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Infections caused by Gram-negative bacterial pathogens are often difficult to treat, with the emergence
of multidrug-resistant strains further restricting clinical treatment options. As a result, there is an acute
need for the development of new therapeutic agents active against Gram-negative bacteria. The bacterial
protein FtsZ has recently been demonstrated to be a viable antibacterial target for treating infections
caused by the Gram-positive bacteria Staphylococcus aureus in mouse model systems. Here, we
investigate whether an FtsZ-directed prodrug (TXY436) that is effective against S. aureus can also target
Gram-negative bacteria, such as Escherichia coli. We find that the conversion product of TXY436
(PC190723) can bind E. coli FtsZ and inhibit its polymerization/bundling in vitro. However, PC190723 is
intrinsically inactive against wild-type E. coli, with this inactivity being derived from the actions of the
efflux pump AcrAB. Mutations in E. coli AcrAB render the mutant bacteria susceptible to TXY436. We
further show that chemical inhibition of AcrAB in E. coli, as well as its homologs in Klebsiella pneumoniae
and Acinetobacter baumannii, confers all three Gram-negative pathogens with susceptibility to TXY436.
We demonstrate that the activity of TXY436 against E. coli and K. pneumoniae is bactericidal in nature.
Evidence for FtsZ-targeting and inhibition of cell division in Gram-negative bacteria by TXY436 is
provided by the induction of a characteristic filamentous morphology when the efflux pump has been
inhibited as well as by the lack of functional Z-rings upon TXY436 treatment.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction species [10,12,13,23,25]. It has been suggested that the poor

activity of PC190723 against the Gram-negative pathogen

FtsZ is an essential protein for bacterial cell division (cytokine-
sis) and viability [1-3]. It self-polymerizes in a GTP-dependent
manner to form a ring-like structure (the Z-ring) at the bacterial
midcell [4-6]. This structure becomes anchored to the bacterial
membrane, and acts as a scaffold for the recruitment of other cell
division proteins and thus formation of the mature divisome [7-9].
Because of its essential nature, FtsZ is an attractive new target for
antibiotic development that is not exploited by any current clinical
agent [10-24].

The benzamide derivative PC190723 (Fig. 1) was one of the first
FtsZ-targeting antibacterial agents to be identified [13]. While
exhibiting potent activity against a number of Gram-positive
bacteria (including staphylococci and bacilli), PC190723 has been
shown to be associated with poor activity against Gram-negative
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Escherichia coli may reflect a corresponding inability to target E.
coli FtsZ effectively [26].

The studies described herein are aimed at furthering our
understanding of the basis for the poor activity of PC190723
against Gram-negative bacteria. We elected to use a prodrug of
PC190723 (TXY436; see structure in Fig. 1) in these studies, since
PC190723 itself is associated with poor formulation properties and
limited antibacterial efficacy in vivo [27]. At physiological pH,
TXY436 converts to PC190723 within minutes, while also
exhibiting significant oral and intravenous efficacy in vivo against
systemic infection with both the methicillin-sensitive and
methicillin-resistant forms of the Gram-positive pathogen Staph-
ylococcus aureus [27]. In the present studies, we evaluate the
impact of TXY436 on FtsZ function, morphology, and viability of
various Gram-negative bacteria. We show that TXY436 is inactive
against wild-type strains of E. coli, Klebsiella pneumoniae, and
Acinetobacter baumannii. However, in E. coli, this inactivity is due to
the actions of the resistance-nodulation-cell division (RND)-type
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Fig. 1. Structures of the TXY436 prodrug and its conversion product PC190723.

efflux pump AcrAB, and does not reflect an inability on the part of
TXY436 to target FtsZ function and disrupt cell division. We also
show that RND efflux pump inhibition renders TXY436 active
against not only E. coli, but also against K. pneumoniae and A.
baumannii. These collective findings provide insights into potential
strategies for targeting Gram-negative bacteria with FtsZ-directed
compounds related to TXY436 that include co-treatment with RND
efflux pump inhibitors (EPIs).

2. Materials and methods

2.1. Bacterial strains, FtsZ proteins, TXY436, antibiotics, chemicals,
and solvents

E. coli W4573, N43 (acrA1), LZ2301 (AmdfA), LZ2096 ( AnorE),
and LZ2310 (acrA1l AmdfA AnorE) were gifts from Dr. Lynn
Zechiedrich (Baylor College of Medicine, Houston, TX) [28]. E. coli
KG22-pLAU80 was a gift from Dr. Liam Good (Royal Veterinary
College, University of London, England) [29]. All other E. coli, K.
pneumoniae, and A. baumannii strains were obtained from the
American Type Culture Collection (ATCC, Manassas, VA). Purified E.
coli FtsZ was obtained from Cytoskeleton, Inc. (Denver, CO). S.
aureus FtsZ was expressed in E. coli and purified as described
previously [17]. TXY436 and PC190723 were synthesized as
previously described in [27] and [30], respectively. Phenylalanine-
arginine-B-naphthylamide 2HCI (PABN), minocycline HCl, and
ampicillin were obtained from Sigma-Aldrich Co. (St. Louis, MO), as
were all other reagents and solvents, unless otherwise indicated.

2.2. Fluorescence anisotropy assay

All steady-state fluorescence anisotropy experiments were
conducted at 25 °C on an AVIV Model ATF105 Spectrofluorometer
(Aviv Biomedical, Lakewood, NJ) equipped with a thermoelectrically
controlled cell holder and computer-controlled Glan-Thompson
polarizers in both the excitation and emission directions. 1 .M of a
non-hydrolyzable GTP analog (GTPyS) conjugated to the fluorescent
dye BODIPY (BoGTPyS; obtained from Life Technologies Corp.
[Grand Island, NY] as the sodium salt in a 5 mM stock solution) was
combined with 5 WM E. coli or S. aureus FtsZ and either PC190723 or
GTP (Roche Diagnostics GmbH, Mannheim, Germany), at concen-
trations ranging from 0 to 240 M, in 150 L of solution containing
50 mM Tris-HCl (pH 7.4), 50 mM KCl, and 2 mM magnesium
acetate. After incubation for 5min at 25°C, the fluorescence
emission intensities (I) of BoGTPyS were measured with the
excitation polarizer oriented vertically and the emission polarizer
oriented vertically (Iyv) or horizontally (Iyy). BOGTPYS anisotropy (1)
values were then determined using the following relationship:

Iyv — Glyy

~Tw + 2Glvy (1)

G represents the instrument correction factor, and is given by
the ratio of the fluorescence emission intensity acquired with the
excitation polarizer oriented horizontally and the emission
polarizer oriented vertically (Iy) to that acquired with both the
excitation and emission polarizers oriented horizontally (Iyy). AG

value was measured at the start of each acquisition. The slit widths
were set at 4 nm in both the excitation and emission directions,
with the excitation and emission wavelengths being set at 488 and
510 nm, respectively. A quartz ultra-micro cell (Hellma USA, Inc.,
Plainview, NY) with a 2 x 5 mm aperture and a 15 mm center
height was used for all measurements. The pathlengths in the
excitation and emissions directions were 1 and 0.2 cm, respective-
ly. All anisotropy experiments were conducted in triplicate, with
the reported anisotropies reflecting the average values.

BoGTPyS anisotropy profiles acquired as a function of
PC190723 or GTP concentration were analyzed with the following
1:1 binding formalism to yield compound-protein dissociation
constants (Kjy):

r—ro4 210
1y 2 T0
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x ([qtot + [P}tot + Kd) - \/([C]tot + [P]tot + Kd)z - 4[C]tot[P]wt
(2)

In this relationship, ry and r are the anisotropies of FtsZ-bound
BoGTP+S in the absence and presence of compound, respectively;
I, is the anisotropy of FtsZ-bound BoGTP+S in the presence of an
infinite compound concentration; and [Cl;,; and [P];, are the total
concentrations of compound and protein, respectively.

2.3. FtsZ GTPase assay

The impact of TXY436 on the GTPase activity of E. coli FtsZ was
assayed by measuring the inorganic phosphate (P;) released upon
GTP hydrolysis by FtsZ in the absence or presence of compound via
an end-point malachite green colorimetric assay. This assay is based
on the spectrophotometric detection of the green complex formed
between malachite green molybdate and P; under acidic conditions.
Triplicate reactions of 20 pL were assembled in half-volume, flat-
bottom, 96-well microtiter plates containing 10 wM FtsZ and
TXY436 (at concentrations ranging from 0 to 240 wM) in buffer
containing 50 mM Tris-HCl (pH 7.4), 50 mM KCl, 10 mM magne-
sium acetate, and 10 mM CaCl,. The reactions were pre-equilibrated
for 10 min at room temperature, whereupon the GTPase activity was
then initiated by the addition of 1 mM GTP and shifting the plates to
37 °C. The GTPase reactions were allowed to proceed for 2 h, and
terminated by the addition of 80 L of a malachite green reagent,
which had been previously prepared by mixing a solution of 0.045%
(w/v) malachite green (made in water) with a solution of 4.2% (w/v)
ammonium molybdate (made in 4 M HCI) at ratio of 3 to 1, and
filtering through a 0.22-pm filter. After addition of the malachite
green reagent to the 96-well plates (which diluted the concentration
of P; in each well by 5-fold), the plates were incubated at room
temperature for 1 min, and the absorbance at 620 nm was recorded
using a VersaMax plate reader. The concentration of P; released in
each reaction was determined by using a phosphate standard curve,
which was obtained by diluting a 200 wM KH,PO, stock solution to
achieve final phosphate concentrations ranging from 0 to 30 M.
The P; released in the presence of each compound is reported as a
percentage of P; released in the absence of compound (i.e, in the
presence of DMSO vehicle alone).

2.4. FtsZ polymerization assay

Polymerization of E. coli FtsZ was monitored using a microtiter
plate-based spectrophotometric assay in which changes in FtsZ
polymerization are reflected by corresponding changes in absor-
bance at 340 nm (As40). DMSO vehicle, TXY436 (at concentrations
ranging from 0 to 30 pg/mL) or ampicillin (at a concentration of
30 pg/mL) was combined with 10 wM FtsZ in 100 L of reaction
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solution, which contained 50 mM Tris-HCl (pH 7.4), 50 mM KCl,
10 mM magnesium acetate, and 10 mM CaCl,. Reactions were
assembled in half-volume, flat-bottom, 96-well microtiter plates,
and initiated by addition of 4 mM GTP. Polymerization was
continuously monitored at 25 °C by measuring Az, in a VersaMax
plate reader over a time period of 3 h.

2.5. Minimum inhibitory concentration (MIC) assays

MIC assays were conducted in accordance with Clinical and
Laboratory Standards Institute (CLSI) guidelines for broth micro-
dilution [31]. Briefly, log-phase E. coli, K. pneumoniae, or A.
baumannii bacteria were added to 96-well microtiter plates (at
5 x 10° colony forming units [CFU]/mL) containing two-fold serial
dilutions of compound or comparator drug (minocycline) in
cation-adjusted Mueller-Hinton (CAMH) broth (Becton, Dickinson
and Co., Franklin Lakes, NJ). Compound and drug concentrations
(each concentration being present in duplicate) ranged from 64 to
0.031 pg/mL in all assays. The final volume in each well was
0.1 mL, and the microtiter plates were incubated aerobically for
24 h at 37 °C. Bacterial growth was then monitored by measuring
ODgoo using a VersaMax plate reader (Molecular Devices, Inc.,
Sunnyvale, CA), with the MIC being defined as the lowest
compound concentration at which growth was >90% inhibited
compared to antibiotic-free control. The following bacterial strains
were included in these assays: E. coli strains W4573, N43 (acrA1),
LZ2301 (AmdfA),LZ2096 ( AnorE), LZ2310 (acrA1 mdfA AnorE) and
ATCC BAA201 (an extended spectrum [3-lactamase [ESBL]-produc-
ing strain that expresses the TEM-3 [3-lactamase), K. pneumoniae
ATCC 13883, and A. baumannii ATCC 19606. When present, PABN
was used at a concentration of 100 wg/mL in the E. coli experiments
and 200 pg/mL in the K. pneumoniae and A. baumannii experi-
ments.

2.6. Minimum bactericidal concentration (MBC) assays

MBC assays were conducted in accordance with CLSI guidelines
[31]. Broth microdilution assays were conducted as described in the
preceding section. After the 24-h incubation period, the number of
survivors in wells that exhibited no growth was determined by
plating on to tryptic soy agar (TSA) (Becton, Dickinson and Co.,
Franklin Lakes, NJ). The colonies that grew on the TSA plates after
24 h of incubation at 37 °C were counted, with MBC being defined as
the lowest compound concentration resulting in a >3-log reduction
in the number of colony forming units (CFUs).

2.7. Phase contrast microscopy

Log-phase E. coli W4573 or K. pneumoniae ATCC 13883 cells were
cultured in CAMH broth at 37 °C for 4 h in the presence of PABN
(100 pg/mL for E. coli and 200 w.g/mL for K. pneumoniae) and either
DMSO (solvent control), 2x MIC of TXY436 (16.0 jg/mL for both E.
coli and K. pneumoniae), or 2 x MIC of minocycline (0.25 j.g/mL for E.
coli and 0.125 pg/mL for K. pneumoniae). A 1 mL sample was
withdrawn from each bacterial culture, and centrifuged at 16,000g
for 3 min at room temperature. The supernatant was then removed
and the bacterial pellet was washed with 1 mL of phosphate-
buffered saline (PBS) (Lonza Group Ltd., Walkersville, MD). The final
bacterial pellet was then resuspended in 50 L of PBS, with 5 L of
the resulting bacterial suspension being transferred onto a
microscope slide together with 5 wL of 1% molten agarose (made
in PBS). A cover slip was then applied and the slide was visualized
with a Zeiss Axioplan 2 microscope equipped with a Plan-
Apochromat 100x objective (NA=1.40). Images were captured
with a Zeiss Axiocam HR camera using the OpenLab software
package.

2.8. Fluorescence microscopy

The impact of TXY436 on FtsZ Z-ring formation in E. coli KG22
bacteria was assessed in a manner similar to that described
previously for berberine [29]. Specifically, exponentially growing
KG22 bacteria were cultured in CAMH broth containing 100 g/
mL PABN for 30 min at 37 °C in the presence of DMSO (solvent
control) or 16 pg/mL TXY436. Expression of YFP-conjugated FtsZ
was then induced by addition of L-arabinose to a final
concentration of 0.2% (w/v), and the cells were incubated for 1
additional hour at 37 °C. The expression of YFP-conjugated FtsZ
was then arrested by addition glucose to a final concentration of
0.2% (w/v), and the cells were incubated for an additional 30 min
at37 °C.The bacterial cultures were then treated and visualized as
described above, with the additional incorporation of a standard
GFP filter set.

3. Results

3.1. The presence of the conversion product of TXY436 (PC190723)
alters the fluorescence anisotropy of BOGTPyS bound to E. coli FtsZin a
manner that is inconsistent with displacement of the bound nucleotide
from the protein.

We have previously shown that the anisotropy of BoGTPyS (a
fluorescent non-hydrolyzable GTP analog) bound to FtsZ can be
altered by compounds that interact with the protein [17]. We
sought to determine the impact, if any, of the presence of
PC190723 (the conversion product of TXY436) on the anisotropy of
BoGTP+yS bound to purified E. coli FtsZ in vitro. To this end, the
anisotropy of E. coli FtsZ-bound BoGTPyS was recorded in the
presence of increasing concentrations of PC190723 and compared
with the corresponding anisotropy of unbound (FtsZ-free)
BoGTPvS, with the results being shown in Fig. 2A. For comparative
purposes, unlabeled non-fluorescent GTP was included as a control
in these assays. Upon binding to E. coli FtsZ, the anisotropy of
BoGTP+S increases by approximately six-fold. Addition of increas-
ing concentrations of unlabeled GTP induces a marked decrease in
the anisotropy of FtsZ-bound BoGTP+S to a level equivalent to that
associated with unbound BoGTPyS. This observation is consistent
with the induced release of FtsZ-bound BoGTPvS that would be
expected to result from the addition of an excess of unlabeled GTP
relative to BoGTPvyS. A comparison of the anisotropy profile for GTP
addition with the corresponding profile for PC190723 addition
reveals two key features:

(i) The addition of increasing concentrations of PC190723 also
results in a decrease in the anisotropy of FtsZ-bound BoGTP~S.
This PC190723-induced reduction in BoGTPyS anisotropy is
indicative of a binding reaction with the E. coli FtsZ protein.

(ii) The extent to which the addition of PC190723 reduces the
anisotropy of FtsZ-bound BoGTP+S is significantly less than
that associated with the addition of GTP, and does not approach
the anisotropy of unbound BoGTP+S, even at a 240-fold excess
of PC190723 (240 wm) relative to BoGTPyS (1 wM). These
findings suggest that the binding of PC190723 to E. coli FtsZ is
not associated with the release of bound GTP and, therefore,
also imply that the compound does not target the nucleotide
binding pocket of the protein.

Recent crystallographic studies have demonstrated that
PC190723 targets a specific site on S. aureus FtsZ that is distal
from the GTP binding pocket [32,33]. Given this important
structural information, we conducted additional anisotropy
studies with S. aureus FtsZ similar to those described above for
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Fig. 2. Fluorescence anisotropies of E. coli FtsZ-bound (A) and S. aureus FtsZ-bound
(B) BoGTPYS (1 M BoGTPYS, 5 wM FtsZ) as a function of increasing concentrations
of non-fluorescent unlabeled GTP (O ) or PC190723 (@ ). The dashed lines represent
the anisotropy value of 1 wM BoGTP+S in the absence of FtsZ (FtsZ-free BoOGTPvS).
The solid lines reflect the nonlinear least squares fits of the data with Eq. (2).

E. coli FtsZ, with the results of these additional studies being shown
in Fig. 2B. Significantly, the anisotropy behavior pattern in the
presence of added PC190723 and GTP was similar for both FtsZ
proteins (compare Fig. 2A and B). This concordance suggests that
the site on E. coli FtsZ targeted by PC190723 may be similar to the
corresponding site it targets on S. aureus FtsZ.

3.2. TXY436 exerts little or no impact on the GTPase activity of E. coli
FtsZ

The anisotropy results described above are consistent with
the PC190723 conversion product of TXY436 targeting a site on E.
coli FtsZ distinct from the GTP binding pocket. As such, TXY436
would not be expected to inhibit the GTPase activity of E. coli FtsZ
to any significant degree. We probed for this behavior using
TXY436 concentrations ranging from 1 to 240 M. As the half-
life for the conversion of TXY436 to PC190723 at the assay pH of
7.4 is approximately 18 min [27], the 2-h reaction time used in
these GTPase determinations was sufficient for the near
complete conversion of TXY436 to its PC190723 product. Our
results revealed that the presence of TXY436 did not significantly
impact the GTPase activity of E. coli FtsZ, with the GTPase activity
at the highest compound concentration (240 wM) being almost
identical to the GTPase activity in the absence of compound (not
shown). Thus, the GTPase results are consistent with the
BoGTPyS anisotropy results described above in implying that
the PC190723 conversion product of TXY436 targets a site on E.
coli FtsZ distinct from the GTP binding pocket of the protein.

Table 1
Affinities of PC190723 and GTP for E. coli and S. aureus FtsZ®.
Compound Kq (M)
E. coli FtsZ S. aureus FtsZ
PC190723 18.9+23 22408
GTP 0.84+0.1 1.0+0.3

2 Ky values were derived from the fits of the data shown in Fig. 2 with
Eq. (2). The indicated uncertainties reflect the standard deviations of the
experimental data from the fitted curves.

3.3. The PC190723 conversion product of TXY436 binds to E. coli FtsZ
with an approximately nine-fold lower affinity than to S. aureus FtsZ.

We next sought to compare the affinities of the PC190723
conversion product of TXY436 for E. coli and S. aureus FtsZ. To this
end, we analyzed the PC190723-induced reductions in BoGTPyS
anisotropy shown in Fig. 2A and B with Eq. (2) to yield compound-
protein dissociation constants (Ky). For comparative purposes, we
also analyzed the corresponding GTP-induced reductions in
BoGTPyS anisotropy. Note that the 1:1 binding formalism on
which Eq. (2) is predicated yields excellent fits (R?> > 0.98) of all the
anisotropy profiles (the solid lines in Fig. 2A and B). The K, values
obtained from these fits are listed in Table 1. Inspection of these
data reveals that PC190723 binds to E. coli FtsZ
(Kq=18.9 £ 2.3 wM) with an approximately nine-fold lower affinity
than to S. aureus FtsZ (K; = 2.2 + 0.8 wM). By contrast, GTP binds to
the two FtsZ proteins with a similar affinity (K; = 0.8 + 0.1 uM for E.
coli FtsZ and K; = 1.0 = 0.3 wM for S. aureus FtsZ).

3.4. TXY436 inhibits the polymerization of E. coli FtsZ in a
concentration dependent manner

We have previously shown that TXY436 stimulates the
polymerization of purified S. aureus FtsZ [27]. We next sought to
examine whether the presence of TXY436 impacts the polymeri-
zation activity of E. coli FtsZ. To assay this FtsZ function, we utilized
a microtiter plate-based spectrophotometric assay in which FtsZ
polymerization and bundling is detected in solution by a time-
dependent increase in solution absorbance at 340 nm (As4p). Fig. 3
show the time-dependent As4o profiles of E. coli FtsZ in the
presence of TXY436 at concentrations ranging from O to 30 jLg/mL.
Note that the presence of TXY436 decreases the extent of E. coli
FtsZ polymerization/bundling, with the magnitude of these
inhibitory effects increasing with increasing compound concen-
tration. Thus, in marked contrast to its stimulatory effect on S.
aureus FtsZ polymerization in vitro [27], the presence of TXY436
appears to inhibit the polymerization and/or bundling of E. coli
FtsZ.

3.5. TXY436 is intrinsically inactive against E. coli, except upon
genetic inactivation of the AcrAB efflux pump

We assessed the antibacterial activity of TXY436 versus four
different efflux pump mutant strains of E. coli (N43, LZ2301,
LZ2096, and LZ2310) as well as their wild-type homolog strain
(W4573). Strains N43, LZ2301, and LZ2096 have inactivating
mutations in the AcrAB, MdfA, and NorE efflux pumps, respective-
ly. Strain LZ2310 has inactivating mutations in all three efflux
pumps. TXY436 was essentially inactive against all the bacterial
strains (with MIC values >64 pg/mL), except for single mutant
strain N43 and the triple mutant strain LZ2310, against which the
compound was associated with an MIC of 8.0 wg/mL (Table 2). The
>16-fold enhanced potency of TXY436 versus N43 and LZ2310
relative to W4573, LZ2301, and LZ2096 indicates that the
PC190723 conversion product of TXY436 is a substrate of the
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Fig. 3. Concentration dependence of the impact of TXY436 on the polymerization of
E. coli FtsZ, as determined by monitoring time-dependent changes in absorbance at
340 nm (Asgo) at 25 °C. The time-dependent As4o polymerization profiles were
acquired in the presence of vehicle (DMSO) control or the indicated concentrations
of TXY436 (ranging from 5 to 30 p.g/mL). The polymerization profile acquired in the
presence of ampicillin at 30 wg/mL is also included as a negative (non-FtsZ-
targeting) control. Polymerization reactions were initiated by the addition of 4 mM
GTP at the time indicated by the arrow.

Table 2
Activity of TXY436 against wild-type (WT) and efflux pump mutant
strains of E. coli.

Strain MIC (pg/mL)
TXY436 Minocycline?®
WT (W4573) >64 2.0
acrA1 (N43) 8.0 0.25
AmdfA (LZ2301) >64 2.0
AnorE (LZ2096) >64 2.0
AmdfA AnorE acrAl (LZ2310) 8.0 0.25

2 Minocycline is included as a comparator control antibiotic that is a
known substrate of RND-type efflux pumps [34].

AcrAB efflux pump in E. coli. By contrast, it does not appear to be a
substrate of either the MdfA or NorE efflux pump.

3.6. The efflux pump inhibitor PABN confers TXY436 with activity not
only against E. coli, but also against K. pneumoniae and A.
baumannii

We next assessed the antibacterial activity of TXY436 versus a
number of other different Gram-negative bacteria strains, includ-
ing an ESBL-producing E. coli strain (ATCC BAA201) that expresses
the TEM-3 3-lactamase, a K. pneumoniae strain (ATCC 13883), and
an A. baumannii strain (ATCC 19606). As was the case against E. coli
W4573, TXY436 was essentially inactive against all the other
bacterial strains examined (with MIC values >64 wg/mL) (Table 3).
To determine whether the PC190723 product of TXY436 might be

Table 3
Impact of the efflux pump inhibitor PABN on the activity of TXY436 against various
Gram-negative bacteria.

Strain MIC (g/mL)
TXY436 Minocycline
— PABN + PABN — PABN + PABN
E. coli W4573 >64 8.0 2.0 0.25
E. coli ATCC BAA201° >64 8.0 32 0.5
K. pneumoniae ATCC 13883 >64 8.0 0.5 0.063
A. baumannii ATCC 19606 >64 16 0.13 0.031

¢ ATCC BAA201 is an ESBL-producing strain of E. coli that expresses the TEM-3 3-
lactamase.

serving as a substrate of RND-type efflux pumps like AcrAB in these
bacterial strains, we evaluated the impact of the RND-type efflux
pump inhibitor PABN [34] on the activity TXY436. Significantly,
the presence of sub-inhibitory concentrations of PABN conferred
TXY436 with activity against all the bacterial strains (MIC = 8.0 g/
mL versus E. coli [including the ESBL-producing strain], 8.0 pg/mL
versus K. pneumoniae, and 16 pwg/mL versus A. baumannii)
(Table 3). Thus, the PC190723 conversion product of TXY436
serves as a substrate of RND-type efflux pumps not only in E. coli,
but also in K. pneumoniae and A. baumannii. The activity of
minocycline (used as a control antibiotic that is a known substrate
of RND-type efflux pumps [35]) was predictably enhanced by the
presence of PABN against all the efflux pump-expressing bacterial
strains examined (Table 3).

3.7. Inthe presence of PABN, the activity of TXY436 against E. coli and
K. pneumoniae is bactericidal in nature

We next examined whether the observed antibacterial activity
of TXY436 in the presence of PABN is bactericidal or bacteriostatic
in nature. To this end, the MBC values of TXY436 against two E. coli
strains (W4573 and ESBL-producing ATCC BAA201) and one K.
pneumoniae strain (ATCC 13883) were determined and subse-
quently compared with the corresponding MIC values against
these bacteria. In the presence of PABN, the MBC value for TXY436
against each of the three strains examined was 16 pg/mL. A
comparison of these MBC values with the corresponding MIC
values listed in Table 3 yields an MBC/MIC ratio of 2 for all three
strains. As per CLSI guidelines [31], such a ratio is indicative of a
bactericidal mode of action. Thus, the activity of TXY436 against
Gram-negative bacteria appears bactericidal in nature, a behavior
analogous to its bactericidal activity against Gram-positive
bacteria (e.g., S. aureus) [27].

3.8. In the presence of PABN, TXY436 induces changes in the
morphology of E. coli and K. pneumoniae consistent with inhibition of
cell division

The studies described above have indicated that TXY436
(through its conversion product PC190723) is able to target
purified E. coli FtsZ in vitro and is active against E. coli and two other
Gram-negative bacteria (K. pneumoniae and A. baumannii) when
RND-type efflux pump activity is genetically or chemically
inhibited. We next sought to determine if the bactericidal activity
of TXY436 against E. coli and K. pneumoniae whose RND-type efflux
pump activity has been inhibited with PABN is the result of
disrupted cell division and FtsZ function. One of the hallmarks of
FtsZ-targeting compounds that disrupt bacterial cell division is the
induction of an enlarged phenotype, which, in the case of rod-
shaped bacteria, takes the form of a filamentous morphology
[10,12,13,23,27,32]. Our first step was therefore directed toward
examining the impact of TXY436 treatment on the morphology of
E. coli and K. pneumoniae co-treated with PABN. Co-treatment with
PARBN and DMSO resulted in E. coli and K. pneumoniae bacteria with
an average length of ~1 pm (Fig. 4A and D), as expected for these
bacteria. By contrast, co-treatment with PABN and TXY436
resulted in bacteria that were significantly more filamentous,
with average lengths ranging from approximately 18 to 34 wm
(Fig. 4B and E). Thus, TXY436 was able to induce the type of
filamentous morphological change in PABN-co-treated E. coli and
K. pneumoniae that is a hallmark of FtsZ-directed inhibitors of cell
division in rod-shaped bacteria [10,12,13,23,27,32]. Minocycline
was used as a non-FtsZ-targeting control agent that is also a
substrate of RND-type efflux pumps [35]. As expected, minocycline
treatment did not impact the morphology of the bacteria to any
significant degree (Fig. 4C and F).
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K. pneumoniae
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TXY436

Minocycline |

Fig. 4. Phase contrast micrographs of E. coli W4573 (A-C) and K. pneumoniae ATCC
13883 (D-F) bacteria cultured for 4 h in the presence of PABN (100 pg/mL for E. coli
and 200 pg/mL for K. pneumoniae) and either vehicle (DMSO) control (A and C), 2x
MIC of TXY436 (16.0 pg/mL for both E. coli and K. pneumoniae) (B and E), or 2x MIC
of minocycline (0.25 pg/mL for E. coli and 0.125 pg/mL for K. pneumoniae) (C and F).

3.9. In the presence of PABN, TXY436 inhibits the formation of
functional FtsZ Z-rings in E. coli

We next examined the impact of TXY436 on FtsZ function in E.
coli. To this end, we monitored the impact of the compound on the
formation of functional FtsZ Z-rings using a strain of E. coli (KG22-
pLAUS8O0) that inducibly expresses YFP-tagged FtsZ [29]. We co-
treated KG22-pLAU80 bacteria with PABN and either DMSO
(vehicle control) or TXY436 and examined the bacteria using
fluorescence microscopy. Vehicle-treated bacteria were of normal

Vehicle

TXY436

Fig. 5. Fluorescence micrographs of E. coli KG22-pALUS8O bacteria (which express
YFP-tagged FtsZ) in the presence of 100 wg/mL PABN and either vehicle (DMSO)
control (A) or 16 pg/mL TXY436 (B). The arrow in panel (B) highlights a TXY436-
treated bacterial cell that exhibits multiple fluorescent foci.

size and exhibited fluorescent foci corresponding to Z-rings
(Fig. 5A). Some of the vehicle-treated bacterial cells had more
than one apparent Z-ring, a behavior that may be due to the effects
of FtsZ overexpression in the bacteria. Such behavior has been
reported previously for the KG22-pLAUS8O0 bacteria [29]. In contrast
to vehicle-treated bacteria, TXY436-treated bacteria were fila-
mentous in nature, with many exhibiting no fluorescent foci, but
rather diffuse fluorescence distributed throughout the elongated
cell (Fig. 5B). Some of the filamentous bacteria that result from
TXY436 treatment exhibited multiple fluorescent foci (one such
bacterial cell is highlighted by the arrow in Fig. 5B). It is not clear
whether these foci reflect mature Z-rings or other FtsZ polymeric
structures. In either case, the filamentous phenotype of the
bacteria indicates that the FtsZ structures reflected by the
fluorescent foci are not functionally competent for cell division.

4. Discussion

The FtsZ-targeting agent PC190723 and related benzamide
compounds are associated with potent activity against Gram-
positive staphylococci and bacilli [13,23,25,27,36]. However, they
exhibit poor intrinsic activity against Gram-negative bacteria
[13,23,36]. One possible explanation for the inactivity of PC190723
against E. coli is an inability of the compound to target E. coli FtsZ
[26]. Our fluorescence anisotropy results with purified E. coli FtsZ in
vitro indicate that PC190723 (the conversion product of TXY436)
can indeed bind to the protein in a manner that alters the
anisotropy of FtsZ-bound GTPvS (Fig. 2A). The PC190723 binding
site on E. coli FtsZ appears to be distinct from the GTP binding
pocket, as the magnitude of the PC190723-induced alteration in
GTP+S anisotropy is substantively less than that caused by the
binding of unlabeled non-fluorescent GTP (Fig. 2A). The minimal
impact of PC190723 on the GTPase activity of E. coli FtsZ also lends
support to this conclusion. We suggest that the change in GTPyS
anisotropy induced by PC190723 binding reflects an induced
conformational change in the FtsZ protein that alters the structure
of the GTP binding pocket in a manner that impacts the anisotropy
properties of the bound nucleotide analog. Such a conformational
change could also result in an altered propensity for the E. coli FtsZ
protein to polymerize and/or to form polymeric bundles. In this
connection, the results of our polymerization studies indicate that
PC190723 does in fact reduce the propensity for E. coli FtsZ
polymerization and bundling in a manner dependent on com-
pound concentration (Fig. 3).

A comparison of PC190723 binding to E. coli FtsZ relative to S.
aureus FtsZ revealed a similar overall impact on the anisotropy of
bound GTPyS (Fig. 2). The crystal structure of PC190723 in
complex with S. aureus FtsZ has been recently reported [32,33]. In
this structure, PC190723 targets a site distal from the GTP binding
pocket and centered about residues G196 and N263, which, when
mutated, induce staphylococcal resistance to the compound [13]. 1t
is possible that PC190723 may target the corresponding site in E.
coli FtsZ, although our analysis of the GTPyS anisotropy data (Fig. 2)
reveals that the compound targets the E. coli FtsZ site with an
approximately nine-fold lower affinity than it does the S. aureus
FtsZ site (Table 1).

The ability of the PC190723 conversion product of TXY436 to
target E. coli FtsZ in vitro raised the question as to why PC190723 is
intrinsically inactive against E. coli, and, for that matter, other
Gram-negative bacteria. We hypothesized that the inactivity of
PC190723 versus Gram-negative bacteria may be due, at least in
part, to the compound being a substrate of efflux pumps that are
expressed in these bacteria. Our antibacterial results support this
hypothesis. Specifically, our results indicate that genetic or
chemical inactivation of RND-type efflux pumps (e.g., AcrAB)
confers PC190723 with activity against the Gram-negative
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pathogens E. coli, K. pneumoniae, and A. baumannii (Tables 2 and 3).
By contrast, genetic inactivation of major facilitator (MF)- and
multidrug and toxic compound extrusion (MATE)-type efflux
pumps (e.g.,, MdfA and NorE, respectively) does not appear to
impact PC190723 activity (Table 2). Although RND-type efflux
pump inactivation confers PC190723 with activity against E. coli, K.
pneumoniae, and A. baumannii, the magnitude of that activity is 8-
to 16-fold lower than that previously reported for the compound
against S. aureus [13,23,25,27,36]. With regard to E. coli, this
differential activity may reflect, at least in part, the reduced affinity
of PC190723 for E. coli relative to S. aureus FtsZ (Table 1).

While our in vitro results indicate that the PC190723 conversion
product of TXY436 is able to target purified E. coli FtsZ, they do not
necessarily imply that the compound is targeting FtsZ in bacteria.
We therefore sought to determine whether the activity of
PC190723 we observed upon RND-type efflux pump inactivation
in E. coli, K. pneumoniae, and A. baumannii correlated with the
disruption of cell division and FtsZ function. The pronounced
filamentous morphology induced in E. coli and K. pneumoniae upon
co-treatment with PABN and TXY436 (Fig. 4) is consistent with the
disruption of cell division by the compound. Furthermore, our
fluorescence microscopy studies using a strain of E. coli (KG22-
pLAU8O0) that expresses YFP-tagged FtsZ suggested that co-
treatment with PABN and TXY436 disrupted ability of the bacterial
cell to form functional Z-rings (Fig. 5). Recently, Fenton and Gerdes
[37] reported a similar behavior in E. coli in which an interaction
between the essential cell division protein MreB and FtsZ was
abrogated due to a mutation in MreB. They showed that this
interaction could be restored through mutations in specific FtsZ
residues [37]. Interestingly, the FtsZ residues they identified as
being important for FtsZ interaction with MreB border the target
binding site on E. coli FtsZ we are invoking for PC190723, namely,
the site corresponding to that revealed by the recently reported
crystallographic studies of the PC190723-S. aureus FtsZ complex
[32,33]. 1t is therefore possible that PC190723 binding to E. coli FtsZ
may disrupt the FtsZ interaction with MreB and thereby interfere
with cell division. Future studies will be directed toward assessing
the veracity of this hypothesis.

In the aggregate, our results suggest that the intrinsic inactivity
of PC190723 against the Gram-negative bacteria E. coli, K
pneumoniae, and A. baumannii is due to the actions of RND-type
efflux pumps in these bacteria rather than to an inability of the
compound to target the FtsZ proteins of the bacteria. Even with
efflux pump inactivation, the MICs we observe against Gram-
negative bacteria are >8 wg/mL. For clinical utility, lower MICs
would be more desirable. Thus, future efforts will be directed
toward the development of next-generation analogs with in-
creased FtsZ affinity and enhanced antibacterial potency when
combined with an EPIL
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