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Abstract

New antibiotics with novel mechanisms of action are urgently needed to overcome the growing 

bacterial resistance problem faced by clinicians today. PC190723 and related compounds represent 

a promising new class of antibacterial compounds that target the essential bacterial cell division 

protein FtsZ. While this family of compounds exhibit potent antistaphylococcal activity, they have 

poor activity against enterococci and streptococci. The studies described herein are aimed at 

investigating the molecular basis of the enterococcal and streptococcal resistance to this family of 

compounds. We show that the poor activity of the compounds against enterococci and streptococci 

correlates with a correspondingly weak impact of the compounds on the self-polymerization of the 

FtsZ proteins from those bacteria. In addition, computational and mutational studies identify two 

key FtsZ residues (E34 and R308) as being important determinants of enterococcal and 

streptococcal resistance to the PC190723-type class of compounds.

1. Introduction

Multidrug resistance has become increasingly prevalent among bacterial pathogens of acute 

clinical importance [1–4]. An ongoing global effort to develop new antibacterial agents has 

led to the identification of the bacterial protein FtsZ as an appealing new antibacterial target 

[5–29]. FtsZ is an essential cell division protein that self-assembles into polymers that form 

a cytokinetic ring (the Z-ring) at the site of division, while also serving to recruit other key 

protein constituents of the bacterial divisome [30–33]. Among the chemotypes that have 
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been identified as promising new FtsZ-targeting agents is a family of heterocyclic 

compounds related to the benzamide PC190723 (PC) [10,14,19–20,34–35]. These 

compounds have been shown to act as inhibitors of bacterial cell division through 

enhancement of FtsZ self-polymerization and stabilization of FtsZ polymers [20,34]. They 

exhibit potent antistaphylococcal activity in vitro, including activity against multidrug-

resistant (MDR) strains of methicillin-resistant Staphylococcus aureus (MRSA) [10,14,19].

While compounds related to PC have potent activity against certain Gram-positive bacteria 

like staphylococci and Bacillus subtilis, they are weakly active against others, such as 

enterococci and streptococci [36]. An important first step toward the design of next-

generation compounds with broader spectra of activity that include enterococci and 

streptococci is to define the key molecular determinants for the resistance exhibited by these 

bacteria. Here we describe a series of studies aimed at addressing this goal, with PC and a 

related benzimide derivative (TXY536) being used as representative compounds (see 

structures in Figure S1). Our studies reveal that the poor activity of PC and TXY536 against 

enterococci and streptococci is correlated with a correspondingly weak impact on the 

polymerization of the FtsZ proteins from those bacteria. In addition, computational and 

mutational studies have enabled us to identify two key FtsZ residues (E34 and R308) as 

being important determinants of the enterococcal and streptococcal resistance phenotype.

2. Materials and Methods

2.1 Bacterial Strains

S. aureus 8325-4 was a gift from Dr. Glenn W. Kaatz (John D. Dingell VA Medical Center, 

Detroit, MI), and B. subtilis FG347 was a gift from Dr. Richard Losick (Harvard University, 

Boston, MA). B. subtilis 168 was obtained from the Bacillus Genetic Stock Center 

(Columbus, OH). All other bacterial strains were obtained from the American Type Culture 

Collection (ATCC).

2.2 PC, TXY536, and FtsZ proteins

PC was synthesized as previously described [36]. TXY536 was synthesized in the following 

two series of steps: (i) N-methylisonipecotic acid hydrochloride (0.5 g) was dissolved in dry 

SOCl2 (1.5 mL). The mixture was then heated at 80 °C for 2 hours under argon. Cooling and 

evaporation to dryness afforded the acyl chloride as a yellow solid, which was used without 

further purification. (ii) In a round bottom flask PC (25 mg, 0.07 mmol) was dissolved in 2.0 

mL of dry THF, and the solution was cooled to 0 °C under nitrogen. This was followed by 

portion-wise addition of NaH (11 mg, 0.24 mmol, 60% dispersion in mineral oil). The 

mixture was stirred at 0 °C for 10 minutes and then at room temperature for 30 minutes. The 

mixture was then cooled to 0 °C, and a solution of the above acyl chloride (28 mg, 0.14 

mmol) in 1 mL of THF was added drop-wise. The resulting reaction mixture was stirred at 

0 °C for 10 minutes and then at room temperature overnight. After completion, the reaction 

was quenched by the addition of a few drops of 1N NaOH, and diluted with ethyl acetate. 

The organic phase was separated, washed successively with saturated NaHCO3 brine, and 

dried. The solvent was removed under reduced pressure, and the resulting residue was 

purified by ISCO using 10% MeOH in DCM + 1% NH4OH to afford a yellow solid (16 mg, 
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36% yield). m.p. 170–172 °C. 1H NMR (300 MHz, CDCl3) δ: 8.01 (d, J = 2.1 Hz, 1H), 7.82 

(d, J = 8.7 Hz, 1H), 7.40 (dd, J = 6.6, 1.8 Hz, 1H), 7.25-7.14 (m, 1H), 6.93-6.87 (m, 1H), 

5.51 (s, 2H), 2.94-2.85 (m, 3H), 2.28 (s, 3H), 2.09-1.69 (m, 6H). HRMS Calculated for 

C22H20ClF2N3O3S (M + H)+ 480.0955. Found 480.0875.

The FtsZ proteins from Enterococcus faecalis, B. subtilis, and Streptococcus pneumoniae 
were obtained from Cytoskeleton, Inc., and used without further purification. Wild-type and 

mutant FtsZ proteins from S. aureus were expressed in E. coli and purified as previously 

described [28].

2.3 Minimum Inhibitory Concentration (MIC) Assays

MIC assays were conducted in accordance with Clinical and Laboratory Standards Institute 

(CLSI) guidelines for broth microdilution [37]. Briefly, log-phase bacteria were added to 96-

well microtiter plates (at 5 × 105 CFU/mL) containing two-fold serial dilutions of compound 

in broth at concentrations ranging from 64 to 0.125 µg/mL, with each concentration being 

present in duplicate. The final volume in each well was 0.1 mL, and the microtiter plates 

were incubated aerobically for 24 hours at 37 °C. Bacterial growth was then monitored by 

measuring OD600 using a VersaMax® plate reader (Molecular Devices, Inc.), with the 

MIC90 being defined as the lowest compound concentration at which growth was ≥90% 

inhibited. CAMH broth was used for the S. aureus, B. subtilis, Streptococcus pyogenes, 
Streptococcus agalactiae, and S. pneumoniae experiments, with brain heart infusion (BHI) 

broth being used for the E. faecalis and Enterococcus faecium experiments. CAMH broth 

was supplemented with 2% NaCl in the MRSA experiments, while being supplemented with 

5% (v/v) defibrinated sheep’s blood (Becton Dickinson and Co.) in the S. pyogenes, S. 
agalactiae, and S. pneumoniae experiments.

2.4 FtsZ Polymerization Assays

FtsZ polymerization was monitored using a microtiter plate-based spectrophotometric assay 

in which polymerization is reflected by corresponding increase in absorbance at 340 nm 

(A340). PC and TXY536 (at concentrations ranging from 0 to 5 µg/mL) were combined with 

5 µM FtsZ in 100 µL of reaction solution, which contained 50 mM Tris•HCl (pH 7.4), 50 

mM KCl, and 10 mM magnesium acetate. Reactions were assembled in half-volume, flat-

bottom, 96-well microtiter plates, and initiated by addition of 4 mM GTP. Polymerization 

was continuously monitored at 25 °C by measuring A340 in a VersaMax® plate reader over a 

time period of 60 minutes. In the stability studies of the SaFtsZ and BsFtsZ polymers 

formed in the presence of compound, acquisition was interrupted long enough for the 

addition of 40 mM GDP to the reaction mix and then resumed.

2.5 Phase Contrast Microscopy

Log-phase S. aureus 8325-4 cells were cultured in cation-adjusted Mueller-Hinton (CAMH) 

broth at 37 °C for 2–4 hours in the presence of vehicle (DMSO), 3 µg/mL TXY536, or 3 

µg/mL PC. A 1 mL sample was withdrawn from each bacterial culture, and centrifuged at 

16,000g for 3 minutes at room temperature. The supernatant was then removed and the 

bacterial pellet was washed with 1 mL of phosphate-buffered saline (PBS). The final 

bacterial pellet was then resuspended in 50 µL of PBS, with 5 µL of the resulting bacterial 

Kaul et al. Page 3

Biochimie. Author manuscript; available in PMC 2017 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



suspension being transferred onto a microscope slide together with 5 µL of 1% molten 

agarose (made in PBS). A cover slip was then applied and the slide was visualized with a 

Zeiss Axioplan 2 microscope equipped with a Plan-Apochromat 100× objective (NA = 

1.40). Images were captured with a Zeiss Axiocam HR camera using the OpenLab software 

package.

2.6 Fluorescence Microscopy

Exponentially growing B. subtilis FG347 cells were cultured in CAMH broth for 1 hour at 

37 °C with DMSO vehicle, 3 µg/mL TXY536, or 3 µg/mL PC. Expression of GFP-

conjugated ZapA was then induced by addition of xylose to a final concentration of 0.25% 

(w/v), and the cells were incubated for 1 additional hour at 37 °C. The bacterial cultures 

were then treated and visualized as described above, with the additional incorporation of a 

standard GFP filter set.

2.7 Computational Studies

The structure of the S. aureus FtsZ used in the docking studies was derived from the crystal 

structure corresponding to PDB # 4DXD [38]. The structure of E. faecalis FtsZ used in the 

docking studies was a homology model built via the single template approach using the 

Modeller program (version 9.10) [39–40]. The model was built from the sequence of E. 
faecalis FtsZ [E. faecalis ARO1/DG] (NCBI Protein Accession # EEU87404.1). A BLAST 

search of non-redundant PDB sequences clustered at 95% identity gave the crystal structure 

of B. subtilis FtsZ (PDB # 2VXY) [10] as the optimum template, with a sequence identity of 

81% and a resolution of 1.7 Å. The homology model with the lowest DOPE score was 

selected and the C-terminal residues from number 318 to the C-terminus were removed. 

Analysis of the model using PROCHECK revealed >95% of the residues to be in the most 

favored regions of the Ramachandran plot [41].

All docking of TXY536 and PC was performed using the Autodock Vina program (version 

1.1.2) [42]. Missing sidechain atoms in the S. aureus FtsZ crystal structure were replaced 

using the Swiss PDB viewer [43]. In all dockings, the docking grid box size was kept at 24 

Å × 18 Å × 18 Å, and was centered so as to include the two key residues flanking the 

binding pocket (residues 33 and 307 for S. aureus FtsZ and residues 34 and 308 for E. 
faecalis FtsZ). A Vina docking exhaustiveness of 12 was used. The small molecules were 

initially prepared and geometry optimized with the MMFF94 force field using Spartan 10 

(Wavefunction, Inc.). All proteins and small molecules were prepared for Vina docking 

using AutoDock Tools (version 1.5.7rc1) [44].

3. Results and Discussion

3.1 MIC studies establish the resistance of enterococci and streptococci to TXY536 and PC

We evaluated the activities of TXY536 and PC against various Gram-positive bacteria, 

including methicillin-sensitive and methicillin-resistant S. aureus (MSSA and MRSA, 

respectively), B. subtilis, vancomycin-sensitive E. faecalis and E. faecium (VSE), 

vancomycin-resistant E. faecalis (VRE), S. pyogenes (Group A Streptococcus, GAS), S. 
agalactiae (Group B Streptococcus, GBS), and S. pneumoniae. While exhibiting potent 
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activity against all the S. aureus (MIC = 0.25–1.0 µg/mL) and B. subtilis (MIC = 0.5–1.0 

µg/mL) strains, neither compound exhibited significant activity (MIC = ≥32 µg/mL) against 

any of the Enterococcus or Streptococcus strains examined (Table 1).

3.2 TXY536 and PC enhance the polymerization of the FtsZ proteins from sensitive 
bacteria, while exerting little or no impact on the polymerization of the FtsZ proteins from 
resistant bacteria

As an initial step toward exploring the molecular basis for the observed spectrum of activity 

of the TXY536 and PC, we compared the impacts of the compounds on the polymerization 

of purified S. aureus, B. subtilis, E. faecalis and S. pneumoniae FtsZ (henceforth denoted 

SaFtsZ, BsFtsZ, EfFtsZ, and SpFtsZ, respectively). To assay for the FtsZ self-

polymerization function, we employed a microtiter plate-based spectrophotometric assay in 

which FtsZ polymerization is detected in solution by a time-dependent increase in solution 

absorbance at 340 nm (A340) after addition of GTP. Both compounds enhanced the extent of 

SaFtsZ (Figures 2A and 3A) and BsFtsZ (Figures 2B and 3B) polymerization, with the 

magnitude of these stimulatory effects increasing with increasing compound concentration. 

Note that the GTP-induced A340 profiles of SaFtsZ and BsFtsZ acquired in the presence of 

either compound were unaltered by subsequent addition of a 10-fold excess of GDP (see 

Figure S1 of the Supplementary Material for representative results with SaFtsZ). Thus, the 

SaFtsZ and BsFtsZ polymers induced by the presence of the compounds were stable to the 

depolymerizing effects of GDP. In striking contrast to the stimulatory impacts of PC and 

TXY536 on the polymerization of SaFtsZ and BsFtsZ, neither compound exerted a 

significant impact on the polymerization of EfFtsZ (Figures 2C and 3C) and SpFtsZ (Figures 

2D and 3D). These differential FtsZ polymerization effects correlate well with the 

corresponding antibacterial activities of the compounds (Table 1). In short, the compounds 

enhance the polymerization of the FtsZ proteins from sensitive bacteria (S. aureus and B. 
subtilis), while exerting little or no impact on the polymerization of the FtsZ proteins from 

resistant bacteria (E. faecalis and S. pneumoniae).

3.3 The stimulatory effect of TXY536 and PC on polymerization of the FtsZ proteins from 
sensitive bacteria correlates with inhibition of cell division and disruption of Z-ring 
formation in the target bacteria

We next conducted a series of microscopy studies aimed at verifying that the compound-

induced stimulatory impact on SaFtsZ and BsFtsZ polymerization observed in vitro 
correlated with disruption of FtsZ function in live bacteria. It has previously been shown that 

spherical bacteria (such as the S. aureus), which have impaired FtsZ function (either due to 

mutations or inhibitors like PC), exhibit an enlarged phenotype due to their inability to 

complete the cell division process [9–10,45]. In this connection, we examined the impact of 

TXY536 and PC treatment on the cellular morphology of S. aureus using phase contrast 

microscopy. Control S. aureus bacteria treated with vehicle (DMSO) alone are 

approximately 1 µm in diameter (Figure 4A), a value in agreement with previously reported 

diameters of typical S. aureus cocci [46]. In marked contrast, the diameter of the S. aureus 
bacteria treated with TXY536 or PC are 2.5 to 3.5-fold larger, ranging in diameter from 2.5 

to 3.5 µm (Figures 4B and C). These observations are consistent with both compounds 

inhibiting S. aureus cell division through inhibition of FtsZ function in the bacteria.
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To verify that the compounds are indeed targeting FtsZ in bacteria, we used a strain of B. 
subtilis (FG347) that inducibly expresses GFP-tagged ZapA, a known protein marker for 

FtsZ Z-rings [47] FtsZ Z-rings bearing fluorescent marker proteins can be visualized in such 

strains using fluorescence microscopy [15,47–51]. We treated FG347 bacteria with TXY536 

or PC and examined the impact of the compounds on FtsZ Z-ring formation. In the absence 

of compound, fluorescent foci corresponding to Z-rings are evident at midcell in the rod-

shaped bacilli (highlighted by the arrows in Figure 4D). By contrast, PC- and TXY536-

treated bacteria lack these midcell foci, instead exhibiting punctate fluorescent foci 

distributed throughout each cell (Figures 4E and F). It is likely that these punctate foci 

reflect non-functional FtsZ polymeric structures induced and stabilized by the compounds as 

a result of their stimulatory impacts on BsFtsZ polymerization (Figures 2B and 3B). Note 

that the compound-treated B. subtilis bacteria are also significantly more elongated 

(filamentous) than the vehicle-treated bacteria (compare Figures 4E and F with Figure 4D). 

This type of morphological change is characteristic of rod-shaped bacteria in which cell 

division has been disrupted through interference with FtsZ function by mutation or treatment 

with inhibitors, including PC [9–10,15,47–50]. Our collective microscopy results thus 

confirm that TXY536, like PC, acts as an inhibitor of cell division in sensitive bacteria 

through disruption of FtsZ Z-ring formation.

3.4 Computational studies highlight FtsZ residues E34 and R308 as potentially key 
contributors to the observed enterococcal and streptococcal resistance phenotype

We next sought to investigate the molecular basis for the differential impacts of TXY536 

and PC on the FtsZ proteins from the sensitive versus the resistant bacteria. As a first step 

toward this end, we compared the amino acid sequences of the FtsZ proteins from the 

various bacteria listed in Table 1, with a particular emphasis on the residues in the vicinity of 

the FtsZ binding pocket that has been previously defined for PC [38,52] (see sequence 

alignment in Figure 5). Two key amino acid differences (highlighted in red) between the 

FtsZ proteins from the resistant versus the sensitive bacteria were noted among the residues 

bordering the compound binding site. Specifically, the FtsZ proteins from enterococci and 

streptococci, which are resistant to TXY536 and PC, possess a glutamic acid residue at 

position 34 and an arginine residue at position 308. By contrast, the identities of the residues 

at the corresponding positions in the FtsZ proteins from the sensitive bacteria are histidine 

(H33) and valine (V307) in the case of S. aureus and glutamine (N33) and valine (V307) in 

the case of B. subtilis.

We reasoned that the E34 and R308 residues in the FtsZ proteins from the resistant bacteria 

may form a salt bridge that, in turn, could interfere with the binding of the compounds to the 

FtsZ target site. In this connection, we constructured a homolgy model of EfFtsZ for 

comparison with the recently reported crystal structure of SaFtsZ. We then docked TXY536 

and PC to each of the target FtsZ structures using the AutoDock Vina docking algorithm, 

with the top scoring docking orientations resulting from these computational analyses being 

shown in Figure 6. PC docked into a narrow binding pocket on SaFtsZ, flanked by the H33 

residue on one side and the V307 residue on the other (Figure 6A). Significantly, the 

orientation adopted by PC in the SaFtsZ binding pocket was similar to that observed in the 

recently reported crystal structure of the PC-SaFtsZ complex [38,52]. Despite its larger size 
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(conferred by the methylpiperidine functionality), TXY536 was able to dock into the same 

SaFtsZ binding pocket as PC (Figure 6B), with the Vina docking scores of both compounds 

being similar (−10.2 kcal/mol for PC and −9.7 kcal/mol for TXY536).

The homolgy model of EfFtsZ did indeed reveal the presence of a salt bridge between 

residues E34 and R308 (Figures 6C and D), which, in turn, caused the compound binding 

site observed in SaFtsZ to be partially occluded in EfFtsZ. As a result, both PC (Figure 6C) 

and TXY536 (Figure 6D) were forced to bind outside of the compound target site in EfFtsZ, 

with the corresponding Vina docking scores (−7.2 kcal/mol for PC and −7.0 kcal/mol for 

TXY536) being significantly lower than those observed when SaFtsZ served as the target 

protein. In the aggregate, the computational docking results are consistent with FtsZ residues 

E34 and R308 contributing to enterococcal and streptococcal resistance to PC and TXY536 

by antagonizing the abilities of the compounds to target the key FtsZ site.

3.5 Mutational studies confirm that FtsZ residues E34 and R308 are important 
determinants of enterococcal and streptococcal resistance

To experimentally test whether the E34 and R308 residues might indeed adversely affect the 

stimulatory impact of TXY536 and PC on FtsZ polymerization, we introduced the single 

V307R and double V307R/H33E mutations into SaFtsZ. We then examined how these 

mutations affect the abilities of increasing compound concentrations to enhance SaFtsZ 

polymerization. At the lower compound concentrations (0.5 – 1.0 µg/mL), the single V307R 

mutation introduces a modest reduction in the extent to which the compounds enhance 

SaFtsZ polymerization (compare the A340 profiles in Figures 7A and B as well as those in 

Figures 7D and E). However, this effect is not observed at the higher compound 

concentrations (2.0 – 5.0 µg/mL). It has been reported that a V307R mutation in BsFtsZ 

increases the MIC of PC against B. subtilis from 0.5 to 8.0 µg/mL [10]. Our mutational FtsZ 

polymerization results shown here provide a molecular explanation for this partial resistance 

behavior.

Unlike the single V307R mutation, the double V307R/H33E mutation introduces a 

pronounced reduction in the enhancement of SaFtsZ polymerization by the compounds at all 

the concentrations examined (compare Figures 7A and C as well as Figures 7D and F). This 

reduction in compound-induced enhancement of SaFtsZ polymerization afforded by the 

V307R/H33E double mutation is similar to the behavior we observed when comparing the 

impacts of the compounds on EfFtsZ and SpFtsZ polymerization to the corresponding 

impacts on SaFtsZ and BsFtsZ polymerization (Figures 2 and 3). In essence, incorporation 

of the V307R/H33E double mutation in SaFtsZ rendered the protein resistant to TXY536 

and PC. Thus, confirming the hypothesis invoked by our computational studies, our 

mutational analysis identifies residues E34 and R308 as being important determinants of 

enterococcal and streptococcal resistance to the PC-type class of compounds.

In conclusion, our studies provide important insights into the molecular basis for the 

resistance of enterococci and streptococci to a promising new family of FtsZ-targeting 

antibacterial compounds. These findings should facilitate future design efforts geared toward 

development of next-generation broader spectrum compounds that can target not only 

staphylococcal, but also enterococcal and streptococcal FtsZ proteins.
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Fig. 1. 
Chemical structures TXY536 and PC190723 (PC).
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Fig. 2. 
Concentration dependence of the impact of PC on the polymerization of SaFtsZ (A), BsFtsZ 

(B), EfFtsZ (C), and SpFtsZ (D), as determined by monitoring time-dependent changes in 

absorbance at 340 nm (A340) at 25 °C. The time-dependent A340 polymerization profiles are 

shown for each target FtsZ in the presence of DMSO vehicle (black) or PC at a 

concentration of 0.5 (red), 1.0 (blue), or 2.0 (orange) µg/mL. Experimental conditions for all 

the FtsZ polymerization studies were 5 µM protein, 50 mM Tris•HCl (pH 7.4), 50 mM KCl, 
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and 10 mM magnesium acetate. Polymerization reactions were initiated by addition of 4 

mM GTP at the times indicated by the arrows.
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Fig. 3. 
Concentration dependence of the impact of TXY536 on the polymerization of SaFtsZ (A), 

BsFtsZ (B), EfFtsZ (C), and SpFtsZ (D). The time-dependent A340 polymerization profiles 

are shown for each target FtsZ in the presence of DMSO vehicle (black) or TXY536 at a 

concentration of 1.0 (red), 2.0 (blue), or 5.0 (orange) µg/mL. Experimental conditions were 

as described in the legend to Figure 2.
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Fig. 4. 
(A–C) Phase-contrast micrographs of S. aureus 8325-4 bacteria treated with DMSO vehicle 

(A), 3 µg/mL TXY536 (B), or 3 µg/mL PC (C). (D–F) Fluorescence micrographs of B. 
subtilis FG347 bacteria that express a GFP-tagged, FtsZ Z-ring marker protein termed ZapA. 

The bacteria were treated with DMSO vehicle (D), 3 µg/mL TXY536 (E), or 3 µg/mL PC 

(F).
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Fig. 5. 
Alignment of two regions of the amino acid sequences of the FtsZ proteins from S. aureus, 

B. subtilis, E. faecalis, E. faecium, S. pneumoniae, S. pyogenes, and S. agalactiae. Key 

amino acid positions in the area of the PC and TXY536 binding pocket of FtsZ are 

highlighted in red.
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Fig. 6. 
Docked structures of PC (A,C) and TXY536 (B,D) in complex with SaFtsZ (A,B) and 

EfFtsZ (C,D). The compounds were docked using the AutoDock Vina algorithm, with the 

top scoring binding orientations being depicted and their associated scores indicated. The 

structure of SaFtsZ is derived from the reported crystal structure (PDB # 4DXD) [38], while 

the structure of EfFtsZ is a homology model built as described in the Materials and Methods. 

The FtsZ proteins are depicted according to their secondary structural elements (α-helices in 

red, β-strands in cyan, and loops in gray). The residues at positions 33/34 and 307/308 are 

portrayed in their solvent accessible surfaces and color-coded according to electrostatic 

potential (blue for positive, red for negative, and white for neutral). The compounds are 

shown in stick format and color-coded according to atom (carbon in green, nitrogen in blue, 

oxygen in red, sulfur in yellow, fluorine in magenta, and chlorine in violet).
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Fig. 7. 
Concentration dependence of the impact of PC (A–C) and TXY536 (D–F) on the 

polymerization of wild-type (A,D), V307R single mutant (B,E), and V307R/H33E double 

mutant (C,F) SaFtsZ, as determined by monitoring time-dependent changes in absorbance at 

340 nm (A340) at 25 °C. The time-dependent A340 polymerization profiles are shown for 

each target FtsZ in the presence of DMSO vehicle or the indicated concentrations of PC and 

TXY536. Experimental conditions were as described in the legend to Figure 2.
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Table 1

MIC90 values of TXY536 and PC against various Gram-positive bacteriaa

Organism Strain

MIC90 (µg/mL)

PC TXY536

S. aureus (MSSA) 8325-4 0.25 0.5

S. aureus (MSSA) ATCC 19636 0.5 0.5

S. aureus (MSSA) ATCC 29213 1.0 1.0

S. aureus (MSSA) ATCC49951 0.5 1.0

S. aureus (MRSA) ATCC 33591 0.5 0.5

S. aureus (MRSA) ATCC 43300 0.5 1.0

B. subtilis 168 0.5 1.0

E. faecalis (VSE) ATCC 19433 32.0 32.0

E. faecalis (VRE) ATCC 51575 32.0 64.0

E. faecium (VSE) ATCC 19434 64.0 >64.0

S. pyogenes (GAS) ATCC 19615 >64.0 >64.0

S. agalactiae (GBS) ATCC 12386 >64.0 >64.0

S. pneumoniae ATCC 49619 >64.0 64.0

a
MIC90 values reflect the lowest compound concentrations at which growth was ≥90% inhibited.
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