ polymerization, while the compound did not affect the GTPase activity. The results 366 

of circular dichroism spectroscopy, fluorescence titration, isothermal titration calorimetry, and 367 

molecular docking study indicate that A3 may be a potent FtsZ inhibitor with high affinity and less 368 

cytotoxic and shows low tendency to induce drug resistance. Taken together, the quinolinium-based 369 

derivatives bearing an amine substituent at the C-4 position of the 1-methylquinolinium may be a 370 

potential antibacterial drug targeting FtsZ protein to treat drug-resistant bacteria. 371 
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4. Materials and methods 372 

4.1 Chemistry 373 

All the chemicals and reagents in the present study were commercially available, using 374 

without further purification. All the NMR spectra were obtained by a Bruker AVANCE III 400 MHz 375 

Superconducting Fourier Nuclear Magnetic Resonance Spectrometer, with 400 MHz for 1H and 376 

101 MHz for 13C. High-resolution mass spectrometry (HRMS) was obtained by Aglient 7250 TOF. 377 

INESA micro-melting point apparatus SGW X-4A was used for the melting point measurements. 378 

High performance liquid chromatography (HPLC) analysis was performed by SHIMADZU LC-16 379 

system with Diamonsil C18 column (250 × 4.6 mm, 5 μm) at UV 225 nm detection, for testing the 380 

purity and water solubility of the compounds. 381 

4.2 Preparation of intermediates (2a-2b and 5a-5b) 382 

The intermediates 2a and 5a were synthesized as described in the previous study [29]. 4-383 

chloro-2-methylquinoline (0.2 g, 1.126 mmol) or 2-chloro-4-methylquinoline (0.2 g, 1.126 mmol) 384 

and iodomethane (0.5 g, 3.378 mmol) were dissolved into tetramethylene sulfone (5 mL). After 385 

reacting overnight at 60 ℃, the mixture was cooled to room temperature (RT) and precipitated by 386 

the addition of ethyl acetate (15 mL). The crude products were washed with ethanol to gain 387 

intermediates 2a and 5a, yields were 81.8% and 79.6%, respectively. 388 

Intermediates 2b and 5b were synthesized by the reaction of 2-methylquinoline or 4-389 

methylquinoline with iodomethane. The synthesis method was similar to that of intermediates 2a 390 

and 5a, yields were 75.9% and 77.3%, respectively. 391 

4.3 General synthetic procedure of compounds A1-A10, B1-B10 392 

Intermediates 2a or 5a (0.2 mmol) and a selected amino (morpholine, piperidine, 4-393 

methylpiperidine, pyrrolidine, N-propylamine, N-butylamine, N-amylamine, 3-phenylpropylamine, 394 

3-aminopropanol) (1 mmol) were mixed in acetonitrile (5 mL). The mixture was stirred and 395 

refluxed overnight at 60 ℃, ethyl acetate (15 mL) was then added when TLC showed reaction 396 

completed. After shaking and suction filtration, the solid (3a-3i, 6a-6i) was washed by ethyl acetate 397 

and dried in vacuum for the next step. The solid (3a-3i, 6a-6i) and 4-dimethylaminobenzaldehyde 398 

were dissolved with n-butanol. The mixture was stirred and refluxed at 100 ℃ for 8 h. When 399 

reaction was completed, the reaction mixture was cooled to room temperature and then ethyl acetate 400 
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was added. After standing for 30 min, crude products were collected by suction filtration. The target 401 

compounds (A1-A9, B1-B9) were obtained by recrystallization in ethanol. 402 

Intermediates 2b or 5b and 4-dimethylaminobenzaldehyde were mixed into n-butanol and 403 

then the reaction was conducted at 100 ℃ for 8 h. After the reaction was completed, the isolation 404 

of A10 and B10 were carried out with the same procedures described above.  405 

4.3.1 (E)-2-(4-(dimethylamino)styryl)-1-methyl-4-morpholinopyridin-1-ium (A1).  406 

Brown solid with yield 86.7%; Melting point: 289.7-293.3 ℃; 1H NMR (400 MHz, DMSO-407 

d6) δ 8.28 (d, J = 8.4 Hz, 1H), 8.16 (d, J = 6.9 Hz, 1H), 8.01 (t, J = 7.2 Hz, 1H), 7.95 (d, J = 15.6 408 

Hz, 1H), 7.77 (d, J = 9.0 Hz, 2H), 7.72 (t, J = 8.2 Hz, 1H), 7.50 (s, 1H), 7.41 (d, J = 15.6 Hz, 1H), 409 

6.81 (d, J = 9.0 Hz, 2H), 4.23 (s, 3H), 3.90 (s, 4H), 3.72 (s, 4H), 3.05 (s, 6H) ppm. 13C NMR (101 410 

MHz, DMSO-d6) δ 159.40, 155.44, 152.56, 145.50, 141.22, 133.97, 131.26, 126.81, 126.61, 123.03, 411 

120.29, 119.66, 113.50, 112.25, 105.17, 66.29, 52.46, 38.49 ppm. HRMS m/z: calcd for 412 

C24H28N3O
+, [M-I]+ = 374.22269, found 374.22274. HPLC analysis: retention time at 2.780 min 413 

(MeOH/H2O = 50:50 v/v), purity 95.3%. 414 

4.3.2 (E)-2-(4-(dimethylamino)styryl)-1-methyl-4-(piperidin-1-yl)quinolin-1-ium (A2).  415 

Brown solid with yield 87.9%; Melting point: 232.2-235.7 ℃; 1H NMR (400 MHz, DMSO-416 

d6) δ 8.24 (d, J = 9.0 Hz, 1H), 8.07 (d, J = 9.8 Hz, 1H), 8.02 – 7.95 (m, 1H), 7.88 (d, J = 15.6 Hz, 417 

1H), 7.75 (d, J = 8.9 Hz, 2H), 7.73 – 7.67 (m, 1H), 7.43 (s, 1H), 7.38 (d, J = 15.6 Hz, 1H), 6.79 (d, 418 

J = 9.0 Hz, 2H), 4.19 (s, 3H), 3.68 (d, J = 10.3 Hz, 4H), 3.04 (s, 6H), 1.84 (s, 4H), 1.77 (s, 2H) 419 

ppm. 13C NMR (101 MHz, DMSO-d6) δ 159.76, 155.00, 152.41, 144.76, 141.27, 133.84, 131.08, 420 

126.82, 126.30, 123.09, 120.32, 119.51, 113.72, 112.21, 104.64, 53.23, 38.32, 25.88, 24.05 ppm. 421 

HRMS m/z: calcd for C25H30N3
+, [M-I]+ = 372.24342, found 372.24400. HPLC analysis: retention 422 

time at 2.928 min (MeOH/H2O = 50:50 v/v), purity 95.1%. 423 

4.3.3 (E)-2-(4-(dimethylamino)styryl)-1-methyl-4-(4-methylpiperidin-1-yl)quinolin-1-ium 424 

(A3).  425 

Brown solid with yield 90.8%; Melting point: 242.9-246.4 ℃; 1H NMR (400 MHz, DMSO-426 

d6) δ 8.23 (d, J = 8.9 Hz, 1H), 8.07 (d, J = 8.4 Hz, 1H), 8.01 – 7.95 (m, 1H), 7.88 (d, J = 15.6 Hz, 427 

1H), 7.75 (d, J = 8.9 Hz, 2H), 7.70 (t, J = 7.7 Hz, 1H), 7.43 (s, 1H), 7.38 (d, J = 15.6 Hz, 1H), 6.79 428 

(d, J = 9.0 Hz, 2H), 4.19 (s, 3H), 4.07 (d, J = 13.0 Hz, 2H), 3.28 (s, 2H), 3.04 (s, 6H), 1.87 (d, J = 429 
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13.0 Hz, 2H), 1.79 (dq, J = 10.6, 6.5, 5.2 Hz, 1H), 1.57 – 1.41 (m, 2H), 1.04 (d, J = 6.3 Hz, 3H) 430 

ppm. 13C NMR (101 MHz, DMSO-d6) δ 159.61, 154.97, 152.42, 144.74, 141.27, 133.84, 131.09, 431 

126.85, 126.30, 123.09, 120.32, 119.49, 113.70, 112.21, 104.69, 52.51, 38.31, 34.02, 30.50, 21.98 432 

ppm. HRMS m/z: calcd for C26H32N3
+, [M-I]+ = 386.25907, found 386.25995. HPLC analysis: 433 

retention time at 2.833 min (MeOH/H2O = 50:50 v/v), purity 96.8%. 434 

4.3.4 (E)-2-(4-(dimethylamino)styryl)-1-methyl-4-(pyrrolidin-1-yl)quinolin-1-ium (A4).  435 

Orange solid with yield 90.4%; Melting point: 298.6-300.5 ℃; 1H NMR (400 MHz, DMSO-436 

d6) δ 8.49 (d, J = 8.6 Hz, 1H), 8.13 (d, J = 8.9 Hz, 1H), 7.97 (t, J = 7.2 Hz, 1H), 7.72 (d, J = 9.2 437 

Hz, 1H), 7.69 (d, J = 2.3 Hz, 2H), 7.64 (t, J = 7.7 Hz, 1H), 7.31 (d, J = 15.7 Hz, 1H), 6.97 (s, 1H), 438 

6.79 (d, J = 9.0 Hz, 2H), 4.08 (s, 3H), 4.00 (s, 4H), 3.02 (s, 6H), 2.06 (s, 4H) ppm. 13C NMR (101 439 

MHz, DMSO-d6) δ 154.51, 153.31, 152.08, 142.60, 141.26, 133.57, 130.53, 127.54, 125.12, 123.19, 440 

118.73, 118.61, 114.57, 112.23, 99.76, 53.77, 38.04 ppm. HRMS m/z: calcd for C24H28N3
+, [M-I]+ 441 

= 358.22777, found 358.22794. HPLC analysis: retention time at 2.873 min (MeOH/H2O = 50:50 442 

v/v), purity 95.4%. 443 

4.3.5 (E)-2-(4-(dimethylamino)styryl)-1-methyl-4-(propylamino)quinolin-1-ium (A5).  444 

Reddish brown solid with yield 88.3%; Melting point: 277.1-280.6 ℃; 1H NMR (400 MHz, 445 

DMSO-d6) δ 8.84 (d, J = 5.5 Hz, 1H), 8.52 (d, J = 8.4 Hz, 1H), 8.15 (d, J = 10.0 Hz, 1H), 7.98 (t, 446 

J = 7.3 Hz, 1H), 7.73 (d, J = 6.6 Hz, 2H), 7.70 (s, 2H), 7.33 (d, J = 15.7 Hz, 1H), 7.04 (s, 1H), 6.78 447 

(d, J = 9.0 Hz, 2H), 4.09 (s, 3H), 3.60 (q, J = 6.6 Hz, 2H), 3.02 (s, 6H), 1.78 (q, J = 7.3 Hz, 2H), 448 

1.02 (t, J = 7.4 Hz, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 155.33, 153.73, 152.12, 143.29, 449 

139.99, 134.00, 130.66, 126.33, 123.70, 123.15, 119.24, 117.70, 114.57, 112.17, 96.40, 45.06, 450 

37.79, 21.71, 11.95 ppm. HRMS m/z: calcd for C23H28N3
+, [M-I]+ = 346.22777, found 346.22823. 451 

HPLC analysis: retention time at 2.907 min (MeOH/H2O = 50:50 v/v), purity 95.1%. 452 

4.3.6 (E)-4-(butylamino)-2-(4-(dimethylamino)styryl)-1-methylquinolin-1-ium (A6).  453 

Brown solid with yield 87.8%; Melting point: 259.7-263.4 ℃; 1H NMR (400 MHz, DMSO-454 

d6) δ 8.81 (s, 1H), 8.51 (d, J = 7.0 Hz, 1H), 8.16 (d, J = 8.9 Hz, 1H), 7.98 (t, J = 7.9 Hz, 1H), 7.73 455 

(s, 1H), 7.71 (d, J = 6.8 Hz, 3H), 7.34 (d, J = 15.8 Hz, 1H), 7.05 (s, 1H), 6.79 (d, J = 8.9 Hz, 2H), 456 

4.09 (s, 3H), 3.63 (q, J = 6.5 Hz, 2H), 3.02 (s, 6H), 1.78 – 1.69 (m, 2H), 1.49 – 1.41 (m, 2H), 0.97 457 

(t, J = 7.4 Hz, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 155.33, 153.68, 152.14, 143.29, 139.99, 458 
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134.01, 130.66, 126.33, 123.71, 123.14, 119.25, 117.72, 114.60, 112.19, 96.39, 43.19, 37.78, 30.42, 459 

20.19, 14.26 ppm. HRMS m/z: calcd for C24H30N3
+, [M-I]+ = 360.24342, found 360.24352. HPLC 460 

analysis: retention time at 2.825 min (MeOH/H2O = 50:50 v/v), purity 97.4%. 461 

4.3.7 (E)-2-(4-(dimethylamino)styryl)-1-methyl-4-(pentylamino)quinolin-1-ium (A7).  462 

Orange solid with yield 86.2%; Melting point: 231.2-236.6 ℃; 1H NMR (400 MHz, DMSO-463 

d6) δ 8.83 (t, J = 5.6 Hz, 1H), 8.51 (d, J = 8.5 Hz, 1H), 8.17 (d, J = 8.8 Hz, 1H), 7.99 (t, J = 7.3 Hz, 464 

1H), 7.75 – 7.68 (m, 4H), 7.35 (d, J = 15.8 Hz, 1H), 7.05 (s, 1H), 6.80 (d, J = 9.0 Hz, 2H), 4.10 (s, 465 

3H), 3.63 (q, J = 6.6 Hz, 2H), 3.03 (s, 6H), 1.76 (t, J = 7.2 Hz, 2H), 1.40 (dt, J = 8.7, 4.7 Hz, 4H), 466 

0.91 (t, J = 6.9 Hz, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 155.32, 153.65, 152.13, 143.28, 467 

139.98, 134.00, 130.66, 126.33, 123.71, 123.14, 119.24, 117.71, 114.59, 112.19, 96.38, 43.44, 468 

37.79, 29.15, 28.00, 22.37, 14.41 ppm. HRMS m/z: calcd for C25H32N3
+, [M-I]+ = 374.25907, found 469 

374.25902. HPLC analysis: retention time at 2.865 min (MeOH/H2O = 50:50 v/v), purity 95.6%. 470 

4.3.8 (E)-2-(4-(dimethylamino)styryl)-1-methyl-4-((3-phenylpropyl)amino)quinolin-1-ium 471 

(A8).  472 

Orange solid with yield 89.7%; Melting point: 287.9-293.3 ℃; 1H NMR (400 MHz, DMSO-473 

d6) δ 8.87 (t, J = 5.7 Hz, 1H), 8.50 (d, J = 7.1 Hz, 1H), 8.17 (d, J = 8.8 Hz, 1H), 7.99 (t, J = 7.9 Hz, 474 

1H), 7.71 (d, J = 8.9 Hz, 3H), 7.66 (d, J = 15.6 Hz, 1H), 7.34 (d, J = 15.7 Hz, 1H), 7.29 (s, 2H), 475 

7.28 (s, 2H), 7.18 (ddd, J = 8.7, 6.0, 2.9 Hz, 1H), 7.00 (s, 1H), 6.81 (d, J = 9.0 Hz, 2H), 4.10 (s, 476 

3H), 3.66 (q, J = 6.6 Hz, 2H), 3.04 (s, 6H), 2.80 – 2.75 (m, 2H), 2.10 – 2.04 (m, 2H) ppm. 13C 477 

NMR (101 MHz, DMSO-d6) δ 155.39, 153.72, 152.17, 143.30, 141.87, 140.01, 134.04, 130.68, 478 

128.85, 128.79, 126.39, 123.73, 123.12, 119.26, 117.77, 114.62, 112.22, 100.00, 96.39, 43.03, 479 

37.78, 32.93, 29.98 ppm. HRMS m/z: calcd for C29H32N3
+, [M-I]+ = 422.25907, found 422.25900. 480 

HPLC analysis: retention time at 2.887 min (MeOH/H2O = 50:50 v/v), purity 95.7%. 481 

4.3.9 (E)-2-(4-(dimethylamino)styryl)-4-((3-hydroxypropyl)amino)-1-methylquinolin-1-ium 482 

(A9).  483 

Tangerine solid with yield 84.1%; Melting point: 279.4-282.5 ℃; 1H NMR (400 MHz, DMSO-484 

d6) δ 8.87 (t, J = 5.7 Hz, 1H), 8.48 (d, J = 7.1 Hz, 1H), 8.17 (d, J = 8.9 Hz, 1H), 7.99 (t, J = 7.3 Hz, 485 

1H), 7.72 (t, J = 8.8 Hz, 4H), 7.35 (d, J = 15.7 Hz, 1H), 7.10 (s, 1H), 6.79 (d, J = 8.9 Hz, 2H), 4.75 486 

(t, J = 5.0 Hz, 1H), 4.10 (s, 3H), 3.69 (q, J = 6.6 Hz, 2H), 3.59 (q, J = 5.7 Hz, 2H), 3.03 (s, 6H), 487 
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1.91 (t, J = 6.5 Hz, 2H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 155.28, 153.70, 152.12, 143.27, 488 

139.96, 133.98, 130.66, 126.34, 123.63, 123.12, 119.24, 117.72, 114.56, 112.17, 96.37, 58.65, 489 

37.76, 31.61 ppm. HRMS m/z: calcd for C23H28N3O
+, [M-I]+ = 362.22269, found 362.22269. HPLC 490 

analysis: retention time at 2.937 min (MeOH/H2O = 50:50 v/v), purity 95.1%. 491 

4.3.10 (E)-2-(4-(dimethylamino)styryl)-1-methylquinolin-1-ium (A10).  492 

Dark brown solid with yield 87.5%; Melting point: 272.4-277.8 ℃; 1H NMR (400 MHz, 493 

DMSO-d6) δ 8.80 (d, J = 9.1 Hz, 1H), 8.50 (d, J = 9.2 Hz, 1H), 8.42 (d, J = 9.0 Hz, 1H), 8.26 (d, J 494 

= 9.4 Hz, 1H), 8.23 (s, 1H), 8.08 (ddd, J = 8.8, 7.1, 1.6 Hz, 1H), 7.85 (d, J = 8.9 Hz, 3H), 7.54 (d, 495 

J = 15.5 Hz, 1H), 6.81 (d, J = 9.1 Hz, 2H), 4.44 (s, 3H), 3.07 (s, 6H) ppm. 13C NMR (101 MHz, 496 

DMSO-d6) δ 156.79, 153.32, 149.39, 142.33, 139.67, 134.60, 132.46, 130.26, 128.48, 127.27, 497 

122.87, 120.68, 119.30, 112.31 ppm. HRMS m/z: calcd for C20H21N2
+, [M-I]+ = 289.16993, found 498 

289.17026. HPLC analysis: retention time at 2.865 min (MeOH/H2O = 50:50 v/v), purity 95.3%. 499 

4.3.11 (E)-4-(4-(dimethylamino)styryl)-1-methyl-2-morpholinoquinolin-1-ium (B1).  500 

Dark green solid with yield 86.1%; Melting point: 245.4-248.2 ℃; 1H NMR (400 MHz, 501 

DMSO-d6) δ 8.73 (d, J = 8.3 Hz, 1H), 8.07 (d, J = 8.2 Hz, 1H), 8.03 (s, 1H), 7.98 (s, 1H), 7.86 – 502 

7.79 (m, 3H), 7.78 – 7.72 (m, 2H), 6.82 (d, J = 8.6 Hz, 2H), 4.07 (s, 3H), 3.88 (s, 4H), 3.69 (s, 4H), 503 

3.05 (s, 6H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 158.99, 152.21, 151.16, 142.63, 140.61, 504 

133.97, 130.94, 126.73, 126.15, 123.76, 122.90, 119.64, 114.20, 112.34, 108.83, 66.24, 51.48, 505 

40.99 ppm. HRMS m/z: calcd for C24H28N3O
+, [M-I]+ = 374.22269, found 374.22235. HPLC 506 

analysis: retention time at 2.836 min (MeOH/H2O = 50:50 v/v), purity 96.0%. 507 

4.3.12 (E)-4-(4-(dimethylamino)styryl)-1-methyl-2-(piperidin-1-yl)quinolin-1-ium (B2).  508 

Dark green solid with yield 82.7%; Melting point: 242.1-243.8 ℃; 1H NMR (400 MHz, 509 

DMSO-d6) δ 8.69 (d, J = 8.2 Hz, 1H), 8.02 (s, 1H), 8.01 (d, J = 2.7 Hz, 1H), 7.96 (d, J = 15.8 Hz, 510 

1H), 7.83 – 7.78 (m, 3H), 7.76 – 7.71 (m, 2H), 6.81 (d, J = 8.9 Hz, 2H), 4.03 (s, 3H), 3.63 (s, 4H), 511 

3.04 (s, 6H), 1.80 (s, 4H), 1.73 (s, 2H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 159.52, 152.14, 512 

150.71, 142.16, 140.64, 133.79, 130.82, 126.51, 126.08, 123.82, 122.72, 119.54, 114.37, 112.33, 513 

109.11, 52.34, 44.24, 41.14, 25.77, 23.66, 22.69, 22.07 ppm. HRMS m/z: calcd for C25H30N3
+, [M-514 

I]+ = 372.24342, found 372.24377. HPLC analysis: retention time at 2.796 min (MeOH/H2O = 515 

50:50 v/v), purity 99.1%. 516 
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4.3.13 (E)-4-(4-(dimethylamino)styryl)-1-methyl-2-(4-methylpiperidin-1-yl)quinolin-1-ium 517 

(B3).  518 

Dark brown solid with yield 86.1%; Melting point: 209.5-213.9 ℃; 1H NMR (400 MHz, 519 

DMSO-d6) δ 8.69 (d, J = 8.1 Hz, 1H), 8.02 (s, 1H), 8.01 (d, J = 2.6 Hz, 1H), 7.96 (d, J = 15.7 Hz, 520 

1H), 7.83 – 7.78 (m, 3H), 7.75 – 7.72 (m, 2H), 6.81 (d, J = 9.0 Hz, 2H), 4.03 (s, 3H), 3.63 (s, 4H), 521 

3.04 (s, 6H), 1.80 (s, 5H), 1.74 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 159.51, 152.12, 522 

150.70, 142.15, 140.62, 133.78, 130.83, 126.50, 126.08, 123.82, 122.71, 119.54, 114.36, 112.32, 523 

109.09, 52.35, 41.15, 25.78, 23.66 ppm. HRMS m/z: calcd for C26H32N3
+, [M-I]+ = 386.25907, 524 

found 386.25830. HPLC analysis: retention time at 2.829 min (MeOH/H2O = 50:50 v/v), purity 525 

96.6%. 526 

4.3.14 (E)-4-(4-(dimethylamino)styryl)-1-methyl-2-(pyrrolidin-1-yl)quinolin-1-ium (B4).  527 

Dark brown solid with yield 83.7%; Melting point: 247.7-250.2 ℃; 1H NMR (400 MHz, 528 

DMSO-d6) δ 8.55 (d, J = 7.9 Hz, 1H), 7.93 (s, 1H), 7.93 (d, J = 1.8 Hz, 1H), 7.83 (d, J = 15.8 Hz, 529 

1H), 7.77 – 7.69 (m, 3H), 7.65 – 7.59 (m, 2H), 6.80 (d, J = 9.0 Hz, 2H), 3.99 (s, 3H), 3.91 (s, 4H), 530 

3.03 (s, 6H), 2.03 (s, 4H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 156.81, 151.89, 148.53, 140.90, 531 

140.68, 133.13, 130.42, 125.86, 125.53, 123.91, 122.05, 118.46, 114.74, 112.34, 107.21, 53.18, 532 

41.94, 25.91 ppm. HRMS m/z: calcd for C24H28N3
+, [M-I]+ = 358.22777, found 358.22765. HPLC 533 

analysis: retention time at 2.841 min (MeOH/H2O = 50:50 v/v), purity 95.3%. 534 

4.3.15 (E)-4-(4-(dimethylamino)styryl)-1-methyl-2-(propylamino)quinolin-1-ium (B5).  535 

Dark brown solid with yield 88.7%; Melting point: 264.5-270.3 ℃; 1H NMR (400 MHz, 536 

DMSO-d6) δ 8.55 (d, J = 6.9 Hz, 2H), 8.01 (d, J = 7.8 Hz, 1H), 7.91 (t, J = 7.9 Hz, 1H), 7.78 (d, J 537 

= 15.8 Hz, 2H), 7.75 – 7.74 (m, 1H), 7.71 (d, J = 15.8 Hz, 1H), 7.61 (t, J = 7.1 Hz, 1H), 7.48 (s, 538 

1H), 6.80 (d, J = 9.0 Hz, 2H), 3.90 (s, 3H), 3.68 (t, J = 7.1 Hz, 2H), 3.03 (s, 6H), 1.75 (q, J = 7.2 539 

Hz, 2H), 1.02 (t, J = 7.4 Hz, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 153.22, 151.82, 149.45, 540 

140.57, 138.99, 133.32, 130.37, 126.45, 125.21, 123.88, 121.19, 117.46, 114.89, 112.29, 103.53, 541 

45.10, 35.26, 22.51, 11.66 ppm. HRMS m/z: calcd for C23H28N3
+, [M-I]+ = 346.22777, found 542 

346.22806. HPLC analysis: retention time at 2.827 min (MeOH/H2O = 50:50 v/v), purity 96.4%. 543 

4.3.16 (E)-2-(butylamino)-4-(4-(dimethylamino)styryl)-1-methylquinolin-1-ium (B6).  544 

Red solid with yield 89.1%; Melting point: 246.3-254.2 ℃; 1H NMR (400 MHz, DMSO-d6) δ 545 
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8.55 (d, J = 7.0 Hz, 2H), 8.01 (d, J = 8.0 Hz, 1H), 7.91 (t, J = 7.2 Hz, 1H), 7.78 (d, J = 15.6 Hz, 546 

2H), 7.74 (s, 1H), 7.71 (d, J = 15.8 Hz, 1H), 7.61 (t, J = 7.6 Hz, 1H), 7.47 (s, 1H), 6.79 (d, J = 8.9 547 

Hz, 2H), 3.89 (s, 3H), 3.11 (s, 2H), 3.02 (s, 6H), 1.71 (p, J = 7.2 Hz, 2H), 1.50 – 1.42 (m, 2H), 0.98 548 

(t, J = 7.3 Hz, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 153.14, 151.82, 149.43, 140.55, 138.99, 549 

133.31, 130.37, 126.44, 125.20, 123.87, 121.17, 117.45, 114.89, 112.29, 103.52, 45.42, 43.30, 550 

35.31, 31.26, 24.10, 19.89, 14.25 ppm. HRMS m/z: calcd for C24H30N3
+, [M-I]+ = 360.24342, found 551 

360.24354. HPLC analysis: retention time at 2.837 min (MeOH/H2O = 50:50 v/v), purity 96.4%. 552 

4.3.17 (E)-4-(4-(dimethylamino)styryl)-1-methyl-2-(pentylamino)quinolin-1-ium (B7).  553 

Brown solid with yield 90.1%; Melting point: 203.7-208.1 ℃; 1H NMR (400 MHz, DMSO-554 

d6) δ 8.55 (d, J = 6.7 Hz, 2H), 8.00 (d, J = 8.7 Hz, 1H), 7.90 (t, J = 7.2 Hz, 1H), 7.79 (s, 1H), 7.74 555 

(d, J = 6.5 Hz, 2H), 7.70 (d, J = 15.8 Hz, 1H), 7.60 (t, J = 7.4 Hz, 1H), 7.46 (s, 1H), 6.79 (d, J = 556 

8.3 Hz, 2H), 3.89 (s, 3H), 3.69 (q, J = 6.7 Hz, 2H), 3.02 (s, 6H), 1.72 (q, J = 7.2 Hz, 2H), 1.40 (tq, 557 

J = 12.8, 6.8 Hz, 4H), 0.92 (t, J = 6.8 Hz, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 153.16, 558 

151.83, 149.45, 140.56, 139.00, 133.33, 130.36, 126.45, 125.21, 123.86, 121.18, 117.46, 114.91, 559 

112.30, 103.53, 99.99, 43.51, 35.24, 28.80, 22.34, 14.39 ppm. HRMS m/z: calcd for C25H32N3
+, 560 

[M-I]+ = 374.25907, found 374.25801. HPLC analysis: retention time at 2.819 min (MeOH/H2O = 561 

50:50 v/v), purity 97.8%. 562 

4.3.18 (E)-4-(4-(dimethylamino)styryl)-1-methyl-2-((3-phenylpropyl)amino)quinolin-1-ium 563 

(B8).  564 

Red solid with yield 85.3%; Melting point: 188.9-195.6 ℃; 1H NMR (400 MHz, DMSO-d6) δ 565 

8.62 – 8.50 (m, 2H), 8.00 (d, J = 8.7 Hz, 1H), 7.90 (t, J = 7.2 Hz, 1H), 7.75 (d, J = 8.7 Hz, 2H), 566 

7.70 (s, 2H), 7.60 (t, J = 7.6 Hz, 1H), 7.42 (s, 1H), 7.28 (d, J = 4.4 Hz, 4H), 7.21 – 7.14 (m, 1H), 567 

6.80 (d, J = 9.0 Hz, 2H), 3.87 (s, 3H), 3.73 (t, J = 7.1 Hz, 2H), 3.02 (s, 6H), 2.78 (t, J = 7.6 Hz, 568 

2H), 2.04 (p, J = 7.2 Hz, 2H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 153.18, 151.84, 149.48, 569 

141.87, 140.55, 139.00, 133.34, 130.38, 128.83, 128.80, 126.46, 126.39, 125.22, 123.84, 121.21, 570 

117.44, 114.93, 112.30, 103.49, 43.17, 35.20, 32.66, 30.78 ppm. HRMS m/z: calcd for C29H32N3
+, 571 

[M-I]+ = 422.25907, found 422.25857. HPLC analysis: retention time at 2.837 min (MeOH/H2O = 572 

50:50 v/v), purity 96.1%. 573 

4.3.19 (E)-4-(4-(dimethylamino)styryl)-2-((3-hydroxypropyl)amino)-1-methylquinolin-1-574 
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ium (B9).  575 

Orange solid with yield 87.2%; Melting point: 234.3-237.8 ℃; 1H NMR (400 MHz, DMSO-576 

d6) δ 8.56 (d, J = 8.4 Hz, 2H), 8.01 (d, J = 8.7 Hz, 1H), 7.91 (t, J = 7.2 Hz, 1H), 7.78 (d, J = 16.6 577 

Hz, 2H), 7.73 (s, 2H), 7.61 (t, J = 7.6 Hz, 1H), 7.54 (s, 1H), 6.79 (d, J = 8.8 Hz, 2H), 4.80 (s, 1H), 578 

3.89 (s, 3H), 3.76 (t, J = 6.9 Hz, 2H), 3.60 (q, J = 5.3 Hz, 2H), 3.02 (s, 6H), 1.88 (p, J = 6.5 Hz, 579 

2H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 153.24, 151.83, 149.39, 140.51, 138.97, 133.31, 580 

130.37, 126.44, 125.20, 123.85, 121.19, 117.43, 114.88, 112.29, 103.54, 58.44, 35.12, 32.25 ppm. 581 

HRMS m/z: calcd for C23H28N3O
+, [M-I]+ = 362.22269, found 362.22243. HPLC analysis: 582 

retention time at 2.910 min (MeOH/H2O = 50:50 v/v), purity 95.2%. 583 

4.3.20 (E)-4-(4-(dimethylamino)styryl)-1-methylquinolin-1-ium (B10).  584 

Dark green solid with yield 89.3%; Melting point: 288.7-293.3 ℃; 1H NMR (400 MHz, 585 

DMSO-d6) δ 9.12 (d, J = 6.7 Hz, 1H), 9.03 (d, J = 8.8 Hz, 1H), 8.35 (s, 1H), 8.33 (d, J = 1.6 Hz, 586 

1H), 8.22 (d, J = 7.0 Hz, 1H), 8.18 (d, J = 11.8 Hz, 1H), 8.03 – 7.96 (m, 2H), 7.87 (d, J = 9.0 Hz, 587 

2H), 6.83 (d, J = 9.0 Hz, 2H), 4.45 (s, 3H), 3.07 (s, 6H) ppm. 13C NMR (101 MHz, DMSO-d6) δ 588 

153.64, 152.78, 147.25, 145.16, 139.26, 135.09, 131.82, 129.03, 126.83, 126.23, 123.53, 119.52, 589 

114.42, 113.59, 112.38, 44.50 ppm. HRMS m/z: calcd for C20H21N2
+, [M-I]+ = 289.16993, found 590 

289.17029. HPLC analysis: retention time at 2.803 min (MeOH/H2O = 50:50 v/v), purity 95.2%. 591 

4.4 Determination of the water solubility of 1-methylquinolinium-based derivatives A1-A10, 592 

B1-B10 593 

The water solubility of the compounds was determined with the reported method [49]. Briefly, 594 

the standard solutions of compounds were prepared into five gradient concentrations using 595 

ultrapure water. The compound was completely dissolved in the solution. These standard solutions 596 

were analyzed with HPLC and the peak area of each concentration was recorded to obtain a linear 597 

regression equation: Y = AX+B. The results were listed in Table S4. The saturated solution of the 598 

compound was prepared by sonicating or oscillating overnight and then centrifuged for 20 min. 599 

The supernatant was diluted with ultrapure water and then was determined with HPLC. The water 600 

solubility was calculated by using the linear regression equations obtained. A Diamonsil C18 601 

column (250 × 4.6 mm, 5 μm) was used at room temperature with an elution using the mobile phase 602 

(MeOH/H2O = 50:50 v/v) and the wavelength selected for detection was 225 nm. 603 
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4.5 Minimum inhibitory concentration assay (MIC) 604 

The minimum inhibitory concentrations (MICs) were assessed by broth micro-dilution 605 

method in 96-well microtiter plates in accordance with the Clinical and Laboratory Standard 606 

Institute (CLSI) guidelines [34]. The bacterial culture was diluted to a concentration of 5×105 607 

CFU/mL using MHB (Mueller-Hinton broth) medium and transferred into 96-well microplates. 608 

The tested compounds were diluted by DMSO and then added into plates with a series of 609 

concentrations, in which the DMSO concentration was fixed at 1%. Ciprofloxacin, ampicillin, 610 

vancomycin, and rifampin were used as positive control and 1% DMSO was used as negative 611 

control. After incubation at 37 ℃ for 20-24 h, the minimum inhibitory concentrations were 612 

determined as the lowest concentration, which had no visibly growth of the tested bacteria. Three 613 

repeat assays were conducted for each test. 614 

4.6 Minimum bactericidal concentration assay (MBC) 615 

Based on the MIC assay described above, 100 μL of the MIC culture were spread onto the 616 

TSB agar plate and then incubated for 24 h at 37 ℃. MBC was defined as the minimum 617 

concentration of tested compounds that can make 3 orders of magnitude reduction of bacteria [50]. 618 

In the assay, MBC was equal to the lowest concentration that the colonies on the plate were less 619 

than 5. 620 

4.7 Time-killing curve assay 621 

A growth culture of S. aureus ATCC 29213 was diluted to 106 CFU/mL in MHB medium, and 622 

then various concentrations (0×, 1×, 2×, 4×, 8×MIC) of compounds were added. The cultures were 623 

incubated at 37 ℃ with shaking. Then, 100 μL of the sample were taken for serial dilution at 624 

specific time points ranging from 0-24 h and spread onto TSB agar plates. The agar plates after 18 625 

h incubation, the bacterial counts were recorded. 626 

4.8 Checkboard assay 627 

The checkboard method was used to quantify synergy between compounds and methicillin 628 

against MRSA ATCC BAA-41 following the previous procedures [23, 48]. In the assay, MRSA 629 

ATCC BAA-41 was diluted to 5×105 CFU/mL bacterial culture. Methicillin was pre-diluted in the 630 

bacterial culture into 96-well microplates. Then, the compounds were diluted as well. The 96-well 631 

microtiter plates were incubated at 37 ℃ for 24 h. The OD620 nm of the culture mixture were then 632 
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measured with a microplate reader. Fractional inhibitory concentration (FIC) = MIC in combination 633 

/ MIC alone; FIC index = FICcompound + FICmethicillin.  634 

Polymyxin B nonapeptide (PMBN) was used to determine the antibacterial activity of 635 

compounds against Gram-negative bacteria [51]. The procedures were followed the checkboard 636 

method as described above, with the difference that the concentration of PMBN was 20 μg/mL in 637 

each well. 638 

4.9 Visualization of bacterial morphology 639 

B. subtilis CMCC (B) 63501 and S. aureus ATCC 29213 were activated and incubated in LB 640 

medium. Then the bacterial cells were diluted to 1×105 CFU/mL and mixed with absence or various 641 

concentrations of tested compounds. After shaking at 37 ℃ for 4 h, the cells were collected and re-642 

suspended in phosphate buffer solution. Then, 3 μL of bacterial suspension were added onto the 643 

microscope slide pre-treated with 0.1% (w/v) poly-L-lysine. The morphology of B. subtilis and S. 644 

aureus was observed at a 400× magnification. The images were captured using Olympus IX71 645 

microscope and ZEISS LSM 800 with Airscan microscope. 646 

4.10 Polymerization assay 647 

S. aureus FtsZ protein was cloned and overexpressed according to the previous report [14]. 648 

The polymerization assay was carried out with a microplate reader since the polymerization of FtsZ 649 

was proportional to A340 nm [52]. S. aureus FtsZ (6 μM) in 50 mM MOPS buffer (pH 6.5) were pre-650 

incubated with 1% DMSO (vehicle) or various concentrations of tested compounds at 25 ℃. Then, 651 

50 mM KCl, 2 mM MgCl2 and 1 mM CaCl2 were added for baseline establishment. After 10 min 652 

scanning, a final concentration of 1 mM GTP was added and monitored the signal of A340 nm for 653 

another 2000 s. All the polymerization data were processed by the corresponding background 654 

subtraction and repeated three times.  655 

4.11 GTPase activity assay 656 

The effect of the tested compounds on the GTPase activity of S. aureus FtsZ were measured 657 

in 96-well microplates using the ATPase/GTPase Activity Assay Kit (Sigma-Aldrich, MAK113) 658 

according to the kit’s protocol and optimized conditions. S. aureus FtsZ proteins (5 μM) were 659 

incubated with 1% DMSO or compounds (0.5, 1, 2, 4, 8, 16, 32, 64 μg/mL) for 30 min at 25 ℃. 660 

Then, 1 mM GTP were added into each well and incubated at 25 ℃. After 30 min, 200 μL reagent 661 
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buffer were added to terminate the GTPase reaction and incubated for another 30 minutes. The 662 

absorbance at 620 nm was read to measure the concentration of inorganic phosphate.  663 

4.12 Circular dichroism assay 664 

S. aureus FtsZ (20 μM) was incubated without or with tested compounds at different 665 

concentrations (2, 4, 8 μg/mL) in 20 mM Tris-HCl (pH 7.4) for 30 min at 25 ℃. The CD spectra 666 

were monitored by a Chirascan spectrophotometer (Applied Photophysics Ltd.) over a wavelength 667 

range of 190-260 nm with a 0.5 mm path length quartz cuvette and 1 nm bandwidth. Each spectrum 668 

recorded was an average of three scans. Chirascan Pro-Data Viewer and CDNN software were used 669 

for data plotting and deconvolution analysis, respectively. 670 

4.13 Fluorescence titration assay 671 

The fluorescence titration assay was conducted according to the method described previously 672 

[35]. S. aureus FtsZ proteins were added into 20 mM Tris-HCl (pH 7.4) buffer containing 5 μM 673 

compound with a gradient concentration. After the addition of FtsZ protein, the mixture was 674 

incubated at 25 ℃ for 2 minutes. The fluorescence spectra were recorded using LS-55 fluorescence 675 

spectrometer (Perkin Elmer) from 400-800 nm. The slit width and scan speed were set at 10 nm 676 

and 800 nm/min, respectively.  677 

4.14 Isothermal titration calorimetry (ITC) assay 678 

ITC measurements were performed on MicroCal PEAQ-ITC (Malvern Panalytical). S. aureus 679 

FtsZ proteins (10 μM) and the tested compound (100 μM) were dialyzed against PBS buffer, and 680 

then loaded into a sample cell and an injection syringe, respectively. The titration contained 19 681 

injections of the tested compounds at 25 ℃ (0.4 μL for the first injection, 2 μL for the rest 682 

injections), with 150-second spacing between each injection. The experimental data were processed 683 

by the built-in analysis software of the instrument. 684 

4.15 Molecular docking study 685 

The molecular docking procedures were performed using Discovery Studio version 2016 (DS 686 

2016). The X-ray crystal structure of S. aureus FtsZ (PDB ID: 4DXD, with PC190723 and GDP) 687 

was downloaded from RCSB PDB database. Water molecules and co-crystal ligands were removed, 688 

and the protein was prepared using DS automated procedures. The structures of A3 and B3 were 689 

converted into 3D and minimized using DS small molecule tool. The docking studies were 690 
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implemented using DS-CDocker protocol. The docking results were analyzed and visually 691 

inspected in DS 2016. 692 

4.16 Hemolytic activity assay 693 

In this experiment, red blood cells (RBC) from Kunming mice were used to test the hemolytic 694 

activity of the compounds by following the previously described procedures. The RBC were 695 

washed with PBS to prepare 2% RBC suspension, and a series of concentrations of compounds 696 

were prepared in PBS, then mixed with a volume ratio of 1:1. After incubation for 1 h, the mixtures 697 

were centrifuged at 10000 rpm for 5 min, and then supernatant were taken to measure the 698 

absorbance at 540 nm. Water and Triton X-100 were used as positive control and PBS was used as 699 

negative control. Hemolysis was considered to occur when the rate was >5% [53]. 700 

4.17 MTT assay 701 

Mouse fibroblasts (L929) cells and human renal tubular (HK-2) cells were used to evaluate 702 

the cytotoxic of compounds by MTT assay. After resuscitation, the cells were collected and diluted 703 

to 5000 cells/mL approximately. Then, 100 μL of cell suspensions were seeded into a 96-well 704 

microplate and incubated for 24 h. The cells were then treated with the compound at different 705 

concentrations for 48 h and then 100 μL MTT (0.5 mg/mL) were added into every well for another 706 

4 h incubation. After that, the absorbance was measured by microplate reader at 570 nm. In the 707 

assay, the culture medium was DMEM containing 10% FBS and 0.5% 100× Penicillin-708 

Streptomycin solution. The cultivation condition was 37 ℃ and 5% CO2. 709 

4.18 Drug resistance assay 710 

To investigate the drug resistance of compounds and the chosen antibiotics (vancomycin, 711 

ciprofloxacin, and rifampin) against S. aureus ATCC 29213 or B. subtilis CMCC (B) 63501, 35 712 

passages of MIC measurements were performed referring to the previous method [54, 55]. The 713 

MIC values of first day were determined according to the method described in Section 4.5. The 714 

cells that incubated in sub-MIC well were diluted to approximately 5×105 CFU/mL for the next 715 

MIC measurement. The MIC values were recorded after 24 h incubation at 37 ℃. The MIC assays 716 

were repeated 35 passages with biological replicates. 717 

 718 

 719 
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