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ABSTRACT: Bacterial resistance to antibiotics makes previously /f/ . oy

manageable infections again disabling and lethal, highlighting the ‘ﬁ:@ &«v“ W
?’;\ -4/ e \C(Noz
{

need for new antibacterial strategies. In this regard, inhibition of the
F Novel fluorescence binding assay

bacterial division process by targeting key protein FtsZ has been 7
{ TR
Allosteric site g{}'

recognized as an attractive approach for discovering new antibiotics.
FtsZ allosteric ligands

Binding of small molecules to the cleft between the N-terminal
guanosine triphosphate (GTP)-binding and the C-terminal subdomains
allosterically impairs the FtsZ function, eventually inhibiting bacterial

Bacterial protein FtsZ

division. Nonetheless, the lack of appropriate chemical tools to develop ';2-5 < & ®
a binding screen against this site has hampered the discovery of FtsZ O \‘C i
antibacterial inhibitors. Herein, we describe the first competitive ‘)EN Q-

binding assay to identify FtsZ allosteric ligands interacting with the R e P e et ion

interdomain cleft, based on the use of specific high-affinity fluorescent
probes. This novel assay, together with phenotypic profiling and X-ray crystallographic insights, enables the identification and
characterization of FtsZ inhibitors of bacterial division aiming at the discovery of more effective antibacterials.

B INTRODUCTION erable synthetic efforts, the benzamide derivative PC190723,
many analogues, and other inhibitors,'® have not made it into
the clinic, possibly due to unsuitable pharmacological proper-
ties and a relatively high frequency of resistance mutations.
Only one prodrug analogue of PC190723, TXA709'" (Chart
S1), was designated as a qualified infectious disease product for
Staphylococcus aureus infections and has recently completed a
phase I clinical trial."®

FtsZ filaments form by head to tail self-association of FtsZ
monomers; this is followed by hydrolysis of FtsZ-bound
guanosine triphosphate (GTP) that triggers monomer
dissociation. Cooperative assembly of single-stranded FtsZ
filaments is made possible by FtsZ monomers switching
between a low and a high association affinity state during the
FtsZ filament assembly.””>' In relaxed unassembled FtsZ
monomers from several species, a side cleft between the N-
terminal GTP-binding and the C-terminal subdomains is

New antibiotics are urgently needed to cope with the global
rise of bacterial pathogens resistant to antibiotics in use, which
renders lethal infections that once were treatable and
controllable.'"™* To discover new antibiotics, processes
essential for bacterial reproduction and spreading must be
targeted, such as bacterial cell division, a clinically unexplored
target. While eukaryotic mitosis has been vastly exploited for
cancer treatments, targeting the bacterial cell division remains
a clinical challenge. In this context, considerable knowledge has
been gathered on the function, structure, dynamics, and
interacting partners of essential cell division protein, FtsZ,
since its localization forming a ring at the division site was
discovered.” The FtsZ ring orchestrates the assembly of the
divisomal machinery in most bacteria.’ It is formed by FtsZ
clusters that undergo treadmilling and guide cell envelope
invagination at the division site.” " Bacterial division and FtsZ
have been recognized as attractive targets for discovering new
antibiotics.'"~'* However, for many inhibitors reported in the Received: December 21, 2020
literature, FtsZ targeting has not been really evidenced, slowing Published: April 28, 2021

the progress in FtsZ-inhibitor development."> FtsZ was

validated as an antibacterial target of the potent antistaphylo-

coccal experimental inhibitor PC190723 (Figure 1),"* which is

synergistic with f-lactams.”'> However, in spite of consid-
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Figure 1. Fluorescent probes designed for the allosteric binding site of FtsZ. (A) Representation of the core structure of S. aureus FtsZ (SaFtsZ)
(PDB entry 4DXD), showing the nucleotide (red-green spheres) in its binding pocket and PC190723 (green-blue-red spheres) bound into a cleft
between the N-terminal and C-terminal domains. The yellow circle marks a cavity above PC190723 potentially available for ligand binding and the
positions of helices H6 and H7 within the structure are highlighted. (B) Zoom of the encircled surface. (C) Chemical structures of PC190723,
compound 1,”° and the fluorescent probes 2—5 employed in this work.
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Figure 2. Chemical structures of compounds 6—26 evaluated as FtsZ inhibitors in this work.

closed, whereas this cleft opens in tense FtsZ monomers from
S. aureus (SaFtsZ) forming crystal filaments,”* providing a
binding site for allosteric modulators of FtsZ assembly. Indeed,
PC190723 acts as an allosteric inhibitor that stabilizes FtsZ
filaments against disassembly upon GTP hydrolysis and
selectively inhibits cell division in Bacillus and Staphylococcus
species.””** PC190723 fits snugly in a flat conformation into
its binding site at the bottom part of the open cleft in SaFtsZ
crystals,"”** leaving apparently little possibility for chemical
modification. However, there is an unfilled pocket above
connected by a tunnel to PC190723 (encircled in Figure 1A,B)
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and also a broader cavity around this pocket, formed by helices
H6 and H7 and the C-terminal subdomain. These cavities are
known since the first FtsZ structure was described” but lack
cognate ligands. Thus, there appears to be room for other
ligands binding into the interdomain cleft in addition to
PC190723.

We developed fluorescent probes for the interdomain cleft of
FtsZ, in which a small fluorophore replaces the chloro-
thiazolopyridine tail of inhibitor PC190723. Among them, 4-
chloro-7-nitro-2,1,3-benzoxadiazole (NBD) probe 1 (Figure
1C) was employed to demonstrate the FtsZ assembly switch in

https://doi.org/10.1021/acs.jmedchem.0c02207
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Scheme 1. Synthesis of Compounds 2—5“
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“Reagents and conditions: (a) 28—30, K,CO;, Nal, dimethylformamide (DMF), rt, 24 h, 14-23%; (b) (R)- or (S)-31, diisopropyl
azodicarboxylate (DIAD), PBus, DMF, MW, 150 °C, 2 h, 28—31%; (c) trifluoroacetic acid (TFA), dichloromethane (DCM), rt, 1 h, 70—90%; (d)
NBD-C], Cs,CO;, MeCN, 80 °C, 1 h, 7-50%; and (e) rac-, (R)-, or (S)-38, DIAD, PBu,, DMF, 80 °C, 48 h, 18—19%.

Scheme 2. Synthesis of Compounds 6—14“
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“Reagents and conditions: (a) (i) 3-chlorobenzaldehyde, MW, 100 °C, 10 min; (ii) H,, Pd/C, MeOH, rt, 18 h, 32—74%; (b) Mel, K,CO;, DMF,
60 °C, 18 h, 31-35%; (c) (i) CH;CH,CHO, MeOH, rt, 18 h; (ii) NaBH;CN, MeOH, rt, 72 h, 52%; (d) K,CO,, Nal, DMF, rt, 24 h, 47—80%;
and (e) PPh;, diethyl azodicarboxylate (DEAD), Et;N, tetrahydrofuran (THE), rt, 24 h, 46%.

solution, in which the side cleft between the N- and C-terminal required for the FtsZ function in cell division, underscoring the
domains, containing the benzamide binding site, opens in importance of targeting the interdomain cleft to inhibit FtsZ
assembled FtsZ subunits and closes in unassembled mono-
mers.”” The missing crystal structures of closed, relaxed SaFtsZ
monomers were then determined,”®*’ supporting an equili-
brium between the open and closed-cleft conformers, relaxing
to closed by the dissociation of tight longitudinal contacts in
SaFtsZ filaments.’® The FtsZ polymerization-induced assembly screen against this site has hampered the discovery of new FtsZ
switch enables the filament treadmilling displacement™ that is allosteric inhibitors.

filament dynamics. Mechanistic and structural studies together
with complementary cytological profiling methods could allow
the characterization of effective FtsZ inhibitors.”"** Nonethe-

less, the lack of appropriate chemical tools to develop a binding

5732 https://doi.org/10.1021/acs.jmedchem.0c02207
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Scheme 3. Synthesis of Compounds 15—17“
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(c) (i) (CH;);CSONH,, Ti(OiPr),, Et,0, reflux, 24 h; (ii) NaBH,, Et,O, rt, 24 h; (iii)) 4 M HCl, 1,4-dioxane, rt, 1 h, 24%; (d) Pd(OAc),, Cul,
DMF, MW, 200 °C, 40 min, 53%; (e) BBr;, DCM, 0 °C to rt, 24 h, 95%; and (f) 3-chlorobenzyl bromide or 3-(trifluoromethyl)benzyl bromide,

K,CO,, Nal, DMF, tt, 24 h, 72—75%.

Scheme 4. Synthesis of Compounds 18—26
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“Reagents and conditions: (a) K,COj, Nal, DMF, rt, 24 h, 81—-98%; (b) PBu;, DIAD, DMF, MW, 150 °C, 1.5 h, 45—50%; (c) K;PO,, Cul,
(CH,OH),, i-PrOH, MW, 150 °C, 105 min, 46—56%; and (d) LiAlH,, THE, tt, 2 h, 76%.

In this work, we describe the first competitive binding assay
for screening FtsZ ligands based on the use of new high-affinity
fluorescent probes 2 and 5§ (Figure 1C). Complementary
phenotypic assays and X-ray crystallography have allowed the
validation of this screen for the identification of FtsZ allosteric
inhibitors. Hence, a series of structurally simplified benzamide
analogues 6—26 (Figure 2) have been synthesized and
evaluated in this new assay, identifying FtsZ-targeting
inhibitors of bacterial division. Altogether, the biological and
structural studies reported in this work provide relevant
information about the molecular recognition of FtsZ allosteric
ligands, which may contribute to the discovery of more
effective antibacterial agents.

B CHEMISTRY

The synthesis of fluorescent probes 2—S5 is outlined in Scheme
1. Racemic probes 2—4 were prepared starting from 2,6-
difluoro-3-hydroxybenzamide (27), which was O-alkylated
with the appropriate N-Boc-2-bromoalkylamine 28-30,

5733

followed by the removal of the Boc group by treatment with
trifluoroacetic acid and coupling of the resulting intermediates
35—37 with NBD chloride. For the synthesis of (R)- and (S)-
2, the Mitsunobu reaction under microwave (MW) irradiation
between benzamide 27 and the corresponding enantiomeric
form of N-Boc-aminoalcohol 31, subsequent deprotection of
the amino group, and reaction with NBD chloride afforded the
desired enantioenriched probes. Racemic probe § and its
enantiomers were obtained by applying the same sequence of
Mitsunobu reaction, deprotection, and NBD-coupling but
using the appropriate form of primary alcohol 38.

Regarding the synthesis of compounds 6—14 (Scheme 2),
derivatives 6 and 9 were prepared by reductive amination of 3-
chlorobenzaldehyde with 3- and 4-aminobenzamide, respec-
tively. N-Methyl analogues 7 and 10 were synthesized by
alkylation of regioisomers 6 and 9 with iodomethane, whereas
reductive amination between 6 and propionaldehyde provided
N-propyl derivative 8. For the synthesis of O-(alkylphenyl)-
benzamides 11—14, 3- or 4-hydroxybenzamide was alkylated

https://doi.org/10.1021/acs.jmedchem.0c02207
J. Med. Chem. 2021, 64, 57305745
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A
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1 2 (RF2 (52 3 4 5  (RF5 (S5
free probe 0.022 0.037 0.037 0.037 0.049 0.045 0.031 0.029 0.030
+ FtsZ (unassbld.) 0.027 0.039 0.046 0.041 0.104 0.130 0.034 0.041 0.042
+ GMPCPP 0.026 0.046 0.050 0.044 0.115 0.186 0.036 0.040 0.041
+MgCl2 (polymer) 0.080 0.157 0.081 0.172 0.261 0.317 0.203 0.227 0.096
+PC190723 0.029 0.053 0.051 0.065 0.135 0.324 0.055% 0.052° 0.038

«[PC190723] = 30 uM ; » data from Fig. 5A

B
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Figure 3. Specific binding of fluorescent probes to FtsZ's allosteric site, activity on bacterial cells, and competitive binding assay for ligands binding
to the site. (A) Fluorescence anisotropy values of the free probes (10 uM) in buffer, to which FtsZ (10 M, unassembled) was added, followed by
the slowly hydrolyzable GTP analogue GMPCPP (0.1 mM). BsFtsZ polymerization was then induced by the addition of MgCl, (10 mM) and
anisotropy values were recorded 5—10 min later. Nonfluorescent PC190723 (10 M) was subsequently added to displace the fluorescent probe and
anisotropy was measured S min later. (B) Fluorescence microscopy images of B. subtilis cells treated for 1.5 h with the minimal division inhibitory
concentrations (MDC) of (S)-2 and each enantiomer of § (Table S1), acquired employing the probe fluorescence. (C) Displacement curves of
(S)-2 (3 uM) from stabilized FtsZ-GMPCPP polymers (8 uM binding sites) by PC190723 (black circles, Ky < 0.1 M), and its moieties 2,6-
difluoro-3-methoxybenzamide (DFMBA, Kp, = 0.67 = 0.05 mM) (red), and 6-(chloro[1,3]thiazolo[$,4-b]pyridin-2-yl)methanol (CTPM, K, = 1.0
+ 0.1 mM) (blue). Solid lines are best fits to the data of a single site competition model (Experimental Section). The addition of guanosine
diphosphate (GDP) (void circles) does not displace (S)-2 from its binding site.

with the proper bromoalkylaryl derivative under classical
Williamson conditions (11, 13, and 14) or with 2-(3-
chlorophenyl)ethanol in a Mitsunobu reaction to obtain
compound 12 (Scheme 2).

Benzamide bioisosteres 15—17 were synthesized as depicted
in Scheme 3. The reaction of 3-[(3-chlorobenzyl)oxy]-
benzaldehyde with trimethyl(triftuoromethyl)silane afforded
trifluoromethyl alcohol 41, which was oxidized to ketone 42
with the Dess—Martin reagent, followed by reductive
amination using tert-butanesulfinamide as an ammonia
equivalent to provide target compound 15. Imidazole
derivatives 16 and 17 were prepared by the Pd- and Cu-
mediated cross-coupling reaction of imidazole and 3-
iodoanisole, subsequent demethylation with boron tribromide
of 43, and O-benzylation of phenol 44 with the corresponding
chloro- or trifluoromethyl-substituted benzyl bromide.

2,6-Difluorobenzamides 18—26 were synthesized starting
from benzamide 27 (Scheme 4). Direct alkylation of 27 with
the adequately substituted benzyl bromide under basic
conditions afforded compounds 18—21 and Mitsunobu
reaction of 27 with commercial or synthesized alcohols 45—
47 gave analogues 22—26. Primary alcohols 45 and 46 were
prepared by the Ullman-type reaction between 1-iodo-3-
(trifluoromethyl)benzene and 2-aminoethanol or 2-amino-
pentanol, respectively. Secondary alcohol 47 was obtained by
the reduction of ketone 48 with lithium aluminum hydride.
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B RESULTS AND DISCUSSION

Enhanced Affinity Fluorescent Probes for the
Interdomain Cleft of FtsZ. A key step in the development
of a fluorescence-based binding assay targeting the FtsZ
interdomain cleft is the generation of specific probes for this
site. These tools should undergo a sensitive modification of
their fluorescence properties when bound to the protein, which
returns to those of the free probe when displaced by a
reference ligand such as PC190723. Competition assays of this
type require that the probe and the competitor have
commensurate affinities, resulting in a limited measurement
range of competitor affinities with a single probe.”” Thus,
specific medium affinity probes are required for the effective
detection of weak but specifically competing molecules during
inhibitor screening, whereas high-affinity probes are needed for
the measurement of the dissociation constant (Kp) of high-
affinity compounds. Our previous studies demonstrated that
probe 1 (Figure 1C) and its analogues with longer spacers
between the difluorobenzamide ring and the fluorophore
specifically bind in a narrow affinity range (K = 11-26 uM)
with moderate fluorescence anisotropy changes” that were
deemed insufficient for the development of a competitive
assay. However, their biochemical effects, together with
molecular dynamics simulations of model complexes, sup-
ported the notion that an extension of the PC190723 binding
site is available for inhibitors binding into the FtsZ

interdomain cleft.”” Thus, taking probe 1 as the starting

https://doi.org/10.1021/acs.jmedchem.0c02207
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Figure 4. Fluorescence anisotropy screen for FtsZ allosteric inhibitors combined with cell-based methods. (A) Screen for FtsZ inhibitors employing
the fluorescence anisotropy of probe (S)-2 (3 M) and stabilized FtsZ-GMPCPP polymers (8 uM binding sites). The anisotropy values of the
partially bound probe (void black circles), the free probe (void gray circles), and the values with two concentrations of each compound, 20 uM
(gray circles) and 200 uM (black circles) are shown. Control values with the corresponding concentrations of dimethyl sulfoxide (DMSO) vehicle
(2% void and gray circles; 4%, black circle) are also shown. (B) Chemical structures of synthetic ligands 6—26. (C) Effects of low-affinity inhibitors
6,7, and 9 on B. subtilis 168 cell division. Raw data plots (n > 30) are shown with the mean values marked (statistics in Table S2). The cells were
incubated for 3 h with each compound, and cell lengths were measured. (D) Representative phase-contrast images of cells after 3 h with 7 or 9
(0.75 mM each). (E) Cellular localization of FtsZ-GFP in B. subtilis SU570 following growth for 1.5 h in the absence (inset) and presence of 7 (0.2

mM). Bars, 10 ym.

point, we resorted to adding aliphatic side chains to the spacer
to gain additional hydrophobic interactions by increasing the
length of the aliphatic chain according to the space available in
the allosteric interdomain cleft. These new NBD-based
compounds 2—5 (Figure 1C and Scheme 1) were charac-
terized by their fluorescence spectra (Figure S1), the
anisotropy changes upon specific reversible binding to FtsZ
polymers (Figure 3A), fluorescence microscopy of Bacillus
subtilis cells (Figure 3B), and binding affinity titrations (Figure
S2 and Table S1). FtsZ polymers were formed in the presence
of the slowly hydrolyzable GTP analogue GMPCPP and
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magnesium. The four probes showed large anisotropy values in
the presence of FtsZ polymers compared to the free probe
(Figure 3A). However, the recovery of the initial anisotropy
values after the addition of excess competing PC190723,
supporting binding specificity, was only achieved in the case of
probes 1, 2, and 5. Compounds 3 and 4, with the longer side
chains, exhibited an increase in background anisotropy with
unassembled FtsZ in the absence of magnesium that were
deemed nonspecific. In addition, the anisotropy of 4 with FtsZ
polymers in the presence of magnesium was not reduced by
PC190723 competition (Figure 3A). We thus focused on
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specific propyl-substituted probes 2 and S, and both
enantiomers of each compound were synthesized and
evaluated. The S enantiomer of 2 [(S)-2] displayed enhanced
affinity (Kp = 8 + 1 uM; Table S1) and a large anisotropy
change compared to 1, whereas (R)-2 had a very small
fluorescence anisotropy increase (Figure 3A). Better results
were obtained when the propyl side chain was incorporated at
the carbon next to the amino group, and (R)-S resulted in the
highest affinity probe (Kp = 1.9 + 0.6 uM) and broadest
anisotropy changes, whereas (S)-5 presented lower affinity (Kp,
=15 + 2 yuM) (Table S1 and Figure 3A). The replacement of
the NBD by boron dipyrromethene (BODIPY) or acrylodan
fluorophores, as well as the substitution of the oxygen of the
alkoxybenzamide by nitrogen, resulted in smaller or non-
specific anisotropy changes (probes SP1—SPS Figure SI,
synthesis in Scheme S1).

Treating B. subtilis cells with probes 2 and § (Figure 3B)
revealed that (§)-2 and both enantiomers of § (at 25—100
uM) induced the characteristic filamentous phenotype due to
the inhibition of cell division, supporting FtsZ targeting.‘ﬂ’32
These probes faintly stained intracellular structures, similarly to
1,”” whereas (R)-2 was inactive in these assays. Interestingly,
the higher affinity probe (R)-S showed the best efficacy in the
impairment of cell division and displayed antibacterial activity
in B. subtilis (Table S1). Altogether, cytological profiling and in
vitro binding measurements were in qualitative agreement and
support the suitability of fluorescent probes (S)-2 and (R)-S
for the development of a competitive binding assay.

Competitive Fluorescent Method for Ligand Binding
into the FtsZ Interdomain Cleft. Capitalizing on the
anisotropy decrease of the fluorescent benzamide probes (S)-2
and (R)-S upon dissociation, we designed homogeneous assays
to specifically determine the binding of any molecule to the
PC190723 binding site in FtsZ polymers. It should be noted
that this assay is more challenging than the ones described for
ligands binding into the nucleotide orthosteric binding site of
FtsZ monomers.””*> In this new method, stabilized FtsZ
polymers are required that do not disassemble upon nucleotide
hydrolysis or by the action of other FtsZ polymerization
inhibitors binding elsewhere in the protein molecule,
producing misleading anisotropy changes. Gentle cross-linking
of the FtsZ-GMPCPP polymers with 0.15% (v/v) glutaralde-
hyde, adapted from microtubule-fluorescent taxoid studies,*®
rendered stabilized FtsZ from B. subtilis (BsFtsZ) polymer
preparations that were resistant to depolymerization by GDP
addition but still capable of probe binding with the same
affinity values as noncross-linked polymers (Figure S2 and
Table S1). We then employed mixtures of stabilized FtsZ
polymers and probe (S)-2 in competition assays, measuring the
decrease in fluorescence anisotropy upon displacement of the
probe to determine binding at increasing concentrations of
competing test ligands. As a proof of concept, Figure 3C shows
the competition binding isotherms of the reference high-
affinity ligand PC190723 and its weakly binding moieties
DEMBA and CTPM. Importantly, when the potent polymer-
ization inhibitor GDP was used as a negative control, no
change in probe anisotropy was observed.

Binding Screen for Allosteric FtsZ Inhibitors Com-
bined with Cytological Methods. Once the fluorescence
method for ligand binding into the interdomain cleft was set
up, we evaluated its potential to screen for FtsZ allosteric
inhibitors. Complementary to this screen, cytological profiling
tests of the identified binders allow ascertaining their ability to
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target FtsZ in bacterial cells. Fluorescence anisotropy measure-
ments of probe (S)-2 at two concentrations of each tested
compound (20 and 200 M) were acquired; the solubility
range of positively testing compounds was determined
spectrophotometrically. Of note, the screen results can be
displayed as raw anisotropy data, permitting to distinguish at a
glance weak inhibitors from higher affinity candidates that
markedly decrease the anisotropy values at both concentrations
(Figure 4A). Among several previously described FtsZ
inhibitors, two selective disruptors with an unknown binding
site, PC170942°>*7 and zantrin Z3,>*°° gave no evidence of
binding in our assay, and the specific GTP-replacing FtsZ-
inhibitor UCM44”> showed a marginal inhibitory effect
(chemical structures in Chart S2). The promiscuous inhibitors
resveratrol,"’ plumbagin,*' and tiplaxtinin** (Chart $2) weakly
modified anisotropy and total fluorescence intensity, although
none of them impaired B. subtilis cell division or GTP-FtsZ
ring localization in our hands. It should be noticed that
aggregating compounds may sequester the protein or the
probe or may scatter highly polarized light, potentially
interfering with the fluorescence anisotropy measurements.
Colored and fluorescent compounds can also interfere.
Compounds initially testing positive in the anisotropy screen
should thus be checked for any unexpected changes of the total
fluorescence intensity in the same samples, as well as for any
artefactual effects on replicates omitting FtsZ.

Next, N- or O-(alkylphenyl)benzamides 6—14, 18—26, and
amide bioisosteres 15—17 were evaluated as FtsZ allosteric
inhibitors (Figures 2 and 4A,B). Different types of structural
modifications around the three main structural features of
benzamide inhibitors'® were explored: (i) linear or branched
alkylenamino or alkylenoxy linkers of different lengths as
spacers, similar to the recent structure—activity relationship
studies;** (ii) difluorination of the benzamide core; and (iii)
the position and effects of substituents around the phenyl ring
selected as the aromatic moiety. Starting with lower affinity
compounds, 3- and 4-aminobenzamides 6, 7, 9, and 10 were
identified as weak binders (Figure 4A). Complementary
competition measurements indicated Kp values around 0.2
mM in an affinity order of 7 > 9 > 6 > 10 (Figure S3).
Interestingly, compound 7 with a methylamino linker,
markedly inhibited B. subtilis cell division at 0.75 mM (Figure
4C), inducing a characteristic filamentous phenotype (Figure
4D), whereas its propyl-amino analogue 8 was toxic to the
bacterial cells. In addition, compound 7 (0.2 mM) effectively
induced irregularly spaced Z-rings and delocalization of GFP-
FtsZ into punctate foci (Figure 4E), characteristic of
alkoxybenzamide inhibitors.'*#**

These results indicate that our fluorescence binding screen
method combined with phenotypic tests can effectively detect
relatively weak FtsZ-targeting compounds, which may lead to
more effective cell division inhibitors. Note that 7 inhibits B.
subtilis division at a ~20-fold lower concentration than the
weak inhibitor ?)-methoxybenzamicle,Ar4 which was the starting
point in the PC190723 development.'* The other way around,
compounds inhibiting bacterial division may now be tested in
fluorescence anisotropy assays for potentially targeting the
allosteric interdomain cleft (this work) or the nucleotide-
binding site of FtsZ.>**’

Enhancing the Affinity of Simplified Benzamide
Inhibitors. Evaluation of 3-alkoxybenzamide 11*° showed
that this oxygen derivative was more effective than nitrogen
analogues 6—10 in our anisotropy screen (Figure 4A).
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Figure S. Simplified benzamide FtsZ inhibitors with enhanced affinity and phenotype. (A) Displacement curves of probe (R)-5 (3 uM) from
stabilized BsFtsZ-GMPCPP polymers (2.7 4uM binding sites) by synthetic compounds 11 (black), 20 (blue), 25 (green), (R)-26 (red), (S)-26
(cyan), and by PC190723 (gray). Lines correspond to the best-fitted competition curve in each case. See K, values in Table 1. (B) Left column, B.
subtilis 168 cells after 3 h of culture with 20, 25, and (R)- and (S)-26, observed by phase-contrast microscopy; right column, cellular localization of
FtsZ-GFP (B. subtilis SUS70) following growth for 1.5 h in the presence of the same inhibitors. (C) S. aureus cells expressing FtsZ-mCherry
(RN4220 + pCN-ftsZmch) grown for 1.5 h in the absence (control) or presence of 20, 25, (R)-, (S)-26, and PC190723, observed by fluorescence
microscopy. (D) Top, structures of inhibitors 20, 25, and (R)-26. Bottom, mapping on the SaFtsZ structure (gray cartoon diagram of PDB entry
3VOA) of the amino acid residues modified in mutants resistant to 20 (blue), 25 (green), and (R)-26 (red spheres).

Compound 11 had more than 10-fold lower K (10 uM,
Figure SA) and a minimal cell division inhibitory concentration
(MDC) value (Table 1) than its 3-aminobenzamide analogue
6. The Ky, values, determined with the high-affinity probe (R)-
5, are useful to compare the affinities of the different inhibitors
among them and correlate with the corresponding MDC
values. Derivatives of 11, bearing an ethoxy or a propoxy
spacer (12 or 13, respectively), had similar screen results
(Figure 4A) and cell division inhibitory activities (Table 1),
whereas the 4-substituted analogue 14 was toxic. Replacement
of the amide group of 11 by isosteres gave compounds 15—17
with reduced inhibition (Figure 4A) that were also toxic to the
cells. However, the addition of fluorine atoms at 2- and 6-
positions of the benzamide ring of 11 (as in PC190723)
rendered the 3-chloro derivative 18*>*° and the 3-trifluor-
omethyl analogue 20 that were both stronger competitors
(Figure 4A) with 1.3 and 0.7 uM Ky values, respectively
(Figure SA and Table 1). Compound 20 induced a marked
divisomal inhibition phenotype on B. subtilis, consisting of cell
filamentation and GFP-FtsZ delocalization (Figure SB and
Table 1; raw data plots in Figure S4 and statistics in Table S2),
as well as characteristic enlarged spherical cells in S. aureus and
FtsZ-mCherry delocalization (Figure SC). Analogues of 20
with ethoxy and propoxy linkers 22 and 23, respectively, were
weaker binders, as were the 2- and 4-trifluoromethyl analogues
19 and 21. Adding a positively charged dimethylaminoethyl
side chain at the linker rendered analogue 24 water-soluble,
although canceled binding and cellular activity (Figure 4A and
Table 1). At this point, we sought to further enhance inhibitor
affinity with an analogous strategy to that employed with the
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fluorescent probes above. The starting point was compound 25
with an aminoethoxy linker between the two aromatic
subunits, which is a higher affinity 3-trifluoromethylphenyl
equivalent of the NBD probe 1 with comparable K, and
cellular activity values to 20 (Figure 5 and Table 1). The
incorporation of a propyl side chain to the linker in (R)-26,
equivalent to probe (R)-S, resulted in maximal affinity in the
series (Kp = 0.2 M) with a 1 yM division inhibitory activity
on B. subtilis cells, comparable to PC190723 (Figure SB and
Table 1; raw data plots in Figure S4 and statistics in Table S2).
The (S)-26 enantiomer has 10—20-fold weaker affinity and
MDC than the (R)-enantiomer, which can be related to the 8-
fold reduced affinity of probe (S)-5 with respect to (R)-S.

Antibacterial Activity of Inhibitors and FtsZ Cleft
Targeting in S. aureus. Inspection of MDC and MIC values
(Table 1) shows that the inhibitor activity on B. subtilis follows
the affinity improvement along the compound series, reaching
values similar to PC190723. The affinities of binding of 20, 25,
and (S)-26 to FtsZ from B. subtilis and S. aureus are reasonably
similar (Table 1), as may be expected from the conservation of
the PC109723 binding site in these two species.

Compound 20 is active against methicillin-resistant S. aureus
MuS0, S. haemolyticus, and S. epidermidis (MIC 25—50 uM).
However, in contrast to PC190723, the MDC value of 20 on S.
aureus MuS0 is 5-fold higher than on B. subtilis, suggesting that
the 3-trifluoromethylphenyl tail confers somewhat less activity
against this strain than the chloro-thiazolopyridine tail. Then,
the S. aureus MIC marginally decreases from 20 to (R)-26,
compared to a 10-fold decrease in B. subtilis, indicating that the
linker modifications that enhance affinity improve the
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Table 1. Inhibition of Bacterial Cell Division and Growth by
FtsZ Inhibitors

MDC ) MIC
MDC?  (uM)S.  MIC®  (uM) S.
(uM) B. aureus (uM) B. aureus
compd Kp® (uM) subtilis MuS0 subtilis MuS0

11 9.3 + 0.5 50 ND“ 50 >100

12 7.1 £ 0.5 50 ND 100 >100

13 9.5 + 0.5 25 ND 100 >100

18 1.3+ 0.1 10 50 25 100

19 71+6 >100° ND >100° >100°

20 07+02 10 50 25 508
(0.7 + 0.2)

21 6.7 + 0.4 25 ND 50 100

22 59 + 04 15 100 50 200

23 15+ 0.1 5 25 10 50

24 145 + 10 >50 >100 >100 >100

25 19402 S 50 10 100
(0.3 + 0.1

rac-26 1.1+0.1 2.5 25 5 50"

(R)-26 02+ 0.1 1 10 2.5 25'
(<0.1Y

(5)-26 3.8 +£02 >10 100/ 50 100
(7.0 + 0.5)

PC190723 <0.1 (<0.1) 2.5 1 5 5

“Binding affinities (Kp) to stabilized polymers of FtsZ from B. subtilis
are the mean + standard error of the mean (SEM). “MDC, minimal
division inhibitory concentration. “MIC, minimal growth inhibitory
concentration. dND, not determined. “Above compound solubility in
the culture medium. /In parenthesis, binding affinity values to
stabilized SaFtsZ polymers. MIC = 25 uM on S. aureus subsp. aureus
(ATCC 25923), Staphylococcus haemolyticus, and Staphylococcus
epidermidis. "MIC = 100 uM on S. aureus subsp. aureus, SO uM on
S. haemolyticus, and S. epidermidis. 'MIC = 25 M on S. aureus subsp.
aureus, S. haemolyticus, and S. epidermidis.”Toxic at this concentration.
Approximate MDC values of toxic compounds, omitted from the
table, were: 15 250 uM, 16 50 uM, 17 50 uM, and 14, MIC > 500
UM.

antistaphylococcal activity little. We explored the cytotoxic
effect of the best FtsZ inhibitors 18, 20, 25, and (R)-26 on
human lung fibroblasts IMR90 (Table S3) and none of them
significantly affected cell viability at their MIC value on S.
aureus MuS50. Determination of the minimal bactericidal
concentration (MBC) values showed that inhibitors 18
(MBC 100 uM), 20 (MBC 100 uM), 25 (MBC 100 uM),
and (R)-26 (MBC 25 uM) are bactericidal for S. aureus, as
PC190723 (MBC 5 uM).

Puzzled by the comparatively high MDC and MIC values on
S. aureus, we analyzed spontaneous S. aureus MuS0
(ATCC700699) mutants resistant to 20, 25, or (R)-26,
which easily generated resistant strains (Table S4). Most
mutations mapped to the ftsZ gene, at positions corresponding
to amino acids (P115), (V151), A182, G196, V214, A237,
1249, 1261, M262, N263, (A285), V297, T309, and (T358).
These residues predominantly cluster around the interdomain
cleft (exceptions in parenthesis) and concentrate at the
PC190723 binding site (Figure SD); several of them are
typically modified in PC190723-resistant mutants'* (in the
bold type above). Therefore, the resistance mutation results
strongly support that the inhibitors tested target S. aureus FtsZ
at the interdomain cleft. The reduced activity in comparison to
B. subtilis might be caused by permeability differences or by the
action of staphylococcal multidrug resistance efflux pumps.
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Structural Insights into Inhibitor Binding to S. aureus
FtsZ. To confirm the proposed interaction of the inhibitors
identified in our fluorescence screening, as a validation of the
ligand-binding assay, we were able to determine the crystal
structures of the SaFtsZ folded core (residues 12—316)* in
complex with inhibitors 18, 20, and DFMBA to 1.55—1.70 A
resolution (Figure 6 and Table S5). Omit electron density
maps around the compounds clearly prove that the three
molecules bind into the interdomain cleft (Figure SS5), as
PC190723,">?° TXA6101, and TXA707"” (chemical structures
in Chart S1). The protein structure in the three complexes is
essentially the same as in inhibitor-free SaFtsZ (PDB 3VOA,
mean root-mean-square deviation (rmsd) = 0.39 A), the
SaFtsZ-PC190723 complex (PDB 4DXD, mean rmsd = 0.41
A), and the SaFtsZ-TXA6101 complex (PDB 5XDU, mean
rmsd = 0.43 A). Compounds 18 and 20 slightly increase the
distance between helix H7 and the C-terminal domain by 0.5 A
as compared to DEMBA, while a larger displacement of 1 A is
observed in the other cases.

The protein interactions with the superimposable benzamide
rings of 18, 20, DFMBA, PC190723, and TXA6101 are
conserved (Figures 6A and S6). Nevertheless, these
interactions appear insufficient for strong binding, as suggested
by the 66% occupancy of DEMBA, compatible with its low
affinity, while that of 18 and 20 is 100%. On the other hand,
the halogenated phenyl moieties of 18 and 20 bind deep into
the pocket with their benzene rings connecting to T309 and
I311. This last residue adopts the same conformation in all
examined complexes, while T309 acts as a gate presenting two
different conformations, closed and open. The first is observed
with DFMBA, the smaller bound molecule not reaching T309,
and with TXA6101. In this case, the hydroxyl group of the
T309 side chain points to the solvent, while the methyl group
lies next to G196, thus closing the central region of the binding
site (Figure 6B, purple). The open conformation is observed in
the presence of 18, 20, or PC190723. In this arrangement, the
T309 side chain points its hydroxyl group toward N263 and
allows access to the central region of the binding site (Figure
6B, purple). Interestingly, compounds 18 and 20 adopt the
flattest geometry, with their aromatic rings located in the same
plane, as compared to PC190723 and TXA6101 (Figure 6C).
This geometry places the halogenated benzene ring close to
the position occupied by the oxazole ring of the flexible
compound TXA6101 (Chart S1), where the S-bromo group
interacting with a deep hydrophobic pocket was linked to the
enhanced compound activity.”' Unlike TXA6101, compounds
18, 20, and PC190723 do not displace the M226 side chain
(Figure 6C), which constitutes another gate (Figure 6B, cyan)
giving access to a ligand-induced pocket. Compounds 18 and
20 differ in their terminal halogenated group (Figure 6A). The
chlorine atom of 18 is placed at 4 A from both the O atom of
G193 and the a-carbon of G196, while the trifluoromethyl
group of 20 interacts with the backbone carbonyl oxygens of
Q192, G193, G227, and V310.

Following crystal soaking with PC190723, we could
reproduce a complex structure superimposable with 4DXD
(not shown). In contrast, systematic soaking and cocrystalliza-
tion experiments under similar conditions, employing the
inhibitors with modified spacers between the benzamide and
phenyl rings [22—-25, (R)-, and (S)-26], all of the probes [1,
(R)~ (S)-2, 3,4, (R)-, and (S)-5], as well as probes with longer
spacers,”’ gave FtsZ electron density maps clearly showing an
empty interdomain cleft. Note, however, that each of these
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Figure 6. Crystal structures of FtsZ-inhibitor complexes. (A) Ligand—protein interactions in the binding site, indicated by dashed magenta lines
(see the main text and Figure S6; the green sphere represents a coordinated metal ion). Complex structures have been deposited at the PDB with
accession numbers: SaFtsZ-DFMBA, 6YD1; SaFtsZ-18, 6YDS; SaFtsZ-20, 6YD6. (B) Binding site surface, shown in light gray around the ligands.
Magenta surface: Thr309 and Gly196. Cyan surface: Met226 and Gly193. (C) Structural comparison between the SaFtsZ-20 (gray) complex with
SaFtsZ-18, PC190723 (PDB: 4DXD), and TXA6101 (PDB: SXDU) complexes (pink carbon atoms).

ligands binds specifically to FtsZ polymers in solution, several
of them with low micromolar affinities (Table 1) and higher
solubility than PC190723 (Table S6). Recently, the crystal
structure of SaFtsZ in complex with a fluorescent BODIPY
derivative of TXA6101 bound into the interdomain cleft has
been reported. Nonetheless, this probe (BOFP, Chart S1)
binds to unassembled SaFtsZ in solution without nucleotide
and magnesium, as well as to Gram-negative FtsZs, in puzzling
contrast with its complex filament crystal structure,*® the
specificity of our probes, and the characteristic selectivity of
PC190723 analogues.

SaFtsZ mutations conferring resistance to the inhibitors can
be analyzed based on the SaFtsZ-18 and -20 complex
structures. In particular, mutations G196S, M262l, and
T309I confer resistance to 20. The trifluoromethyl group of
20 is placed close to G196 and the introduction of a side chain
in this position would produce steric clashes similarly to
PC190723. Residue M262 locates at the center of the f-sheet
that forms one side of the ligand-binding cleft. While its side
chain points away from the cleft, the M262I mutation can
modify the hydrophobic packing of the p-sheet and, thus,
potentially affect inhibitor binding. An important modification
is introduced in the binding cleft with the T309I mutation.
The introduction of a bulkier residue will likely impede its
movement, keeping closed the central region of the binding
site, thus clogging the binding of compounds.
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In summary, our crystallographic analysis confirms the
allosteric site for compounds 18 and 20 and provides insights
into the binding to FtsZ of simplified benzamide-based
bacterial cell division inhibitors. Their halogenated phenyl
rings, replacing the larger chloro-thiazolopyridine moiety of
PC190723, structurally superpose to the middle bromo-
oxazole ring of TXA6101 upon binding to FtsZ. Potential
ligand extensions might reach the ligand-induced cavity
occupied by the TXA6101 trifluoromethyl group or the
upper unfilled cavity in FtsZ.

B CONCLUSIONS

The allosteric benzamide binding site at the cleft between the
nucleotide-binding and GTPase-activating domains of FtsZ has
been explored in this work. This cleft opens when FtsZ
switches into its active conformation for assembly into
dynamic polar filament clusters that guide bacterial division.
We have developed a novel competitive assay employing
specific fluorescent probes to screen for allosteric inhibitors
and evaluate their binding affinity. Fluorescence polarization
screening, together with cytological profiling and X-ray
crystallography, has permitted us to identify effective,
structurally simplified benzamide FtsZ-targeting inhibitors of
bacterial division in B. subtilis and methicillin-resistant S.
aureus. Our in vitro competitive binding assay and in situ cell-
based methodology, combined with structural insights into
ligand extension, should facilitate the discovery and validation
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of new structurally diverse FtsZ allosteric inhibitors leading to
more effective antibacterial agents.

B EXPERIMENTAL SECTION

Synthesis. Unless stated otherwise, starting materials, reagents,
and solvents were purchased as high-grade commercial products from
Abcr, Acros, Scharlab, Sigma-Aldrich, or Thermo Fisher Scientific and
were used without further purification. All nonaqueous reactions were
performed under an argon atmosphere in oven-dried glassware.
Tetrahydrofuran (THF), diethyl ether, and dichloromethane (DCM)
were dried using a Pure Solv Micro 100 Liter solvent purification
system. Triethylamine was dried over KOH and distilled before use.
Reactions under MW irradiation were performed in a Biotage Initiator
2.5 reactor. Reactions were monitored by analytical thin-layer
chromatography (TLC) on silica gel plates supplied by Merck
(Kieselgel 60 F-254) with detection by UV light (254 nm) or 10%
phosphomolybdic acid solution in EtOH. Flash chromatography was
performed on a Varian 971-FP flash purification system using silica gel
cartridges (Varian, particle size SO um). Melting points (mp,
uncorrected) were determined on a Stuart Scientific electrothermal
apparatus. Infrared (IR) spectra were measured on a Bruker Tensor
27 instrument equipped with a Specac attenuated total reflection
(ATR) accessory of 5200—650 cm™ transmission range; frequencies
(v) are expressed in cm™. Nuclear magnetic resonance (NMR)
spectra were recorded on a Bruker Avance III 700 MHz ('H, 700
MHz; 13C, 175 MHz), Bruker Avance 500 MHz ('H, 500 MHz; 13C,
125 MHz), or Bruker DPX 300 MHz ('H, 300 MHz; 13C, 75 MHz)
instruments at the Universidlad Complutense de Madrid (UCM)
NMR core facilities. Chemical shifts (§) are expressed in parts per
million relative to internal tetramethylsilane; coupling constants (J)
are in hertz (Hz). The following abbreviations are used to describe
peak patterns when appropriate: singlet (s), doublet (d), triplet (t),
quartet (q), quintet (qt), sextet (sext), multiplet (m), broad (br), and
apparent (app). Two-dimensional (2D) NMR experiments (hetero-
nuclear multiple quantum coherence (HMQC) and heteronuclear
multiple bond correlation (HMBC)) of representative compounds
were carried out to assign protons and carbons of the new structures.
High-resolution mass spectrometry (HRMS) was carried out on a
Bruker FTMS APEX-Q-IV spectrometer in an electrospray ionization
(ESI) mode or on a Bruker matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF)/TOF ULTRAFLEX spectrometer at
the UCM’s mass spectrometry core facility. High-performance liquid
chromatography coupled to mass spectrometry (HPLC-MS) analysis
was performed using an Agilent 1200LC-MSD VL instrument. LC
separation was achieved with a Zorbax Eclipse XDB-C18 column ($§
um, 4.6 mm X 150 mm) or a Zorbax SB-C3 column (5 ym, 2.1 mm X
50 mm), both together with a guard column (S pm, 4.6 mm X 12.§
mm). The gradient mobile phases consisted of A (95:5 water/
acetonitrile) and B (5:95 water/acetonitrile) with 0.1% ammonium
hydroxide and 0.1% formic acid as the solvent modifiers. MS analysis
was performed with an ESI source. The capillary voltage was set to 3.0
kV and the fragmentor voltage was set at 72 eV. The drying gas
temperature was 350 °C, the drying gas flow was 10 L/min, and the
nebulizer pressure was 20 psi. Spectra were acquired in a positive or
negative ionization mode from 100 to 1200 m/z and in a UV mode at
four different wavelengths (210, 230, 254, and 280 nm). Optical
rotation [@] was measured on an Anton Paar MCP 100 modular
circular polarimeter using a sodium lamp (4 = 589 nm) with a 1 dm
path length; concentrations (c) are given as g/100 mL. The
enantiomeric excess (ee) was determined by HPLC using a chiral
column (Chiralpak IA, S ym, 4.6 mm X 150 mm) and hexane/
isopropanol/triethylamine/trifluoroacetic acid (70/30/0.3/0.1) as
mobile phase (1 mL/min). HPLC traces were compared to racemic
samples obtained by mixing equal amounts of the enantiopure
compounds obtained independently.

Spectroscopic data of all described compounds were consistent
with the proposed structures. Satisfactory HPLC-MS chromatograms
were obtained for all tested compounds, which confirmed a purity of
at least 95%.
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General Procedure for the Synthesis of Final Compounds
2-5. To a solution of amine 35—37 or 40 (1 equiv) and Cs,CO; (3
equiv) in dry acetonitrile (50 mL/mmol), a solution of NBD-CI (1—
1.2 equiv) in dry acetonitrile (I mL/mmol) was added and the
reaction was stirred at 80 °C for 1 h. Then, the solvent was evaporated
under reduced pressure and the crude was purified by chromatog-
raphy (from hexane to hexane/EtOAc, 1:2) to afford final compounds
2-5.

2,6-Difluoro-3-[(1-{[(7-nitro-2,1,3-benzoxadiazol-4-yl)Jamino]-
methyl}butyl)oxy]benzamide (2). Obtained from amine 35 (28 mg,
0.11 mmol), NBD-CI (22 mg, 0.11 mmol) and Cs,CO; (108 mg, 0.33
mmol) as an oil in 50% yield (23 mg). R; (hexane/EtOAc, 1:2) 0.52;
IR (ATR) v 3351 (NH), 1683 (CO), 1623, 1507, 1489 (Ar); 'H
NMR (700 MHz, CDCl;) § 0.99 (t, ] = 7.5, 3H, CHj,), 1.46—1.54 (m,
2H, CH,), 1.68—1.77 (m, 1H, 1/2CH,), 1.81-1.89 (m, 1H, 1/
2CH,), 3.67—3.82 (m, 2H, CH,N), 4.44—4.52 (m, 1H, CHO), 6.00
(br s, 2H, NH,), 6.25 (d, J = 8.5, 1H, CHygp), 6.59 (br s, 1H, NH),
6.88 (td, J = 9.0, 1.5, 1H, Hy), 7.07 (td, ] = 9.0, 5.0, 1H, H,), 8.49 (d,
J = 8.5, 1H, CHypp); °C NMR (CDCl,, 175 MHz) § 14.2 (CHj,),
18.6, 34.1 (2CH,), 46.9 (CH,N), 80.3 (CHO), 99.3 (br s, CHygp),
1119 (dd, Jo_g = 23.5, 4.0, C;), 114.6 (dd, Jc_p = 20.9, 16.8, C)),
122.0 (dd, J = 9.8,2.3, C,), 124.6 (Cypp), 136.4 (CHygp), 142.1 (dd,
Je—r = 11,0, 3.0, C3), 144.0 (2Cypp), 1444, (Cxpp), 151.6 (dd, Jo_r =
254.0, 7.0, CF), 154.7 (dd, Jc_p = 249.0, 5.5, CE), 161.8 (CONH,);
ESI-HRMS (calcd, found for C,gH,;F,N4O¢ [M + NH,]*): 439.1536,
439.1548.

(R)-2. Obtained from amine (R)-35 (60 mg, 0.23 mmol), NBD-CI
(56 mg, 0.28 mmol), and Cs,CO; (151 mg, 0.46 mmol) as an oil in
31% yield (30 mg). [a]p** = +35.0 (¢ = 0.16, CHCL). Chiral HPLC
(tg, min): 7.99, ee = 98%.

(5)-2. Obtained from amine (S)-35 (65 mg, 0.25 mmol), NBD-Cl
(60 mg, 0.30 mmol), and Cs,CO; (164 mg, 0.50 mmol) as an oil in
33% yield (35 mg). [a]p** = —=41.0 (¢ = 0.16, CHCl,). Chiral HPLC
(tg, min): 6.82, ee = 99%.

2,6-Difluoro-3-[(1-{[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-
methyl}thexyl)oxylbenzamide (3). Obtained from amine 36 (17 mg,
0.06 mmol), NBD-Cl (12 mg, 0.06 mmol), and Cs,CO; (59 mg, 0.18
mmol) as an oil in 30% yield (8 mg). R; (hexane/EtOAc, 1:2) 0.42;
IR (ATR) v 3314 (NH), 1675 (CO), 1626, 1582, 1487 (Ar); 'H
NMR (700 MHz, CDCl;) § 0.90 (t, ] = 7.0, 3H, CHj,), 1.30—1.34 (m,
4H, 2CH,), 1.44—1.49 (m, 2H, CH,), 1.70—1.76 (m, 1H, 1/2CH,),
1.83—1.88 (m, 1H, 1/2CH,), 3.69—3.76 (m, 1H, 1/2CH,N), 3.79—
3.85 (m, 1H, 1/2CH,N), 4.43—4.50 (m, 1H, CHO), 5.96—5.99 (m,
2H, NH,), 6.25 (d, J = 8.6, 1H, CHygp), 6.58 (t, ] = 5.7, 1H, NH),
6.89 (td, J = 9.0, 1.9, 1H, Hy), 7.07 (td, ] = 9.0, 5.2, 1H, H,), 8.49 (d,
J = 8.6, 1H, CHygp); °C NMR (CDCl,, 175 MHz) § 14.1 (CHj),
22.6,24.9, 31.8, 32.0 (4CH,), 46.8 (CH,N), 80.6 (CHO), 99.2 (brs,
CHypp), 111.9 (dd, Je_g = 23.5, 3.5, Cs), 114.6 (dd, Jc_ = 20.9, 17.3,
Cy), 122.3 (dd, Jo_g = 9.8, 2.2, C,), 124.9 (Cypp), 136.3 (CHygp),
142.0 (dd, Jo_p = 11.5, 2.5, Cy), 143.8, 144.0, 144.5 (3Cypp), 151.8
(dd, Jo_p = 254.0, 7.0, CF), 154.9 (dd, Jo_p = 249.0, 5.0, CF), 161.4
(CONH,); ESI-HRMS (calcd, found for C,oH,oF,N;O [M — H]"):
448.1438, 448.1419.

2,6-Difluoro-3-[(1-{[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-
methylinonyl)-oxylbenzamide (4). Obtained from amine 37 (110
mg, 0.26 mmol), NBD-CI (62 mg, 0.26 mmol), and Cs,CO; (254 mg,
0.78 mmol) as an oil in 11% yield (14 mg). R; (hexane/EtOAc, 1:1)
0.42; IR (ATR) v 3426 (NH), 1700 (CO), 1378, 1364 (Ar); 'H
NMR (700 MHz, acetone-dq) 5 0.86 (t, ] = 7.1, 3H, CH,), 1.25—1.36
(m, 10H, 5CH,), 1.50—1.59 (m, 2H, CH,), 1.85—1.88 (m, 2H, CH,),
4.01 (m, 2H, CH,N), 4.82 (qt, ] = 5.7, 2H, CHO), 6.61 (d, ] = 8.8,
1H, CHygp), 6.90 (td, J = 9.0, 1.8, 1H, Hy), 7.15 (br s, 1H, 1/2NH,),
7.26 (td, J = 9.2, 5.2, 1H, H,), 7.37 (br s, 1H, 1/2NH,), 8.31 (br s,
1H, NH), 8.53 (d, J] = 8.7, 1H, CHyyp); C NMR (175 MHz,
acetone-dg) & 143 (CH,), 23.3, 25.6, 30.2 (3CH,), 30.3 (2CH,),
32.6, 32.8 (2CH,), 47.8 (br s, CH,N), 80.1 (CHO), 100.2 (br s,
CHygp), 111.7 (dd, Je_g = 23.4, 3.9, Cy), 117.6 (dd, Jo_g = 24.3, 20.4,
C,), 1193 (dd, Jo_r = 9.0, 1.7, C,), 123.9 (Cypp), 137.7 (br s,
CHypp), 1434 (dd, Je_p = 11.1, 3.2, C;), 145.1 (Cypp), 145.6
(2Cygp), 150.7 (dd, Je_g = 249.7, 8.6, CE), 153.9 (dd, Jo_p = 243.2,
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6.5, CF), 162.0 (CONH,); ESI-HRMS (calcd, found for
Cy3H,¢F,NO5 [M — H]): 490.1902, 490.1891.

2,6-Difluoro-3-{2-[(4-nitro-2,1,3-benzoxadiazol-7-yl)Jamino]-
pentoxytbenzamide (5). Obtained from amine 40 (1S mg, 0.06
mmol), NBD-Cl (11 mg, 0.06 mmol), and Cs,CO; (S5 mg, 0.18
mmol) as an oil in 13% yield (3 mg). Chromatography: DCM/
EtOAc, 9:1-7:3. R; (hexane/EtOAc, 1:2) 0.32; IR (ATR) v 3390
(NH), 1726 (CO), 1634, 1485 (Ar); 'H NMR (700 MHz, methanol-
d,) 61.01 (t, ] = 7.5, 3H, CH;), 1.46—1.60 (m, 2H, CH,), 1.81—-1.91
(m, 2H, CH,), 4.19—4.21 (m, 1H, 1/2CH,0), 4.30 (dd, ] = 10.0, 4.0,
1H, 1/2CH,0), 4.37 (br s, 1H, CHN), 6.54 (d, J = 9.0, 1H, CHyjyp),
6.93 (td, J = 9.0, 2.0, 1H, Hy), 7.18 (td, ] = 9.0, 5.0, 1H, H,), 8.52 (d,
J = 8.5, 1H, CHygp); C NMR (175 MHz, methanol-d,) & 14.2
(CH;), 203, 340 (2CH,), 548 (CHN), 73.3 (CH,0), 100.4
(CHygp), 1119 (dd, Je_g = 23.0, 4.0, Cs), 116.8 (dd, Jc_§ = 24.0,
20.0, C,), 117.9 (4, Je_g = 10.0, C,), 123.3 (Cyzp), 138.5 (CHygp),
144.7 (dd, Jo_r = 11.0, 3.0, C3), 145.6 (2Cxpp), 145.9 (Cypp), 150.4
(dd, Je_p = 251.5, 8.0, CF), 154.3 (dd, Jc_r = 244.0, 6.0, CF), 165.2
(CONH,); ESI-HRMS (calcd., found for C,gH,4F,N;O [M — H]"):
420.1125, 420.1124.

(R)-5. Obtained from amine (R)-40 (40 mg, 0.15 mmol), NBD-CI
(31 mg, 0.16 mmol), and Cs,CO; (100 mg, 0.30 mmol) as an oil in
30% yield (19 mg).

(5)-5. Obtained from amine (S)-40 (141 mg, 0.55 mmol), NBD-Cl
(110 mg, 0.55 mmol), and Cs,CO; (538 mg, 1.65 mmol) as an oil in
7% yield (19 mg).

General Procedure for the Synthesis of Compounds 18 and
20. To a suspension of compound 27 (1 equiv) in anhydrous DMF
(6 mL/mmol), potassium carbonate (1.5 equiv), sodium iodide (0.2
equiv), and the corresponding bromo derivative (1.5 equiv) were
added. The reaction mixture was stirred at rt for 24 h. Then, the
mixture was diluted in EtOAc and washed with brine (3X). The
organic phase was dried (Na,SO,), filtered, and concentrated under
reduced pressure. The residue was purified by chromatography
(hexane to hexane/EtOAc, 2:8) to yield the desired compounds.

3-[(3-Chlorobenzyl)oxy]-2,6-difluorobenzamide (18). Obtained
from 27 (237 mg, 1.4 mmol) and 3-chlorobenzyl bromide (0.25
mL, 2.0 mmol) as a white solid in 89% yield (293 mg). R; (hexane/
EtOAc, 3:7) 0.62; mp: 125—127 °C (lit.*’ 121-122 °C); IR (ATR) v
3378, 3192 (NH), 1655 (CO), 1594, 1492, 1455 (Ar); '"H NMR
(300 MHz, acetone-dy) 6 5.23 (s, 2H, CH,), 6.94 (td, ] = 9.0, 2.0, 1H,
Hy), 7.19 (brs, 1H, 1/2NH,), 7.26 (td, ] = 9.0, 5.0, 1H, H,), 7.36—
7.47 (m, 4H, Hy-Hy, 1/2NH,), 7.54 (br s, 1H, H,); *C NMR (75
MHz, acetone-dg) § 71.4 (CH,), 111.6 (dd, J = 23.0, 4.5, Cy), 117.2
(dd, J = 9.4, 2.7, C,), 117.6 (t, ] = 19.9, C,), 126.9 (CH,,), 128.3
(C,), 129.0, 131.1 (2CH,,), 134.8 (Cy), 140.1 (C,/), 144.0 (dd, Jo_z
= 11.0, 3.0, C;), 150.0 (dd, Jo_r = 249.9, 8.0, CF), 153.8 (dd, Jo_5 =
243.6, 6.6, CF), 162.1 (CONH,); ESI-HRMS (calcd found for
C4H,,CIF,NO, [M(**Cl) + H]*): 298.0441, 298.0453; (calcd found
for C,,H;;CIF,NO, [M(*’Cl) + H]*): 300.0411, 300.0424.

2,6-Difluoro-3-{[3-(trifluoromethyl)benzylloxy}benzamide (20).
Obtained from 27 (217 mg, 1.3 mmol) and 3-(trifluoromethyl)benzyl
bromide (0.28 mL, 1.9 mmol) as a white solid in 98% yield (272 mg).
R; (hexane/EtOAc, 3:7) 0.60; mp: 140—143 °C; IR (ATR) v 3371,
3194 (NH), 1655 (CO), 1592, 1495, 1456 (Ar); 'H NMR (500
MHz, acetone-dy) & 5.33 (s, 2H, CH,), 6.98 (td, J = 9.0, 2.0, 1H, Hy),
7.19 (br s, 1H, 1/2NH,), 7.30 (td, ] = 9.0, 5.0, 1H, H,), 7.46 (br s,
1H, 1/2NH,), 7.65—7.72 (m, 2H, H,, Hy), 7.81 (d, ] = 7.5 1H, Hy),
7.85 (s, 1H, H,); *C NMR (125 MHz, acetone-d) & 71.6 (CH,),
111.6 (dd, Jo_g = 23.3, 3.1, Cs), 117.3 (dd, Jc_r = 9.5, 2.0, C,), 117.6
(t, Je—p = 239, C)), 125.1 (d, Jo_p = 2.8, C,) 1253 (q, Jo_p = 271.5,
CF,), 125.7 (d, Je_g = 2.7, Cy) 130.4 (Cy), 1312 (q, Je_g = 32.0,
Cy), 132.3 (Cy), 139.1 (Cy), 144.1 (dd, ] = 11.0, 2.0, C;), 150.1 (dd,
Je—r = 250.0, 8.0, CF), 153.9 (dd, Jc_r = 243.0, 6.0, CF), 162.1
(CONH,); ESI-HRMS (calcd found for C,sH;;FsNO, [M + H]"):
332.0710, 332.0720.

General Procedure for the Synthesis of Compounds 25 and
26. A solution of compound 27, alcohol 45 or 46 (1 equiv),
tributylphosphine (1 equiv), and diisopropyl azodicarboxylate (1
equiv) in anhydrous DMF (8 mL/mmol) was stirred under MW
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irradiation at 150 °C for 90 min. Then, the reaction was diluted with
EtOAc (30 mL) and washed with brine (3 X 20 mL). The organic
phase was dried, filtered, and concentrated under reduced pressure.
The residue was purified by chromatography (from hexane to hexane/
EtOAc, 1:1) to yield the desired final compounds 25 and 26.
2,6-Difluoro-3-(2-{[3-(trifluoromethyl)phenyl]laminojethoxy)-
benzamide (25). Obtained from 27 (80 mg, 0.46 mmol) and alcohol
45 (95 mg, 0.46 mmol) as an oil in 49% yield (81 mg). R; (hexane/
EtOAg, 1:1) 0.25; IR (ATR) v 3354, 3189 (NH), 1671 (CO), 1614,
1490 (Ar); '"H NMR (300 MHz, methanol-d,) 3.57 (t, ] = 5.4, 2H,
CH,N), 4.22 (t,] = 5.4, 2H, CH,0), 6.79—7.03 (m, 3H, H,,, H,, Hy,
Hy), 7.18 (td, J = 9.2, 5.1, 1H, H,), 7.28 (t, ] = 7.8, 1H, Hy/); *C
NMR (75 MHz, methanol-d,) § mixture of rotamers: 44.1 (CH,N),
70.1 (CH,0), 110.1 (q, Jo_g = 4.0, C,), 111.9 and 112.1 (dd, Jo_p =
232, 4.2, C;), 1144 (q, Je—r = 3.9, Cy), 117.2 (br s, Cy, Cy), 117.9
(dd, Jo_p = 9.3, 2.8) and 119.6 (dd, Jo_p = 9.2, 4.0, C,), 125.9 (q, Jo_r
=271.5, CF;), 130.8 (Cy), 132.5 (q, Jo_p = 31.4, Cy), 144.9 (dd, Jo_p
=10.9, 3.4, C;), 149.9 (Cy), 150.5 (dd, Jc_g = 251.5, 7.6, CF), 154.2
(dd, Jo_g = 243.7, 6.0, CF), 165.4 (CONH,); MALDI-HRMS (calcd
found for C,¢H,5FsN,0, [M]"): 360.0897, 360.0903.
2,6-Difluoro-3-[(2-{[3-(trifluoromethyl)phenyllamino}pentyl)-
oxylbenzamide (26). Obtained from 27 (52 mg, 0.30 mmol) and
alcohol 46 (75 mg, 0.30 mmol) as a colorless oil in 45% yield (30
mg). R; (hexane/EtOAc, 1:1) 0.48; IR (ATR) v 3363 (NH), 1685
(CO), 1491, 1445 (Ar); '"H NMR (300 MHz, CDCl;) 6 0.98 (t, ] =
7.0, 3H, CH;), 1.41-1.69 (m, 3H, 31/2CH,), 1.77—1.84 (m, 1H, 1/
2CH,), 3.75-3.79 (m, 1H, CHN), 4.04 (AB system, ] = 9.3, 3.9, 2H,
CH,0), 5.95 (br s, 2H, NH,), 6.77 (d, ] = 8.1, 1H, Hy/), 6.82 (s, 1H,
H,), 6.87 (dd, ] = 9.1, 1.8, 1H, Hy), 6.93 (d, J = 8.0, 1H, H,), 6.96
(td, J = 9.1, 5.1, 1H, H,), 7.25 (t, ] = 7.8, 1H, H,); *C NMR (75
MHz, CDCl,) 6 14.2 (CHj;), 19.5 (CH,CHj;), 34.4 (CH,CH), 52.5
(CHN), 72.0 (CH,0), 1094 (q, Jo_r = 3.8, Cy), 111.4 (dd, Jo_§ =
23.7, 4.3, Cs), 114.1 (q, Jo_r = 4.0, C), 114.2 (q, Jc_p = 36.3, C)),
116.4 (Cg), 117.7 (dd, Jo_p = 9.8, 3.0, C,), 1252 (q, Jo_p = 272.4,
CF,), 130.0 (Cy), 131.9 (q, Jo_g = 31.7, Cy), 144.0 (dd, Jo_p = 114,
34, C;), 147.6 (Cy), 150.6 (dd, Jc_g = 254.9, 7.2, CE), 153.9 (dd,
Jo—r = 247.2, 5.4, CF), 162.0 (CONH,); ESI-HRMS (calcd found for
CoH,oFN,0,Na [M + Nal*): 425.1264, 425.1700.

(R)-26. Obtained from 27 (50 mg, 0.29 mmol) and alcohol (R)-46
(73 mg, 0.29 mmol) as an oil in 49% yield (57 mg). [a]p** = +29.0 (¢
= 0.15, CHCL).

(5)-26. Obtained from 27 (116 mg, 0.67 mmol) and alcohol (S)-46
(150 mg, 0.61 mmol) as an oil in 36% yield (88 mg). [a]p** = —28.5
(¢ = 0.15, CHCL,).

Fluorescent Probes and Inhibitors. All tested compounds were
dissolved in DMSO (spectroscopic grade, Merck) before use and kept
frozen and dry. Previously reported compounds PC190723, DFMBA,
CTPM, UCM44, and PC170942 were synthesized as described.***
Zantrin Z3 was obtained from Mcule. Plumbagin, resveratrol, and
tiplaxtinin were purchased from Sigma-Aldrich.

Protein Purification and Assembly Conditions. FtsZ from B.
subtilis (BsFtsZ) was prepared as described previously.®® FtsZ was
assembled in S0 mM N-(2-hydroxyethyl)piperazine-N’-ethanesulfonic
acid (HEPES)-KOH, 50 mM KCl, 1 mM ethylenediaminetetraacetic
acid (EDTA), pH 6.8 (HEPES buffer) plus 10 mM MgCl,, and 1 mM
GTP or 0.1 mM GMPCPP at 25 °C. FtsZ assembly was monitored by
light scattering.**

Full-length S. aureus FtsZ (SaFtsZ) and the truncated protein
SaFtsZ(12—315) were purified as described.** SaFtsZ was assembled
in 50 mM MES, 50 mM KCl, 1 mM EDTA, pH 6.5 plus 10 mM
MgCl,, and 0.1 mM GMPCPP.

Fluorescence and Anisotropy Measurements. The fluores-
cence spectra and anisotropy values of the different probes were
acquired with a Fluoromax-4 (Horiba Jobin Yvon) photon-counting
L-format spectrofluorometer using 2 mm X 10 mm cells at 25 °C,
employing the maximum excitation and emission wavelength for each
probe with 2 and 5 nm bandwidths, respectively. Anisotropy values
were automatically measured as r = (Ivv — GIvh)/(Ivwv + 2G Ivh),
where the subscripts refer to the vertical (v) or horizontal (h)
positions of the excitation (first subscript) and emission (second
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subscript) polarizers, and G = Ihv/Ihh. Total intensity values were
simultaneously determined as Iy = Ivv +2GIvh. Note that
measurement correction procedures with T-format (double channel)
fluorometers and with plate readers are slightly different.

Preparation of Cross-Linked FtsZ Polymers. FtsZ (10—15
uM) was assembled in HEPES buffer, 10 mM MgCl,, S0 uM
GMPCPP at 25 °C for 10 min, and then 0.15% (v/v)
glutaraldehyde™ (distilled grade for microscopy, TAAB Laboratories,
U.K.) was added to the solution that was incubated at 25 °C for 10
min more. (This was the minimal glutaraldehyde concentration
determined to stabilize FtsZ polymers specifically binding probe 1.)
The remains of the cross-linking agent were quenched by adding 60
mM NaBH,, the sample was incubated on ice for 10 min and
degassed.’® Cross-linked polymers were centrifuged for 10 min at
8200g (5000 rpm) and 4 °C in 1S mL Falcon tubes employing a
Rotina 380R (Hettich) centrifuge, the supernatant was removed and
the pellet was resuspended in the same volume of HEPES buffer, 10
mM MgCl,, containing 5 uM GMPCPP. Fixed FtsZ polymers were
active in binding assays after more than 2 days at 4 °C; they could also
be frozen in liquid nitrogen with a small loss of binding capacity.
However, they were observed to precipitate above 20 uM FtsZ
concentration. Cross-linked polymers of SaFtsZ were similarly
prepared.

Stoichiometry and Affinity of Binding of the Fluorescent
Probes to FtsZ Polymers. The stoichiometry of binding of (R)-S to
stabilized FtsZ polymers was measured using a centrifugation assay
adapted from ref 49. Then, FtsZ polymers (10 #M) were incubated at
25 °C in HEPES buffer, 10 mM MgCl,, 2% DMSO, and 0.1 mM
GMPCPP at 25 °C in the presence of different probe concentrations,
in a final volume of 0.1 mL. The samples were then centrifuged for 20
min at 100000 rpm and 25 °C in a TLA-100 rotor. After
centrifugation, the supernatant was carefully withdrawn and the
pellets were resuspended in the same volume of buffer. The
concentration of the free probe was determined spectrophotometri-
cally in the supernatant, employing an extinction coefficient £,43 =
25400 M~ cm™ for (R)-$ and the concentration of probe bound to
FtsZ was calculated as the difference of the known total concentration
of probe minus the free concentration. To calculate the FtsZ polymer
concentration, S uL of the resuspended pellet was applied to sodium
dodecyl sulfate (SDS)-12% polyacrylamide gels, stained with
Coomassie blue, scanned with a CS-800 calibrated densitometer
(BioRad), and the protein bands quantified using Quantity One
software (BioRad).

Binding affinity of the probes to FtsZ was measured by an increase
in anisotropy of the probe (adapted from ref 49). Fixed
concentrations of the probes (3 uM) were titrated with different
FtsZ polymer concentrations (0—40 yM) in HEPES buffer with Mg?*,
to obtain the anisotropy increment, Ar,,, corresponding to the
bound probe. The increase in anisotropy was plotted against the FtsZ
polymer concentration (calculated by subtracting from the total
protein concentration the critical concentration for polymerization
under the same conditions) and iteratively least-squares fitted with an
isotherm of binding to one site. The estimated values of Ar,,, were
used to approximate the free FtsZ concentrations, and these new
values were employed again until an unchanging Ar,. value was
obtained. The convergent data were used to calculate the binding
constant of the fluorescent probe to FtsZ polymers (Table S1).

Affinity of Ligands Competing with the Fluorescent Probes.
Competition assays were performed by measuring, through the
decrease in fluorescence anisotropy, the displacement of the
fluorescent probes from stabilized FtsZ polymers. Increasing
concentrations of competing ligands were added to the mixtures of
cross-linked FtsZ polymers (10—15 yM) with probe 1 (3 M), 7—8
uM FtsZ polymers with probe (S)-2 (3 uM), or 2—3 uM FtsZ
polymers with (R)-5 (3 uM). HEPES buffer with 10 mM MgCl, and
0.1 mM GMPCPP was employed, with a final volume of 0.5 mL, and
the anisotropy measured at 25 °C. Under these conditions, the initial
fraction of the probe bound was between 0.4 and 0.5. The fraction of
the probe bound (Vb) was calculated

5742

Vb = (f’ - rfree)/((r - rfree) + R(rmax - rfree))

where rg,. and r,,, are the anisotropy values of the free and bound
probes, respectively, and R is the ratio between the fluorescence
intensities of the bound and free probe (Table S1). The binding data
were plotted against the competing ligand concentration and fitted by
competition equilibrium of the ligand and the probe for the same
binding site. The resulting system of equations®® was numerically
solved using the Equigra v. 5.0 program,3‘ which provided the best-
fitted value of the competitor binding constant.

Cellular Methods. B. subtilis 168 and Staphylococcus spp. were
grown in cation adjusted Mueller—Hinton broth (CAMHB; Becton,
Dickinson and Company) at 37 °C. B. subtilis SUS70 were grown in
the same medium at 30 °C. In all cases, the cells were grown to an
absorbance of 0.1—0.2 at 600 nm and then incubated either with the
compounds or DMSO vehicle. Microscopy assays and cell measure-
ment were performed as previously described.”’ MIC values were
determined by a broth macrodilution method.”’ MBC values were
determined as the lowest concentration of inhibitor at which there
was a 99.9% reduction in colony-forming units/mL compared to the
inoculum. To construct a S. aureus strain expressing FtsZ-mCherry,
the plasmid pCN-ftsZmch’ was electroporated into RN4220 and 0.1
UM cadmium chloride (Sigma-Aldrich) was used to induce the
expression of the construct under the control of the Pcad promoter.

Isolation of FtsZ-inhibitor-resistant mutants was performed by
plating 100 uL of S. aureus MuSO culture (~10° cells/mL) into
CAMHB supplemented with the corresponding FtsZ inhibitor at a
concentration higher than the MIC and 2% DMSO. The plates were
incubated for 24 h at 37 °C, and several colonies were picked for
further analysis. Genomic DNA was extracted from each colony using
the Wizard Genomic DNA Purification Kit (Promega) and was used
in polymerase chain reactions (PCR) for amplification of ftsZ using
the primers SaFtsZ-F (5 TGGCCAATAAAACTAGGAG 3’) and
SaFtsZ-R (5" TGTTATCTGATGATTTGTGTTG 3'). The resulting
PCR products were purified using the DNA gel extraction kit
(Cultek) and sequenced (Macrogen Inc., Spain). Sequence analysis
was performed with BLAST (NCBI).

The sensitivity of the IMR90 cell line to compounds was tested
through a standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay.”> The results were reported as the
viability percentage of the tested compound relative to vehicle
(DMSO), obtained from two or three independent experiments
performed in triplicate.

Crystallization and Structure Determination. Crystallization
assays were carried out using purified truncated SaFtsZ(12—316) at
14 mg/mL. For cocrystallization experiments, compounds (at 1—4
mM concentrations, depending on solubility) and 4% (v/v) 1-methyl-
2-pyrrolidone (compound solvent; Sigma, analytical standard) were
included in the protein solution. Crystals were grown at 295 K by
vapor diffusion (sitting drop) under previously employed con-
ditions:*>** 0.2 M lithium sulfate, 10% ethylene glycol, 0.1 M Tris/
HCl, pH 8.4-9.0, and 24—28% PEGS000 MME. The crystals
employed to solve the structure of the SaFtsZ-DFMBA complex
(Table SS) were obtained with 4 mM DFMBA at 27% PEGS000
MME, pH 8.7. Crystal soaking experiments were typically made with
5—20 mM compound and 10—20% (v/v) 1-methyl-2-pyrrolidone for
16—20 h. For the SaFtsZ-18 and SaFtsZ-20 complex structures
(Table SS), crystals grown in 28% PEGS000 MME, pH 8.6, and 25%
PEGS5000 MME, pH 8.4, respectively, were soaked in a 10 mM
compound and 20% (v/v) 1-methyl-2-pyrrolidone. All crystals were
flash-cooled by immersion in liquid nitrogen. Diffraction data were
collected at the ALBA synchrotron (Spain) and the ESRF
synchrotron (France). All data were processed using XDS* and
Aimless from the CCP4 Suite.”’’ Data collection and refinement
statistics are presented in Table S5. The structures were determined
through molecular replacement using Molrep>* and the PDB entry
3VOA as a searching model. Model building and refinement were
done using Coot>® and PHENIX,*® respectively. Refinement statistics
are summarized in Table SS. Structural figures were prepared using
PyMOL (Schrodinger Inc.).
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