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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“

CHO FsC.__OH FsC. O F3C__NH,
L : o (5 o o
Cl cl Cl
(0] o/\©/ o/\©/ O/\©/C|
41 42 15
_ _ —
A\ N. _NH
H I N.__NH N. _NH
N, d
[ -
N e
o
o~ OH ©
43 44

16, 17: R=Cl, CF

“Reagents and conditions: (a) (i) TMSCFs, K,CO;, DMF, rt, 48 h; (ii) 2 M HC], rt, 4 h, 87%; (b) Dess—Martin periodinane, DCM, rt, 18 h, 99%;
(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,
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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

Fluorescence anisotropy (r)

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

5735

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

https://doi.org/10.1021/acs.jmedchem.0c02207
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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, P