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ABSTRACT: Antimicrobial resistance (AMR) poses a major
threat to human health globally. Approximately S million deaths
were attributed to AMR in 2019, and this figure is predicted to
worsen, reaching 10 million deaths by 2050. In the search for new
compounds that can tackle AMR, FtsZ inhibitors represent a
valuable option. In the present study, a structure-based virtual
screening is reported, which led to the identification of derivative
C11 endowed with an excellent minimum inhibitory concentration
value of 2 pg/mL against Staphylococcus aureus. Biochemical
assays clarified that compound C11 targets FtsZ by inhibiting its
polymerization process. C11 also showed notable antimicrobial
activity against S. aureus cystic fibrosis isolates and methicillin-
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resistant S. aureus strains. Derivative C11 did not show cytotoxicity, while it had a synergistic effect with methicillin. C11 also
showed increased survival in the Galleria mellonella infection model. Lastly, structure—activity relationship and binding mode

analyses were reported.
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B INTRODUCTION

Antimicrobial resistance (AMR) is a serious global health
threat. In 2019, it was estimated that around 5 million deaths
were attributed to AMR, and this situation is getting worse
with an estimation of 10 million deaths annually by 2050.'
This phenomenon is mainly due to the extensive misuse of
antibiotics which leads to the selection of resistant bacteria.”
Although the development of new antibiotics with novel
mechanisms of action is crucial to tackle this issue, only 50 new
antibacterial drugs are facing clinical evaluation.” Furthermore,
only 32 of these are potentially effective against World Health
Organization (WHO) priority pathogens.” Among these
bacteria, the Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter spp. (ESKAPE) group is
particularly worrisome. S. aureus, for instance, can persist and
adapt to different hostile niches and is equipped with many
virulence factors. Methicillin-resistant S. aureus (MRSA)
strains represent a particular threat to immunocompromised
subjects and people with cystic fibrosis.”

In the search for new antibiotics with unrelated mechanisms
of action, the bacterial cell division machinery represents a
valuable target. The division of the parent cell into daughter
cells is mainly orchestrated by FtsZ (temperature-sensitive
mutant Z). This protein polymerizes, through GTP hydrolysis,
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to form a single strained filament, linked to the cytoplasmic
membrane, leading to a ring-like structure (Z-ring) located in
the middle of the parent cell.’ The Z-ring serves as a scaffold
for the recruitment of other downstream effectors for cell
division,” and last, it leads to the final division through the
septum constriction along with its invagination and the
biosynthesis of peptidoglycan.” The crucial role played by
FtsZ makes it a very attractive target. Furthermore, FtsZ is
highly conserved in most prokaryotic organisms,6 and it is
widely demonstrated that its inhibition drives bacteriostatic or
bactericidal effects.” Tubulin is the eukaryotic analogue of
FtsZ; these proteins share a common structure, nevertheless,
the sequence alignment shows that the two proteins have a low
sequence identity (less the 20%) and conserved residues
localized only in the nucleotide-binding site.”

All these points confirm the validity of targeting FtsZ: the
inhibitors are very effective, and they may have a broad
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Figure 1. Small molecule FtsZ inhibitors.

TX709
MIC S. aureus 2-4 ng/ml

spectrum of activity and are expected to have no cytotoxicity
toward eukaryotes. At the state of the art, different FtsZ
inhibitors have been reported, including peptides, natural
products, and small molecules.”'® Peptides like MciZ (49
residues long)'' mainly target the C terminal domain of FtsZ
but none of the reported derivatives continued to preclinical or
clinical evaluation.” Natural compounds, like Sanguinarine and
Berberine, showed promising antimicrobial activity, but they
also had significant toxicity toward mammalian cells mainly
because of the inhibition of tubulin polymerization."*™"*
Among the small molecules, three chemical classes showed
the most favorable results (Figure 1): (i) the arene-diol
digallates (UCMS3) targeted the nucleotide-binding site with
promising activity toward Gram-positive bacteria but with
some cytotoxicity to eukaryotic cells;'>™"” (ii) the benzimida-
zole exhibited excellent antibacterial activity against clinical
Mycobacterium tuberculosis (minimal inhibitory concentration
of 0.5—15 uM),"® and (iii) benzamide derivatives.'” The latter
class is exemplified by TX707, which had potent bactericidal
activity against several Gram-positive bacteria, including
Bacillus subtilis, MRSA, and other multidrug resistant (MDR)
S. aureus in vitro and in vivo. TX709, a prodrug of TX707, is in
the clinical phase of evaluation.'”™**

Despite the effort in the field, the urgency of a new
therapeutic armamentarium for MDR strains has made the
search for new FtsZ inhibitors a very current topic.

In this scenario, a structure-based virtual screening (VS)
campaign was carried out, resulting in the identification of
compound C11 with a promising minimum inhibitory
concentration (MIC) of 2 ug/mL against S. aureus. Further
biological evaluation confirmed that compound CI11 can
impair FtsZ polymerization without being cytotoxic to
eukaryotic cells.

The compound was effective against S. aureus biofilms, and it
also showed a notable antimicrobial activity against cystic
fibrosis S. aureus clinical isolates and MRSA strains. Moreover,
the combination of C11 with Meropenem disclosed a
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synergistic effect that restored methicillin susceptibility to
MRSA strains. The compound can also increase the survival of
Galleria mellonella infected with S. aureus. A small group of
commercially available C11 analogues (12 derivatives) was
evaluated in vitro and in silico to outline a structure—activity
relationship (SAR) and to define the pharmacophoric moieties
within the scaffold.

B RESULTS AND DISCUSSION

Screening. To identify new FtsZ inhibitors, a structure-
based VS was carried out. FtsZ is characterized by two main

N-N OCH3
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4 ICso FtsZPa 34 uM
00
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Figure 2. C11 structure and biological activity.

binding pockets: (i) the nucleotide binding pocket, bound by
GTP/GDP and localized at the polymerization interface, and
(ii) an interdomain cleft located at the central core of FtsZ
(Figure S1). This pocket has no catalytic activity, and it is not
directly involved in polymerization but plays a pivotal role in
this process. Thus, this pocket in the S. aureus FtsZ protein
(FtsZSa; PDB: 4DXD)*’ was targeted by a docking and
pharmacophore-based VS campaign. A database of commer-
cially available compounds (about 5.000.000 molecules) was
prefiltered to retain those matching Lipinsky drug-like
properties”* and to remove unsuitable chemical moieties
displaying promiscuous and cytotoxic effects.”> The obtained
database was docked at the allosteric site of FtsZSa by Glide,*
and a pharmacophore model was generated by Phase’’
merging the information on TX707 SAR."”™>* The resulting
model included nine features: one H-bond acceptor, two H-
bond donors, three hydrophobic, and three aromatic features
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Figure 3. FtsZSa polymerization in the presence of C11. (A) Sedimentation assay of FtsZSa in the presence of 100 uM of C11. GDP was used as a
negative control of the reaction. (P: pellet fraction; S: supernatant fraction). (B) Right-angle light scattering of FtsZSa in the presence of increasing
concentration of C11. GTP was added after 75 s of incubation. (C) Dose-response curve of FtsZSa residual polymerization activity with C11. Data
are the mean =+ SD of the results from three different replicates. (D) Typical micrograph of FtsZSa at cryo-electron microscope in the absence (left,
CT) or in the presence of 100 uM of C11 (right). The scale bar represents S0 nm. Data and images are representative of the results from three

different replicates.

(Figure S2). This model was used to filter out the docking
proposed conformations. In the end, the conformers with the
best fitting to the pharmacophore model (a total of 5000) were
visually inspected,”® and 12 structurally unrelated molecules
were purchased for biological evaluation.

Evaluation of Biological Activities of the Selected
Compounds on S. aureus FtsZ. To verify whether the
selected compounds retained biological activity against bacteria
and, in particular, against FtsZSa, the inhibition of bacterial
growth, the impairment of the GTPase activity, and, eventually,
the inhibition of FtsZ polymerization were assayed (Table S1).

Three compounds (C3, C8, and C11) showed promising
inhibitory activity toward FtsZSa GTPase activity. Derivatives
C3 and C8 showed good inhibition of the GTPase activity
with an ICg, of 14.6 and 8.4 uM, respectively (Table S1 and
Figure S3). Unfortunately, both compounds had MIC values of
>256 pg/mL when assayed against S. aureus ATCC25923
growth (Table S1). On the other hand, Cl1 showed a
significant inhibition of S. aureus ATCC25923 growth with a
MIC of 2 pug/mL, but it did not affect the FtsZSa GTPase
activity (Table S1). Since FtsZ is characterized by both
GTPase and polymerization activity, a sedimentation assay was
performed to evaluate the ability of compound C11 to inhibit
FtsZSa polymers formation (Figure 2 and Figure 3A).

Similar to what was previously described for other FtsZ
inhibitors, like C109,>” C11 had an inhibitory effect on FtsZSa
polymerization (Figure 3A). To further evaluate this effect, the
kinetics of FtsZSa polymerization was studied using a 90° light
scattering measurement. C11 inhibited the polymerization in a
concentration-dependent manner, with an ICy, of 47.97 uM
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(Figure 3B,C). Of note, the presence of C11 decreased the
extent of FtsZSa polymerization and bundling, in a
concentration-dependent manner like other previously de-
scribed inhibitors’>" and decreasing the compound concen-
tration however had an effect on polymer stability (Figure 3B).
Moreover, the decrease of polymer formation was also
confirmed by cryo-electron microscopy analysis. At a
concentration of 100 uM, CI11 significantly impaired the
quantity, stability, and bundling of FtsZSa polymers (Figure
3D).

C11 Biological Effect and FtsZ Localization. A time—
kill curve was constructed using concentrations ranging from
1/2 to 2 times the MIC value (Figure 4A) to assess whether
C11 exerted a bacteriostatic or bactericidal effect on S. aureus
cells. Bacteriostatic effect was observed using 1- or 2-fold the
MIC of C11, while a slight regrowth was observed when cells
were treated with an amount of compound equal to half of the
MIC (Figure 4A). Single-cell time-lapse microscopy of S.
aureus ATCC25923 demonstrated that the area of the cells is
significantly larger in the sample exposed to 2 X MIC of C11
compound for S h compared to untreated cells (Figure 4B). To
study FtsZ localization, we used the S. aureus TD276 strain
expressing the FtsZ-mCherry fusion protein.””** Against this
strain, C11 retained a MIC of 2 pg/mL. As shown in Figure
4C, in untreated cells, FtsZ was localized in the middle of the
cell and formed the Z-ring. In the treated sample, cells were
larger and FtsZ was mislocalized, forming different foci which
were not functionally competent for cell division (Figure 4C).
Moreover, staining of endogenous DNA with Hoechst
demonstrated that DNA segregation is not impaired in the
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bars), during growth (right y axis-lines) in the absence (black), or in the presence (violet) of 4 ug/mL C11, in time-lapse experiments. Data and
images are representative of the results of at least three different experiments.

treated cells since DNA segregates currently in both treated
and untreated cells (Figure 4C). This experiment confirmed
once again that FtsZ polymerization is likely the target of the
C11. Since bacterial growth might be interrupted by the stress
conditions imposed by time-lapse microscopy, treated and
untreated cells were analyzed for their FtsZ localization in 10
fields. Results showed that the percentage of cells in which
FtsZ was delocalized increased over time, and it was
significantly higher in Cl1-treated samples as compared to
untreated cells (60% vs 4%) (Figure 4D).

C11 Activity on Biofilm Formation. S. aureus can readily
form biofilms enhancing its drug resistance and inducing life-
threatening infections in different body compartments.**
Hence the ability of C11 to block biofilm formation and to
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eradicate formed biofilms was tested using the S. aureus
ATCC25923 strain. First, the inhibitory activity of the
compound was evaluated by CFU counting (Figure SA),
showing that concentrations of 2- or 4-fold the MIC (4—8 ug/
mL) were enough to almost completely inhibit biofilm
formation (Figure SA). The structure of the biofilm formed
in the presence of increasing concentrations of C11 was
analyzed using confocal laser scanning microscopy (CLSM)
and COMSTAT?2. These analyses confirmed that C11 at 2 ug/
mL only slightly affected biofilm formation, while it almost
completely abolished it at 4 and 8 ug/mL (Figures SBC and
S4). Then the biofilm eradication was also assayed by CFU
counting and CLSM. The assays showed that even the lower
dose of C11 (2 X MIC, 4 ug/mL) could reduce the number of
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Figure 6. Cytotoxicity of C11 on AS549 using MTT assay. Different
C11 concentrations (3.125—25 uM) and different times of incubation
(3, 6, or 24 h) were assayed. Data are presented as mean value +SD
calculated on triplicate experiments. *p < 0.0S, **p < 0.01 (unpaired
t—test).

viable cells in S. aureus ATCC25923 biofilms (Figure SSA);
increasing concentrations of C11 had a strong impact on the
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biofilm, eradicating the majority of the attached cells (Figure
S5B) producing a significant alteration of the biofilm (Figures
S5C and S6).

C11 Combination with Currently Used Antibiotics.
Antibiotic therapies frequently require the combination of
multiple antimicrobial drugs to increase efficacy and to
overcome antibiotic resistance.”” To assess the interaction of
C11 with other compounds, checkerboard assays with
currently used antibiotics with different mechanisms of action
(Ceftazidime, Erythromycin, Linezolid, Meropenem, Rifampi-
cin, and Tetracycline) were performed. The panel was
combined with C11 and tested against S. aureus
ATCC25923. While the combination of C11 with Eryth-
romycin, Linezolid, and Tetracycline had an additive effect, the
combination of C11 with Ceftazidime, Meropenem, and
Rifampicin significantly increased their efficacy, showing a
synergistic effect (Table S2).
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Figure 7. Kaplan—Meier survival curve of G. mellonella larvae
infected with S. aureus ATCC25923 and treated with 8% DMSO
(violet) or C11 (yellow). As a control, larvae were treated with saline
solution and C11, saline solution and 8% DMSO (red), or untreated
(black). The experiment was performed three times. Statistically
significant differences are indicated (Significance level for each time
point was evaluated with Fisher’s test: 48 h p < 0.001, 72 h p < 0.01,
and 144 h p < 0.05).

Val203

Figure 8. Proposed binding mode of C11. The enzyme is reported as
blue cartoon, C11 is depicted as gray sticks. The residues involved in
interaction are reported as white lines, polar interactions are reported
as yellow dotted lines.

The derivative C11 was also tested against a panel of clinical
isolates obtained from cystic fibrosis patients showing relevant
activity against all strains, with MIC values ranging from 2 to 4
pug/mL for the vast majority of them (Tables S3 and S4).

Since some of the tested strains were MRSA, showing
resistance to Meropenem (Table S4), the effect of the
Meropenem/C11 combination was assayed against these
strains. Results showed that the combination had a strong
synergistic effect against the most resistant strains to
Meropenem (BG9 and BG10, Table S5 and Figure S7A,B).
These data suggest that C11 has a synergistic effect with f-
lactam, as already described for other FtsZ inhibitors, such as
PC190723.>** Moreover, a synergistic effect with Rifampicin
was previously described in the case of compounds that
induced FtsZ depletion and resulted to be useful to eradicate
persistent cells in a chronic biofilm infection.*®
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C11 Cytotoxicity Studies. FtsZ inhibitors might exert a
certain toxicity due to their potential inhibition of human
tubulin. C11 cytotoxicity was assayed on mammalian tubulin
in vitro and against different human cellular lines.””
Compound C11 decreased tubulin polymerization of 20% at
the highest tested concentration (25 uM, 9.6 pg/mL) (Table
S6). C11 cytotoxicity was evaluated by an MTT assay on
human AS549 pulmonary epithelial cells. In the presence of 25
UM of C11, A549 cells showed a viability higher than 90%
after 6 h of incubation and the percentage of live cells
remained higher than 70% after 24 h (Figure 6). Cl11
cytotoxicity was also assayed using CFBEo™ cells, mimicking
cystic fibrosis lung tissue. In this cell line, with 12.5 uM of
compound (4.8 ug/mL) the percentage of live cells was higher
than 90% after 6 h of incubation (Figure S8), while in the
presence of 25 uM of C11 the viability decreased to 65% after
6 h of incubation and to 25% after 24 h (Figure S8).

Efficacy of Compound C11 in a G. mellonella
Infection Model. A proof-of-concept of the in vivo potential
of C11 in eradicating S. aureus infections was given using the
well-assessed G. mellonella infection model. The larvae were
infected with S. aureus ATCC25923 and after 2 h treated with
40 mg/kg (4-fold the MIC) of C11. Three different groups
were used as control: not infected and not treated (CT),
injected with saline solution and treated with 40 mg/kg of
Cl11, or injected with saline solution and treated with 8% of
DMSO. First, results highlighted that C11 was not toxic for G.
mellonella since the moths not infected but treated with C11
did not show a significant decrease in their survival rate (Figure
7). After infection with S. aureus ATCC25923, in the group
treated with DMSO, 80% of the larvae died after 6 days. Larvae
infected and treated with C11 (40 mg/kg) had a survival rate
of 77% (vs 46%) 2 days postinfection. Three days post-
infection, the survival rate was 58% (vs 32%), and after 6 days,
the survival rate was still significantly higher than the mock-
treated group (Figure 7).

C11 Activity against Other ESKAPE Pathogens. The
intriguing results prompted us to further investigate the activity
of C11 against a panel of Gram-negative bacteria. The
compound was tested against P. aeruginosa PAO1, K.
pneumoniae ATCC13883, and A. baumannii ATCC19606.
Unfortunately, the measured MIC values were >128 ug/mL
for all of the tested strains. Consequently, to determine
whether C11 can be a substrate of efflux pumps,” the MIC
was evaluated in the presence of different concentrations of the
efflux pump inhibitor PapN.*” Indeed, the presence of PASN
conferred to compound C11 excellent biological activity, with
MIC values of 1—16 pg/mL (Table S7).

Since FtsZSa and the FtsZ of P. aeruginosa (FtsZPa) share
47% sequence identity, to better understand the results
highlighted by the MIC, FtsZPa was expressed, purified, and
tested for its activities in the presence of C11. Results showed
that, as already observed for FtsZSa, C11 did not interfere with
the GTPase activity of FtsZPa, while it can prevent FtsZPa
polymerization in a concentration-dependent manner with an
ICs, of 34 uM (Figure S9A,B).

Overall, these results strongly suggest that, although CI11
may be also active against the FtsZ protein of Gram-negative
bacteria, it is extruded out of the cell by efflux pump before it
can reach its target.

Binding Mode Analyses. The proposed docking binding
mode of C11 was inspected with the aim of highlighting the
key interactions with the target. Overall, the binding with FtsZ
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Table 1. C11 Derivatives and Their Activities”
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“Inhibition of FtsZSa polymerization; nd, not determined.

was observed to rely largely on hydrophobic contacts: the
terminal benzyl ring was involved in interactions with Ile197,
Met218, Met226, and Ile311; the oxazole ring had contacts
with Leu200, Leu261, and Thr309; and the benzothiophene
dioxo ring had hydrophobic interactions with Val203, Leu200,
Leu209, and Val297. Polar contacts were also observed
involving the sulfone moiety, namely, with the calcium cation
and with Leu209 backbone through a H-bond (Figure 8).

SAR Study. A series of commercially available analogues of
C11 was purchased and tested to draw a SAR. Their ability to
inhibit polymerization (Figures S10A,B and S11A—E) and S.
aureus growth (Table 1) was evaluated. Also, the ICg, values
against FtsZSa polymerization were determined for the most
promising compounds, ie., C11.2, C11.5, C11.7, and C11.8.
Compound C11.1 was selected as a control according to the
mild activity on FtsZSa polymerization (Table 1 and Figure
S10AB).

First, it was observed that the methylene bridge between the
terminal phenyl ring and the S-member ring heterocycle could
be modified without affecting the binding to the enzyme.

1004

Indeed, planar and shortened derivatives without this bridge
atom (C11.2, C11.5, C11.7, and C11.8) showed lower ICs,
values than the lead compound C11, and derivative C11.2 had
the lowest IC, value of 23.73 uM (Table 1, Figures S10A,B
and S11A—E). Another interesting observation was that the
sulfur atom bridging the two aromatic rings could be changed
to nitrogen with marginal effect on the inhibition of the
polymerization (compare C11 and C11.5). Also the
introduction of a nitrogen atom in the thiophane dioxo ring
did not affect the ICg, However, none of the assayed
derivatives had MIC values lower than those of the lead
compound Cl11, despite the improved inhibition of FtsZ
polymerization. Only derivatives C11.2 and C11.7 retained the
ability to inhibit S. aureus growth in the same range of
concentrations of the lead compound.

Lastly, the introduction of a short alkyl ramification at the
thiazole ring (compare derivatives C11.5 and C11.7)
improved the biological activity. Indeed, compound C11.7
had a slightly better inhibition of the FtsZ polymerization than
C11.5 (IC4 29.39 uM and ICs, 34.61 M, respectively) but a
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marked improvement of the antibacterial activity (MIC 8 and
> 128 ug/mL). This result might be related to an increased
membrane permeability of the compound.*

B CONCLUSIONS

The lack of new solutions against the spread of antimicrobial
resistance prompts the research toward different strategies to
identify new active molecules, with the exploration of new and
essential pathways being a valuable option for this aim. In this
work, a structure-based VS on the essential cell division protein
FtsZ led to the identification of derivative C11, with a notable
antimicrobial activity against S. aureus, cystic fibrosis S. aureus
clinical isolates, and MRSA strains. C11 mechanism of action
is based on impairing FtsZ polymerization. Furthermore, this
molecule has very low toxicity. The efficacy of C11 was further
studied in the G. mellonella infection model, confirming that it
can increase the survival of larvae infected with S. aureus. A
series of C11 analogues were assayed to outline a SAR and
together with a docking experiment, essential interactions with
the enzyme were highlighted. Taken together, the reported
results indicate that C11 is a promising drug candidate with
great potential to be further structurally optimized in order to
improve its efficacy and to broaden the spectrum of action.

B METHODS

All details of the molecular modeling, chemistry, and biological
assays are reported in the Supporting Information.
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