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During pathogenic infections, bacterial cells experience environmental stress conditions,
including low oxygen and thermal stress. Bacterial cells proliferate during infection and
divide by a mechanism characterized by the assembly of a large cytoskeletal structure
at the division site called the Z-ring. The major protein constituting the Z-ring is FtsZ,
a tubulin homolog and GTPase that utilizes the nucleotide to assemble into dynamic
polymers. In Escherichia coli, many cell division proteins interact with FtsZ and modulate
Z-ring assembly, while others direct cell wall insertion and peptidoglycan remodeling.
Here, we show that ZapE, an ATPase that accumulates during late constriction, directly
interacts with FtsZ and phospholipids in vitro. In the presence of adenosine triphosphate
(ATP), ZapE induces bundling of GTP-induced FtsZ polymers; however, ZapE also
binds FtsZ in the absence of GTP. The ZapE mutant protein ZapE(K84A), which is
defective for ATP hydrolysis, also interacts with FtsZ and induces FtsZ filament bundling.
In vivo, cultures of zapE deletion cells contain a low percentage of filamentous cells,
suggesting that they have a modest division defect; however, they are able to grow
when exposed to stress, such as high temperature and limited oxygen. When combined
with the chromosomal deletion of minC, which encodes an FtsZ disassembly factor,
1zapE 1minC cells experience growth delays that slow proliferation at high temperature
and prevent recovery. This synthetic slow growth phenotype after exposure to stress
suggests that ZapE may function to ensure proliferation during and after stress, and
this is exacerbated when cells are also deleted for minC. Expression of either ZapE
or ZapE(K84A) complements the aberrant growth phenotypes in vivo suggesting that
the division-associated role of ZapE does not require ZapE ATP hydrolysis. These
results support that ZapE is a stress-regulated cell division protein that interacts
directly with FtsZ and phospholipids, promoting growth and division after exposure to
environmental stress.
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INTRODUCTION

Proliferation via the highly conserved bacterial cell division
pathway requires more than 30 different proteins acting in
a well-coordinated manner (de Boer, 2010). While many
of the individual cell division proteins involved have been
characterized, knowledge of their functional interactions remains
incomplete, including the interactions of late stage division
proteins and those that direct peptidoglycan insertion or
remodeling (Soderstrom et al., 2018, 2019). In Escherichia coli
and most bacteria, cell division requires the highly conserved
tubulin-like FtsZ protein (Bi and Lutkenhaus, 1991). FtsZ is
a GTPase, and binding of GTP to FtsZ protomers leads to
the formation of linear protofilaments arranged in a head-to-
tail orientation (Du and Lutkenhaus, 2019). FtsZ protofilaments
comprise the Z-ring at midcell during constriction and may
act as a scaffold for assembly of the divisome (Soderstrom and
Daley, 2017). A previous publication reported the presence of
cell division protein ZapE in Gram-negative bacteria, including
E. coli, and showed that ZapE was important for cell division
at high temperature (42◦C) and under anaerobic conditions
(Marteyn et al., 2014). Moreover, ZapE was identified as essential
in Shigella flexneri for colonization of the gastrointestinal tract
(Marteyn et al., 2014).

FtsZ assembly into linear polymers and the dynamic exchange
of FtsZ subunits at the Z-ring is regulated by many FtsZ-
interacting proteins, including the “Z-ring-associated proteins”
(Zaps). ZapA, -B, -C, and -D localize to the Z-ring early in
the cell division pathway and regulate the development of
the Z-ring (Schumacher et al., 2017). ZapE was characterized
as a Z-associated protein, but ZapE is also a member
of the AAA + ATPase family (ATPase associated with a
variety of cellular activities) and contains both Walker A
78(GGVGRGKT)85 and Walker B 141(CFDEF)145 nucleotide-
binding sites (Marteyn et al., 2014). The requirement for ZapE
in E. coli grown under anaerobic and thermal stress conditions
suggests that it may be a conditional cell division protein that
is regulated at the transcriptional and/or translational levels in
response to environmental conditions, or that it may become
active in vivo during exposure to stress.

The mechanism by which ZapE impacts the cell division
pathway through its direct interaction with FtsZ is largely
unknown. ZapE is a late stage cell division protein that
was reported to influence FtsZ polymerization in vitro by
destabilizing FtsZ polymers in an adenosine triphosphate
(ATP)-dependent manner (Marteyn et al., 2014). Another
AAA + ATPase that has also been shown to influence FtsZ
polymer assembly and destabilize FtsZ polymers is ClpX
(Camberg et al., 2009; Viola et al., 2017). ClpX is a hexameric
ATP-dependent unfoldase that, along with the serine protease
ClpP, forms the two-component bacterial proteasome complex
ClpXP. ClpXP processively degrades specific protein substrates,
including FtsZ, after initiating ATP-dependent unfolding from
the N- or C-terminus. During E. coli division, ClpXP degradation
of polymerized FtsZ reduces polymer abundance and modifies
the dynamic exchange of FtsZ subunits in the Z-ring by a
polymer severing mechanism (Camberg et al., 2009, 2014;

Viola et al., 2017). Most notably, however, ClpXP was previously
reported to prevent the accumulation of intracellular FtsZ
aggregates, which accumulate in E. coli grown under thermal
stress conditions, including growth at 42◦C (Tomoyasu et al.,
2001; LaBreck et al., 2017). Other stress-induced protein
chaperones, such as ClpB and HtpG, have also been implicated in
modulating FtsZ aggregates and polymers (LaBreck et al., 2017;
Balasubramanian et al., 2019).

To gain mechanistic insight into the functional roles and
interactions of ZapE in E. coli, we monitored biochemical
activities and direct interactions with polymerized and non-
polymerized FtsZ in vitro. Our results clearly demonstrate a
direct interaction between the two proteins and also show
that ZapE can recruit a chimeric FtsZ protein to phospholipid
(PL) vesicles. ZapE bundles FtsZ polymers in the presence
of ATP, which is in contrast to disassembly activity that was
previously reported (Marteyn et al., 2014). Consistent with the
previous report, we also show that deletion of zapE induces cell
filamentation in a small proportion of cells. Interestingly, we
also show that deletion of zapE slows overall growth of a minC
deletion strain, and this is complemented by reinserting wild-
type zapE or zapE(K84A) back into the native locus. MinC is
an FtsZ polymerization inhibitor that prevents division near the
cell poles (Hu et al., 1999; Hu and Lutkenhaus, 2000; Dajkovic
et al., 2008). Together, our results support that ZapE is critical
for division under thermal and oxygen stress and may function
to organize and maintain active populations of FtsZ in vivo to
facilitate division.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Growth
Conditions
Escherichia coli strains, listed in Table 1, were grown in LB
(Lennox), Luria–Bertani broth with NaCl 5 g/L, media and/or
LB (no salt) media and agar, plus ampicillin (100 µg ml−1),
or kanamycin (50 µg ml−1), where indicated. Gene deletions
were constructed by Lambda red recombination as described
(Datsenko and Wanner, 2000), and chromosomal in-frame
gene replacements with zapE or zapE(K84A) were constructed
as described (LaBreck et al., 2019). Culture densities were
monitored and measured by OD600. For protein purification,
zapE and zapE(K84A) expression plasmids were constructed by
restriction cloning (NdeI, HindIII) and site-directed mutagenesis
into pET-28a expression vector with an N-terminal 6 × -
histidine tag.

Protein Expression and Purification
Vectors containing zapE and zapE(K84A) with an N-terminal
6 × -histidine tag were transformed and overexpressed in E. coli
BL21 (λde3). Cell cultures were grown to an OD600 of 0.8
and induced with IPTG (0.5 mM) for 4 h at 30◦C. Cultures
were centrifuged, and pellets were lysed by French press in
25 mM Tris (pH 7.5) buffer containing 0.1 mM TCEP, 10 mM
MgCl2, 150 mM KCl, and 10% glycerol. Soluble cell extracts were
collected by centrifugation at 35,000 × g for 30 min, applied to
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TABLE 1 | E. coli strains and plasmids used for genetic analyses and constructions in this study.

E. coli strain or plasmid Relevant genotype description Source, reference or construction

Strains

MG1655 LAM-rph-1 Blattner et al., 1997

BL21 (λde3) F-ompT gal dcm lon hsdSB(rB- mB-) λ(de3[lacI lacUV5-T7 gene 1 ind1 sam7 nin5]) EMD Millipore, United States

ED0011 MG1655 1zapE:parE-kan MG1655; λred

JC0232 MG1655 1minC:frt Camberg et al., 2011

ED0024 MG1655 1minC:frt,1zapE: parE-kan MG1655 1minC:frt; λred

ED0118 MG1655 1minC:frt1zapE:zapE MG1655 1minC:frt1zapE: parE-kan; λred

ED0131 MG16551minC:frt1zapE:zapE(K84A) MG1655 1minC:frt1zapE: parE-kan; λred

Plasmids

pKD46 Amp, recombinase Datsenko and Wanner, 2000

pKD267 parE-kan, tet LaBreck et al., 2019

pET-H6-ZapE kan, His6-zapE This study

pET-ZapE-H6 kan, zapE-His6 This study

pET-H6-ZapE(K84A) kan, His6-zapE(K84A) This study

pET-Gfp-FtsZ kan, His6-Gfp-ftsZ Viola et al., 2017

pET-FtsZ kan, FtsZ Camberg et al., 2009

a cobalt column, and eluted with an imidazole gradient (0 mM
to 150 mM). Collected protein was fractionated on a sephadex
G25 column to remove imidazole and small contaminants. Native
FtsZ was expressed in E. coli BL21 (λde3) and purified as
described (Camberg et al., 2009). ZapE containing a C-terminal
6 × -histidine tag was purified as described above. Histidine-
tagged Gfp-FtsZ, which contains green fluorescent protein (Gfp)
fused to the N-terminus of FtsZ, was expressed in E. coli BL21
(λde3) and purified as described (Viola et al., 2017). Where
indicated, size exclusion chromatography was performed on
purified H6-ZapE. Briefly, H6-ZapE was incubated at room
temperature with or without ATP (5 mM) for 5 min and
then passed through a Sephacryl S-200 (25 ml) column with
25 mM Tris (pH 7.5) buffer containing 0.1 mM TCEP, 10mM
MgCl2, 150 mM KCl, and 10% glycerol, and, where indicated,
equilibrated with ATP (0.5 mM). Eluting fractions (250 µl)
were collected (0.5 ml min−1) and analyzed by the Bradford
protein assay and the proteins were visualized by SDS-PAGE and
Coomassie staining.

Nucleotide Hydrolysis Assays
Hydrolysis of ATP or GTP, where indicated, by ZapE or
FtsZ in 50 mM HEPES buffer, pH 7.5, containing 150 mM
KCl and 20 mM MgCl2 in the absence or presence of SUVs
(250 µg ml−1), where indicated, was monitored by measuring
the release of inorganic phosphate with time using the Biomol
Green phosphate detection reagent (Enzo Life Sciences) at
23◦C as described (Camberg et al., 2014). Free phosphate was
quantitated by comparison with a phosphate standard curve.
Where indicated, ATP concentration was titrated in hydrolysis
reactions, and the results were analyzed in GraphPad Prism
(version 8) by fitting data to the Michaelis–Menten equation.

FtsZ Sedimentation Assays
FtsZ polymers were assembled by incubating FtsZ (6 µM) in
50 mM HEPES buffer, pH 7.5, containing 150 mM KCl, 20 mM
MgCl2 with GTP (2 mM) in the absence and presence of

ZapE or ZapE(K84A) (8 µM) with or without ATP or ATPγS
(4 mM), where indicated, at 23◦C for 10 min and collected
by centrifugation for 20 min at 250,000 × g, Supernatants
and pellets were resuspended in equivalent volumes of LDS
sample buffer (Life Technologies) and analyzed by SDS-PAGE
and Coomassie staining.

Light Scattering Assays
Light scattering (90◦ angle) was performed in 50 mM MES
(pH 6.5) buffer containing 100 mM KCl and 10 mM MgCl2.
Where indicated, reaction mixtures (80 µl) containing ZapE
(0 to 8 µM) or ZapE(K84A) (4 µM), with or without
FtsZ (8 µM), were monitored at 23◦C using an Agilent
Eclipse fluorescence spectrophotometer with both excitation and
emission wavelengths set to 450 nm with 5 nm slit widths, as
described (Conti et al., 2018). Protein reactions were incubated
at room temperature for 5 min, and where indicated, with ATP
(4 mM) or ATPγS (2 mM). Baseline readings were collected
for 5 min, GTP (1.5 mM) was added, and light scattering was
measured at 23◦C for up to 120 min, where indicated.

Binding and Retention Assay
Binding of ZapE to FtsZ was assayed by dot blot. Briefly, bovine
serum albumin (BSA) (10 µM), ZapE (10 µM), and FtsZ (10 µM)
alone or with GDP (2 mM) or GTP (2 mM) were spotted (3 µl)
onto a nitrocellulose membrane. The membrane was blocked
with BSA (2%) in tris-buffered saline (TBS) then incubated with
ZapE (8 µM) and ATP (4 mM) in 50 mM HEPES (pH 7.5)
buffer containing 150 mM KCl and 20 mM MgCl2 at 23◦C for
1 h to allow binding. After washing with TBS containing Tween-
20 (0.01%), the membrane was probed with rabbit polyclonal
antisera (anti-ZapE) and then goat anti-rabbit antibody coupled
to horseradish peroxidase. The membrane was developed by
chemiluminescence, and spot density was analyzed by NIH
ImageJ. Anti-ZapE antiserum was generated in rabbits using
purified H6-ZapE (ThermoFisher).

Frontiers in Microbiology | www.frontiersin.org 3 September 2021 | Volume 12 | Article 733085

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-733085 September 21, 2021 Time: 15:13 # 4

DiBiasio et al. ZapE Bundles FtsZ and Promotes Division

Filter retention assays were performed to detect interactions
between fluorescent Gfp-FtsZ and ZapE in vitro. ZapE (5 µM),
ZapE(K84A) (5 µM), and/or Gfp-FtsZ (10 µM) reaction
mixtures (40 µl), in 50 mM MES (pH 6.5) buffer containing
100 mM KCl and 10 mM MgCl2, were incubated with ATP
(4 mM) and, where indicated, GTP (2 mM) at 23◦C for
10 min. Reactions were filtered through 100 kDa Nanosep
polyethersulfone filters by centrifugation at 16,900 × g for
20 min. Protein present in filtrate and retentate were analyzed
by SDS-PAGE and Coomassie staining, and densitometry was
performed using NIH ImageJ.

Phospholipid Recruitment Assays
Phospholipid recruitment assays with ZapE were performed by
incubating ZapE (1 µM) or ZapE K84A (1 µM) together with
small unilamellar vesicles (SUVs) (500 µg ml−1) for 5 min at
23◦C in the presence or absence of ATP (4 mM), where indicated
in 50 mM HEPES (pH 7.5) reaction buffer containing 150 mM
KCl and 20 mM MgCl2. Phospholipid recruitment assays with
ZapE and Gfp-FtsZ (3 µM) were performed by incubating Gfp-
FtsZ with GTP (4 mM), where indicated, in reaction buffer for
2 min and then added to a reaction containing ZapE (1 µM)
pre-assembled with SUVs (500 µg ml−1) and ATP (4 mM) and
then incubated for an additional 2 min at room temperature.
Phospholipid vesicles and associated proteins were collected by
low-speed centrifugation at 21,000 × g for 15 min. Supernatants
and pellets were analyzed by SDS-PAGE and Coomassie staining.
Percent of protein in the pellet fraction was determined by
densitometry using NIH ImageJ.

Microscopy
MG1655, MG1655 1zapE, MG1655 1zapE:zapE, and MG1655
1zapE:zapE(K84A) strains were grown overnight in LB (Lennox)
media at 30◦C. The next day, cultures were diluted into fresh LB
(Lennox) medium standardized to OD600 of 0.05, grown for 3 h
at 35◦C, and then the final OD600 was measured. Cells were then
harvested by centrifugation at 3,000 × g for 5 min, resuspended
in 100 µl of 1× PBS with EDTA (1 mM), and fixed to glass slides
with poly-L-lysine-coated coverslips or, where indicated, applied
to glass slides with agarose gel pads (5%, wt/vol) containing M9
minimal medium supplemented with 0.4% glucose. Cells were
imaged by DIC microscopy using a Zeiss AxioCam HRc high-
resolution camera, processed using Adobe photoshop CS6, and
measured using ImageJ software.

For electron microscopy imaging, reactions containing buffer
(50 mM MES pH 6.5, 100 mM KCl, 10 mM MgCl2), ZapE
(8 µM), ZapE (K84A) (8 µM), FtsZ (8 µM), and ATP
(4 mM), where indicated, were incubated for 5 min at
23◦C, then GTP (1.5 mM), was added to induce complex
formation, where indicated, and reactions were incubated for
an additional 15 min at room temperature. Samples were
applied to a 300-mesh carbon/formvar coated grid, fixed with
glutaraldehyde (2.5%), and negatively stained with uranyl acetate
(2%). Samples were visualized at × 10,000— × 25,000 direct
magnification by transmission electron microscopy using a JEM-
2100 80 Kev instrument.

Colony Growth Assays
MG1655, MG1655 1zapE, MG1655 1minC, MG1655
1minC1zapE, MG1655 1minC1zapE:zapE, and MG1655
1minC1zapE:zapE(K84A) strains were grown overnight in LB
(Lennox) medium at 30◦C. The next day, cultures were diluted
into fresh LB (no salt) or LB (Lennox) NaCl 5 g/L medium,
where indicated, standardized to an OD600 of 0.05 and grown
for 3 h under mild heat shock conditions in static, closed culture
at 42◦C, or aerobically at 37◦C and shaking. After the allotted
time, growth was measured by OD600, and cultures were diluted
(2-log) into LB (no salt) medium. Dilutions were spot plated
(5 µl) onto Lennox agar LB (no salt) agar, and plates were
incubated at room temperature. Images of colony growth were
collected, and biomass was quantified in ImageJ software to
determine spot density in the zone of growth.

Western Blotting
MG1655, MG1655 1zapE, MG1655 1minC, MG1655
1minC1zapE, MG1655 1minC1zapE:zapE, and MG1655
1minC1zapE:zapE(K84A) strains were grown overnight in LB
(Lennox) media at 30◦C. The next day, cultures were diluted
into fresh LB (no salt) to an OD600 of 0.05 and grown for 3 h
under mild heat shock conditions in static, closed cultures at
42◦C, or aerobically at 37◦C with shaking. Cells were harvested,
normalized to total number of cells for SDS-PAGE, and then cell
extracts were analyzed by Western blotting. Membranes were
blocked with BSA (2%) in TBS containing Tween-20 (0.005%),
and ZapE was detected with rabbit polyclonal antisera raised
against ZapE followed by goat anti-rabbit antibody coupled
to horseradish peroxidase. Membranes were developed using
chemiluminescence.

RESULTS

ZapE Interacts With FtsZ In vitro and
Bundles FtsZ Polymers in an
ATP-Dependent Manner
Escherichia coli ZapE was previously reported to engage FtsZ
in vitro and localize to the Z-ring in vivo (Marteyn et al.,
2014). To biochemically characterize the enzymatic activity and
interaction between ZapE and FtsZ further, we purified ZapE
as an N-terminal six histidine fusion protein by metal affinity
chromatography and then assayed ZapE for ATP hydrolysis
activity and a direct interaction with FtsZ (Figure 1A and
Supplementary Figure 1A). First, we titrated substrate (ATP)
concentration from 0 to 5 mM in reactions containing ZapE
(12 µM) to determine the maximal reaction velocity (Vmax). The
reaction velocity plateaued near ∼1 pmol Pi min−1 pmol−1.
Curve fitting to the Michaelis–Menten equation calculated a
Vmax of 1.1 ± 0.09 pmol Pi min−1 pmol−1 with a Km of
1.7 ± 0.36 mM, under the conditions tested (Figure 1A). To
determine the oligomeric state of ZapE, we fractionated ZapE
by size exclusion chromatography in the absence and presence
of ATP, and calculated the size of ZapE to be ∼40 kDa under
both conditions based on the elution volume of the peak
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fraction (Supplementary Figures 1B,C), which is consistent
with the calculated molecular mass of 44,583 Da. However, we
also observed that the elution peak was broader with an early
eluting shoulder in the presence of ATP, which could suggest a
minor population of dimers in equilibrium with the predominant
monomer fraction (Supplementary Figures 1B,C). We detected
no apparent positive cooperativity upon titrating protein or
substrate concentration in ATP hydrolysis assays (Figure 1A
and Supplementary Figure 1D), which is consistent with ZapE
functioning as a monomer in these reactions. Notably, we also
constructed a C-terminally tagged six histidine fusion protein,
but it hydrolyzed ATP at an approximately 65% slower rate
(0.31 ± 0.02 pmol Pi min−1 pmol−1) than ZapE with the
N-terminal histidine tag, suggesting that the addition of a tag
sequence to the C-terminus of ZapE may interfere with ATPase
activity (Supplementary Figure 1E). A detailed structural model
of the complete ZapE protein is unavailable; therefore, to analyze
ZapE functional regions in further detail, we modeled ZapE
onto DnaA, which has 44% similarity across a region of ZapE
(amino acids 74 through 181) that overlaps the Walker A motif
(Figure 1B) (Ozaki et al., 2008). The substitution mutation K84A
in the Walker A motif of ZapE was previously reported to impair
ATP hydrolysis in vitro by thin layer chromatography; therefore,
we purified ZapE(K84A) as an N-terminal histidine fusion
protein to quantitatively measure ATP hydrolysis. We observed
no phosphate released in reactions containing ZapE(K84A)
(6 µM) and ATP under the conditions tested, in contrast to wild-
type ZapE (Figure 1C). Together, these results demonstrate that
ZapE is an ATPase and substitution of Lys 84 with Ala prevents
activity, consistent with a previous report (Marteyn et al., 2014).

ZapE was implicated in regulating FtsZ polymerization
in qualitative fluorescence-based microscopy assays in vitro
(Marteyn et al., 2014), suggesting that there is a direct
interaction with polymerized FtsZ. To detect the interaction,
we first tested if ZapE co-pellets with FtsZ polymers assembled
with GTP. We incubated ZapE with FtsZ in the presence
of GTP and collected FtsZ polymers by ultracentrifugation.
After fractionating supernatants and pellets, we analyzed both
fractions by SDS-PAGE for the relative amounts of FtsZ and
ZapE. We observed that FtsZ, incubated with GTP to promote
polymerization, fractionates with the pellet, consistent with
the assembly of GTP-dependent polymers (Figure 1D). When
polymerized FtsZ was incubated with ZapE, pellet fractions
also contained ZapE along with FtsZ. In a control reaction
without FtsZ, only a small amount of ZapE was detected in the
centrifugation pellet. Together, these results suggest that ZapE
interacts with FtsZ polymers. Both protein bands migrated very
closely by SDS-PAGE due to their size similarity complicating
any quantitation by densitometry. When ATP or ATPγS was
included in the reaction, the amount of ZapE co-pelleting with
FtsZ and GTP increased, relative to reactions performed in the
absence of ATP. These results show that ZapE co-pellets with
FtsZ and GTP, and that ATP increases the amount of ZapE in
the pellet with FtsZ. Next, as a control, we confirmed that FtsZ
sediments only in the presence of GTP and does not fractionate
with the pellet when GTP is omitted, consistent with specific
GTP-dependent polymerization of FtsZ (Figure 1E). Finally, we

tested the ZapE mutant protein ZapE(K84A), which is defective
for ATP hydrolysis, and observed that it also co-pellets with FtsZ
and GTP (Figure 1E).

To directly observe the effects of ZapE on FtsZ polymerization
in real time in vitro, we used 90◦ light scattering to monitor GTP-
dependent polymerization. First, we pre-incubated FtsZ (8 µM)
with ZapE (0 to –8 µM) in the presence of ATP (4 mM) for 5 min,
added GTP (1.5 mM) to induce polymerization, and monitored
the change in light scatter with time. We observed that as
ZapE concentration increases, the light scattered and maximum
intensity recorded also increased, with a greater than twofold
increase in maximum light scatter comparing ZapE (0 µM) and
ZapE (8 µM) (Figures 2A,B). The increase in light scatter by
FtsZ has been reported to correspond to the accumulation of FtsZ
polymers after addition of GTP (Mukherjee and Lutkenhaus,
1994, 1999; Camberg et al., 2014). In a control assay, no increase
in light scatter was detected for ZapE alone after addition of
GTP (Supplementary Figure 2A). We also performed a longer
time course of the FtsZ polymer assembly reaction to determine
if polymers persisted or rapidly disassembled with ZapE. We
observed that the kinetics of disassembly, which can be observed
during minutes 40 through 90, appear similar with and without
ZapE, although large complexes did persist longer with ZapE
(Supplementary Figure 2B).

To determine if ZapE slows the GTPase activity of FtsZ, like
other E. coli proteins reported to bundle FtsZ polymers (Gueiros-
Filho and Losick, 2002; Low et al., 2004; Small et al., 2007;
Hale et al., 2011; Durand-Heredia et al., 2012), we measured
the rate of GTP hydrolysis in reactions containing FtsZ (6 µM)
in the absence and presence of ZapE (12 µM). The GTP
hydrolysis rate of FtsZ was determined to be 1.00± 0.28 pmol Pi
min−1 pmol−1 under the conditions tested, and the rate did not
significantly change in the presence of ZapE 1.13 ± 0.31 pmol Pi
min−1 pmol−1 (Supplementary Figure 2C). Additionally, ZapE
is unable to use GTP as a substrate under the conditions tested
(data not shown). We also tested if FtsZ modifies ZapE ATPase
activity but detected no change in the rate of ATP hydrolysis by
ZapE when FtsZ was included in the reaction (Supplementary
Figure 2D). Together, these results show that addition of ZapE
to FtsZ polymerization reactions increases the scatter of protein
complexes containing ZapE and FtsZ, suggesting the ZapE may
bundle or functionally crosslink FtsZ polymers. However, we did
not detect that ZapE can modify the GTP turnover by FtsZ under
the conditions tested.

Next, to determine if ATP is necessary for the observed
increase in light scatter stimulated by ZapE in FtsZ
polymerization reactions, we repeated the assay without
ATP. We did not detect ZapE-induced stimulation of GTP-
dependent light scatter when ATP was omitted from FtsZ
polymerization reactions containing ZapE (Figure 2C). Next,
we tested ATPγS (2 mM) in ZapE and FtsZ 90◦ light scattering
assays (Figure 2C) and observed a modest increase in light
scatter compared with the increase in the absence of ATP
(Figure 2C). Finally, we also tested if ZapE(K84A) stimulates
FtsZ light scatter in GTP-dependent polymerization assays
and observed an increase similar to wild-type ZapE with ATP
(Figure 2D). These results suggest that nucleotide binding
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FIGURE 1 | ZapE hydrolyzes ATP and co-pellets with FtsZ polymers in vitro. (A) ZapE (12 µM) hydrolysis rates were measured by monitoring the release of
phosphate with increasing ATP concentrations (0 to 5 mM) as described in Materials and methods section. Data shown are the average of at least three replicates
represented as mean ± SEM. (B) Structural model of E. coli ZapE residues (51–275) modeled onto DnaA (pdb 2Z4R) (Ozaki et al., 2008) with nucleotide shown in
blue (ADP). Lys 84 is shown as green Corey–Pauling–Koltun model. (C) Hydrolysis of ATP (4 mM) by ZapE (6 µM) and ZapE(K84A) (6 µM) was monitored with time
(0, 2.0, 4.0, 6.0, and 8.0 min) and phosphate released (pmol) was reported. Data shown are the average of at least three replicates represented as mean ± SEM.
(D) FtsZ (6 µM) polymers were assembled with GTP (2 mM) in the absence and presence of ZapE (8 µM) alone and with ATP or ATPγS (4 mM). FtsZ polymers were
collected by ultracentrifugation, as described in Materials and methods section, and contents of supernatants and pellets were analyzed by SDS-PAGE to detect
ZapE. Data shown are representative of at least three replicates. (E) FtsZ (6 µM) was incubated without GTP, where indicated, or assembled into polymers with GTP
(2 mM) in the absence and presence of ZapE (8 µM) or ZapE(K84A) (6 µM) with ATP (4 mM). FtsZ polymers were collected by ultracentrifugation, as described in
Materials and methods section, and contents of supernatants and pellets were analyzed by SDS-PAGE to detect ZapE. Data shown are representative of at least
three replicates.

by ZapE, but not hydrolysis, is sufficient to induce assembly
of large complexes with FtsZ polymers. To determine if the
large complexes that we detected are bundled FtsZ polymers,
we performed transmission electron microscopy (TEM) and
negative staining of FtsZ polymers assembled with GTP in the
absence and presence of ZapE and ATP, the condition that
increases light scatter (Figure 2E). We observed that without
ZapE, FtsZ polymers were long and thin, and many polymers
detected appeared to be single-stranded with some thicker
filaments present (Figure 2E). In contrast, in the reaction
containing FtsZ polymers incubated with ZapE, polymers were
grouped together as large bundles of approximately 100 nm
in width, and no polymers or bundles were observed by ZapE
without FtsZ (Figure 2E). Bundles were also observed when FtsZ
polymers were incubated with ZapE(K84A), which is consistent
with light scatter assays (Figures 2D,E).

Polymerization and light scattering assays both indicated that
ZapE directly binds to FtsZ polymers; however, to determine if
ZapE also binds to FtsZ in the absence of GTP, we performed dot
blot binding assays by applying purified FtsZ to a nitrocellulose
membrane in the presence of various nucleotides and then
monitored ZapE recruitment. Briefly, BSA (10 µM), ZapE
(10 µM), FtsZ (10 µM), FtsZ (10 µM) with GDP (2 mM), and
FtsZ (10 µM) with GTP (2 mM) were applied as a spot to a
nitrocellulose membrane and then blocked with BSA. A solution

of ZapE (8 µM) with ATP (4 mM) was incubated with the
membrane to allow for potential binding. Binding was then
probed with a ZapE antibody. Our results show that ZapE binds
FtsZ similarly under all conditions tested and that ZapE does
not bind to the control spot containing BSA (Figure 2F). These
results suggest that ZapE binds to both the unpolymerized and
polymerized states of FtsZ. To more quantitatively compare
ZapE binding to FtsZ and the absence and presence of GTP,
we collected FtsZ–ZapE complexes by ultrafiltration on a
polyethersulfone filter with a 100-kDa exclusion limit. To analyze
retained proteins and clearly differentiate ZapE from FtsZ by
SDS-PAGE, since they migrate similarly due to their close size,
we utilized the chimeric fusion protein Gfp–FtsZ. Gfp–FtsZ,
which has a molecular weight of 68 kDa, was previously shown
to polymerize, hydrolyze GTP, and behave similarly to wild
type FtsZ in in vitro assays and assemble into a Z-ring in vivo
(Viola et al., 2017). In the presence of Gfp–FtsZ (10 µM)
and ATP (4 mM), 63.4% of the total ZapE in the reaction
(5 µM) was retained in complex with Gfp–FtsZ, whereas only
33.4% of ZapE was retained on the filter when Gfp–FtsZ was
omitted, suggesting that ZapE forms a complex with FtsZ in the
absence of nucleotide (Supplementary Figure 2E). The amount
of ZapE that was retained did not change in the presence
of GTP, which promotes FtsZ polymerization, suggesting that
ZapE binds similarly to non-polymerized and polymerized
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FIGURE 2 | ZapE promotes FtsZ polymer bundling. (A) GTP-dependent assembly of complexes containing FtsZ was monitored by 90◦ light scattering, as described
in Materials and methods section. FtsZ (8 µM) was incubated with increasing concentration of ZapE (0 to 8 µM) in the presence of ATP (4 mM). After collecting a
baseline for 5 min, GTP (1.5 mM) was added to stimulate FtsZ polymerization and light scatter was monitored over time. (B) Maximum intensity (A.U.) values after
addition of GTP in (A) for light scattering reactions containing FtsZ (8.0 µM) and increasing concentrations of ZapE titration (0, 2.0, 4.0, and 8.0 µM) and ATP
(4 mM). Data shown are the average of at least three replicates represented as mean ± SEM. (C) Light scattering assay showing reactions containing FtsZ (8.0 µM)
and ZapE (8.0 µM) in the absence or presence of ATP (4 mM) or ATPGS (2 mM). Data shown are representative of at least three replicates. (D) Light scattering assay
showing reactions containing FtsZ (8 µM), assembled with GTP (1.5 mM) in the absence and presence of ZapE (4 µM) or ZapE(K84A) (4 µM) with ATP (4 mM). Data
shown are representative of at least three replicates. (E) ZapE (8 µM) or ZapE(K84A) (8 µM) were incubated with ATP (4 mM) and, where indicated, FtsZ (8 µM) and
GTP (1.5 mM). Reactions were incubated for 15 min at 23◦C and then visualized by transmission electron microscopy (TEM) as described in Materials and methods
section. Size bars are 200 nm. Arrow indicates an FtsZ polymer. (F) Binding of ZapE to FtsZ was assayed by dot blot. Bovine serum albumin (BSA) (10 µM), ZapE
(10 µM), and FtsZ (10 µM) alone or with GDP (2 mM) or GTP (2 mM) were spotted (3 µl) onto a nitrocellulose membrane and then membranes were blocked,
incubated with ZapE (8 µM) and ATP (4 mM) to allow binding, and then probed with antibodies to ZapE. Spot densities were quantified by NIH ImageJ. Data shown
are the average of at least three replicates represented as mean ± SEM.

Gfp–FtsZ (Supplementary Figure 2E). Finally, to determine if
ATP hydrolysis is required for complex formation between ZapE
and FtsZ, we performed ultrafiltration assays with ZapE(K84A)
(5 µM), co-incubated with FtsZ (10 µM) and ATP (4 mM), and
also observed that Gfp–FtsZ retained ZapE(K84A) at a higher
value (80.2%), in comparison with ZapE(K84A) alone 50.3%
(Supplementary Figure 2F), suggesting that ZapE nucleotide
hydrolysis is not required for Gfp–FtsZ binding.

Phospholipid Binding and Recruitment of
FtsZ
In addition to FtsZ, ZapE was reported to be present in complexes
with FtsQ, FtsI, FtsL, and FtsN, which are all late cell division
proteins and also integral membrane proteins (Marteyn et al.,
2014). Therefore, we tested if ZapE could bind to E. coli PL

directly in a phospholipid recruitment assay (Figure 3A). ZapE
was incubated with PL vesicles (500 µg ml−1) in the absence and
presence of ATP (4 mM), and then supernatant and PL-pellet
fractions were collected by low-speed centrifugation and analyzed
by SDS-PAGE (Figure 3A). We observed that in the presence of
ATP, 76% of ZapE fractionated with PLs; however, only 23.6%
of ZapE was recruited to the PL pellet in the absence of ATP,
suggesting that PL binding is modulated by ATP. In the absence
of SUVs, ZapE remained in the supernatant with and without
ATP (Supplementary Figure 2G). ZapE(K84A) showed a similar
fractionation pattern where 80.3% of ZapE(K84A) was recruited
to the PL pellet in the presence of ATP (Figure 3A). To determine
if the interaction was disrupted by increasing ionic strength, we
repeated the PL recruitment assay with ZapE and ZapE(K84A)
in the presence of ATP and 400 mM NaCl. We observed that
ATP-dependent association with PLs was tolerant to 400 mM
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NaCl (Supplementary Figure 2H), but was disrupted at higher
NaCl concentrations (data not shown). This suggests that the
binding detected is likely due to an electrostatic interaction at
the PL surface (i.e., phosphate head group). Next, we tested if the
addition of PLs to ZapE modifies the ATP hydrolysis activity in
ATPase activity assays; however, we observed no change in the
rate of ATP hydrolysis by ZapE when PLs were included in the
reaction (Figure 3B). Finally, to determine if ZapE recruits FtsZ
to PLs, we incubated Gfp-FtsZ with GTP and PLs in the absence
and presence of ZapE and ATP (Figure 3C). We observed that
21.6% of the total Gfp-FtsZ included in the reaction fractionated
with PLs when ZapE was also present, but only 6% of the total
Gfp-FtsZ was detected in the absence of ZapE. Together, our
results show that ZapE binds to PLs with ATP, and ZapE recruits
FtsZ to the PL surface in vitro; however, neither interaction with
PLs or FtsZ modifies ZapE ATP hydrolysis activity under the
conditions tested.

Deletion of zapE Impairs Division and
Leads to a Synthetic Slow Growth
Phenotype in a minC Deletion Strain
ZapE was reported to be an ATPase and also a cell division
protein in E. coli that is important for division under low-
oxygen conditions and in cultures grown at high temperature
(42◦C) (Marteyn et al., 2014). First, to determine if we observe
a phenotypic change in morphology following deletion of zapE,
we constructed a zapE deletion strain in the E. coli K-12 strain
MG1655 by Lambda Red recombination. Wild-type MG1655
cells and MG1655 1zapE cells were cultured in liquid LB medium
under aerobic conditions, grown to log phase for 3 h at 35◦C, and
analyzed by microscopy to observe any morphologic changes.
Both strains grew to a similar OD600 of approximately 0.8 A.U.
As expected, E. coli MG1655 cells were short rods, with a mean
length of 2.78± 0.53 µm (n = 200); however, cultures of MG1655
1zapE had a mean cell length of 3.86± 6.15 µm (n = 200), which
is 38.8% longer than wild-type cells (Figures 4A,B), with a small
population (7%) of filamentous cells longer than 5 µm. These
results show that a moderate division phenotype is observed
when cells have been deleted for zapE and grown aerobically
at 35◦C (Figure 4A). Notably, a mild filamentous phenotype
was also previously shown for MG1655 1zapE cultured under
aerobic conditions, and this phenotype was further exacerbated
by anaerobiosis and elevated temperature (Marteyn et al., 2014).
Next, to determine if ZapE ATP hydrolysis is required to support
normal division, we constructed a strain expressing ZapE(K84A)
from the native locus on the chromosome by replacing a parE-
kan cassette at the original locus with zapE, to restore the original
genotype or zapE(K84A). We performed microscopy on cells in
log phase and determined that both strains, zapE + (restored)
and zapE(K84A), had a cell length distribution similar to wild-
type MG1655 cells, and no filamentous cells were observed
(Figures 4C,D). Additionally, MG1655 1zapE:zapE (restored)
cells were observed to have a mean length of 2.26 ± 0.55 µm
(n = 200), and MG1655 1zapE:zapE(K84A) cells were observed
to have a mean length of 2.31 ± 0.60 µm (n = 200) (Figure 4D).
These results suggest that deletion of zapE leads to a mild cell

division defect in E. coli and that ATP hydrolysis does not appear
to be critical for this function, since zapE(K84A) restores the
moderate filamentation defect, similar to zapE.

The cell division defect detected in the deletion strain is
moderate, therefore we tested if cultures exposed to high
temperature and/or oxygen stress developed a more severe
growth defect. First, we cultured wild type MG1655 cells and
MG1655 1zapE cells on solid LB medium without O2 by dilution
spot-plating; however, we observed no major differences in the
extent of growth of the two strains after 24 h (Supplementary
Figure 3A). Then, we tested if exposure to both high temperature
and oxygen stress exacerbated any growth defects. We incubated
the cells at 42◦C for 3 h in static cultures with no air contact to
induce thermal and oxygen stress, then spotted culture dilutions
onto LB agar plates, and incubated the plates at 23◦C (Figure 5A).
We observed that cultures of cells exposed to stress grew slower
than cells cultured aerobically at 35◦C after 3 h (Supplementary
Figures 3B,C); however, this was independent of the absence or
presence of zapE. We then spot plated the cultures after exposure
to stress and observed that both wild type and zapE deletion cells
grew to a similar extent on plates after the initial exposure to
stress (Figures 5A–C and Supplementary Figure 3D). Moreover,
the morphologies of stressed zapE deletion cells also appeared
similar to morphologies of unstressed cells cultured aerobically
at 30◦C [2.19± 0.15 µm (n = 100) and 2.32± 0.12 µm (n = 100),
respectively], with occasional cell filaments observed under
both conditions (3% and 2%, respectively) (Supplementary
Figures 3E,F).

Next, to determine if the deletion of zapE in combination
with chromosomal deletion of another FtsZ assembly regulator,
such as minC, further altered cell growth or morphology, we
constructed a strain deleted for both minC and zapE by Lambda
Red recombination. It was previously reported that deletion of
either slmA or clpX caused a synthetic phenotype in combination
with deletion of minC (Bernhardt and de Boer, 2005; Camberg
et al., 2011) and that the minC deletion strain may be more
sensitive to deletion of non-essential FtsZ assembly regulators.
MinC is a cell division protein that functions in the cell to
prevent assembly of the Z-ring near the cell poles by destabilizing
FtsZ polymers (Hu et al., 1999; Hu and Lutkenhaus, 2000;
Dajkovic et al., 2008; LaBreck et al., 2019). To evaluate the
synthetic phenotypes of minC and zapE deletion strains, we first
compared morphologies, since deletion of minC alone induces
mild filamentation and minicell formation. We observed that
cultures of cells deleted for both minC and zapE contained
short filaments and minicells, similar to the cells deleted for
minC alone, even after culturing cells at high temperature
with oxygen stress (Supplementary Figures 3E,F). However,
following exposure to stress, we observed that cells deleted
for both minC and zapE recovered poorly, in contrast to the
cells deleted for either minC or zapE. Analysis of cultured spot
densities showed severe growth delays that were approximately
50% slower than wild type MG1655 cells (Figures 5A–C).
Reinsertion of zapE or zapE(K84A) at the chromosomal zapE
locus restored the ability to recover after exposure to stress
(Figure 5C). These results show that after exposure to stress,
the cells deleted for zapE and minC are less able to resume
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FIGURE 3 | ZapE recruits FtsZ to phospholipid (PL) vesicles in vitro. (A) ZapE (1 µM) or, where indicated, ZapE(K84A) (1 µM), was incubated with E. coli PL vesicles
(500 µg ml−1) in the absence or presence of ATP (4 mM). PL-associated protein was collected by low-speed centrifugation. Supernatants and pellets were analyzed
by SDS-PAGE. Data shown are representative of at least three replicates. (B) ATP hydrolysis assays were performed in the presence of PL vesicles in reactions
containing ZapE (6 µM), ATP (4 mM), and PL vesicles (250 µg ml−1). Data shown are the average of at least three replicates represented as mean ± SEM.
(C) Gfp-FtsZ (3 µM) was incubated with GTP (4 mM) and added to PL vesicles (500 µg ml−1) with and without ZapE (1 µM) and ATP (4 mM). PL-associated protein
was collected by low-speed centrifugation. Supernatants and pellets were analyzed by SDS-PAGE. Data shown are representatives of at least three replicates.

normal growth and experience a growth delay on solid LB agar.
Finally, we tested if exposure to stress induces expression of
zapE in wild type cells. We cultured wild type, minC and zapE
deletion strains under stressed (42◦C, oxygen stress) and non-
stressed conditions (37◦C, aerobic with shaking). We observed
that ZapE was present in wild-type cells under both stressed
and non-stressed conditions and not present in 1zapE or
1zapE1minC deletion strains (Figure 5D). Interestingly, ZapE
appears to be present at higher levels in the cells deleted for
minC in both stressed and non-stressed cells (Figure 5D);
however, it is unclear if this is due to transcriptional regulation
or modified post-translational degradation. Together, these
results show that although ZapE is important for resuming
division following stress, it does not appear that it is induced
or synthesized to a large extent in response to exposure to
environmental stress.

DISCUSSION

Here, we report that ZapE is an ATPase that binds directly to
FtsZ and bundles GTP-induced FtsZ polymers in light scattering
assays and by TEM, and this interaction requires ATP. We also

show that ZapE binds to PL vesicles in vitro with ATP and can
recruit the chimeric protein Gfp-FtsZ to PL vesicles. While FtsZ
polymer bundling activity was observed in vitro in the absence of
PLs, it is unclear if the bundling activity also occurs while ZapE
is bound to PLs. To date, only two other proteins in E. coli have
been reported to localize FtsZ to the PL membrane, FtsA, and
ZipA (Hale and de Boer, 1997, 1999; Liu et al., 1999; Hale et al.,
2000; Haney et al., 2001; Pichoff and Lutkenhaus, 2002; Conti
et al., 2018). Although ZapE is not essential for survival, it is
unclear if ZapE shares any redundant functions or overlapping
roles with either FtsA or ZipA (Pichoff and Lutkenhaus, 2002;
Geissler et al., 2003). The interaction between ZapE and PLs is
likely electrostatic, since it is disrupted by high salt concentration;
however, the interaction is tolerant to 400 mM NaCl, so it is likely
relevant in vivo (Supplementary Figure 2H). Accordingly, ZapE
was previously reported in association with the bacterial inner
membrane by EM (Marteyn et al., 2014). As ATP is required
for ZapE to bundle FtsZ polymers in light scatter assays and
to bind to PLs in vitro (Figures 2C, 3A), this suggests that
a potential role for ZapE may be to stabilize FtsZ polymer
assemblies adjacent to the membrane. Furthermore, this function
appears to be important for ensuring growth during and after
exposure to stress.
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FIGURE 4 | Cell morphology of E. coli strains deleted for zapE. (A) Log phase cultures of MG1655, MG1655 1zapE grown at 35◦C in LB. Cells were collected and
added to poly-L-lysine-coated coverslips and observed by DIC microscopy. Size bar is 5 µm. (B) Cell length distribution of MG1655 and MG1655 1zapE from
morphology experiment in (A) (n = 200 cells). (C) Expression of ZapE wild type or mutant protein was restored in MG1655 1zapE with wild type zapE or zapE(K84A)
at the native locus in the chromosome by recombination. Log phase cultures of MG1655 1zapE:zapE and MG1655 1zapE:zapE(K84A) were grown at 35◦C in LB.
Cells were collected and added to poly-L-lysine-coated coverslips and visualized by DIC microscopy. Size bar is 5 µm. (D) Cell length distribution of MG1655
1zapE:zapE and MG1655 1zapE:zapE(K84A) from morphology experiment in (C) (n = 200 cells).

ZapE is member of the AAA + superfamily of ATPases
and, in our study, we show that ZapE is a monomer with
and without ATP (Supplementary Figures 1B,C). ZapE shares
sequence homology with other AAA + ATPases, including
DnaA, DnaC, FtsH, and VCP/p97 (Peters et al., 1992; Akiyama
et al., 1995; Tomoyasu et al., 1995; Karata et al., 2001; Davies
et al., 2008; Duderstadt and Berger, 2008; Mogk et al., 2008).
AAA + ATPases have two fundamental regions important for
ATP binding and subsequent hydrolysis, Walker A and Walker
B motifs. The Walker A Lys (K84) residue is crucial for ATP
hydrolysis of ZapE in vitro since we observed that ZapE(K84A)
is defective for ATP hydrolysis; however, ZapE(K84A) binds
to and bundles FtsZ polymers. Many AAA + ATPases (i.e.,
ClpX) form hexameric rings, and may be stabilized when bound
to nucleotide (Grimaud et al., 1998) (i.e., FtsH and VCP/p97)
(Akiyama et al., 1995; Tomoyasu et al., 1995; Karata et al.,
2001; Davies et al., 2008; Duderstadt and Berger, 2008; Mogk
et al., 2008). Although less common, there are examples of
stable monomeric AAA + proteins, including the initiator of
DNA replication, DnaA, and the eukaryotic cell division, and
DNA replication regulator Cdc6 (cell division control protein
6) (Liu et al., 2000; Rozgaja et al., 2011). The mechanism of
FtsZ polymer bundling by ZapE is still unclear; however, if
ZapE functions as a monomer during the bundling activity, then
it may contain two FtsZ-interaction sites per ZapE protomer
that could bridge two protofilaments. Other Zaps (A–D) also
interact with FtsZ and influence bundling of FtsZ protofilaments,
although the Zaps are not structurally related. ZapA interacts

directly with FtsZ, while ZapB does not, but is recruited to
midcell by ZapA and enhances the activity of ZapA to promote
FtsZ filament bundling (Low et al., 2004; Small et al., 2007;
Galli and Gerdes, 2012; Buss et al., 2013; Roach et al., 2014;
Caldas et al., 2019). In vitro, ZapA forms a tetramer and
cross-links FtsZ polymers, while reducing the GTPase activity
of FtsZ (Gueiros-Filho and Losick, 2002; Low et al., 2004;
Small et al., 2007; Pacheco-Gomez et al., 2013). ZapC also
promotes the bundling of FtsZ polymers and inhibits FtsZ
GTP hydrolysis (Hale et al., 2011). Deletion of zapC leads to
a minor cell elongation phenotype, which is exacerbated by
additional deletions in zapA or zapB and further suggests a
role for ZapC in Z-ring stability (Hale et al., 2011; Durand-
Heredia et al., 2012). In vitro, ZapD cross-links FtsZ polymers
and reduces the GTPase activity of FtsZ (Durand-Heredia et al.,
2012). Deletion of zapD alone confers no defect in viability;
however, in combination with temperature-sensitive mutation in
the ftsZ gene, ftsZ(G105S), deletion of zapD leads to filamentation
and a decrease in viability, suggesting the role of ZapD as a
regulator of FtsZ (Durand-Heredia et al., 2012). While ZapA,
ZapC, and ZapD all bundle FtsZ, leading toward a reduction
in the rate of FtsZ in GTP hydrolysis, we detected no decrease
in FtsZ GTP hydrolysis activity in the presence of ZapE under
the conditions tested, which may suggest a novel mechanism for
FtsZ polymer bundling or crosslinking. Moreover, the previous
characterization of ZapE reported that ZapE disassembles FtsZ
polymers in reactions containing Ca2+, which is known to
support the formation of bundled sheets of FtsZ and GTP
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FIGURE 5 | Cells deleted for zapE and minC grow slowly after exposure to thermal and oxygen stress. (A) Overnight cultures MG1655, MG1655 1zapE, MG1655
1minC, MG1655 1minC1zapE:kan, MG1655 1minC1zapE:zapE(K84A), and MG1655 1minC1zapE:zapE were diluted in to fresh medium (LB broth) and exposed
to thermal stress (42◦C) and low oxygen conditions for 3 h. Then, dilutions (2-log) were spotted (5 µl) on no salt LB agar and incubated at room temperature.
(B) Images of spots were collected and analyzed by surface mapping in ImageJ to compare biomass and visualized in a three-dimensional plot of density versus
pixel area. Biomass was evaluated by comparing integrated spot density after 45 h of growth. (C) Growth analysis in (B) was collected across five replicate
experiments. Average biomass as a function of integrated spot density is represented as a box and whiskers plot. (p-values are as follows: *<0.05 and **<0.01).
(D) Overnight cultures MG1655, MG1655 1zapE, MG1655 1minC, MG1655 1minC1zapE:kan, MG1655 1minC1zapE:zapE(K84A), and MG1655
1minC1zapE:zapE were diluted into fresh medium (LB broth) and exposed to thermal stress (42◦C) and low oxygen conditions, or at 37◦C and shaking, for 3 h.
Cells were harvested and analyzed for ZapE expression by immunoblotting.

(Yu and Margolin, 1997; Lowe and Amos, 1999; Marteyn et al.,
2014). We did not detect FtsZ protofilament disassembly activity
by sedimentation, light scatter, or TEM under the conditions
tested. However, we did detect that ZapE binds to unassembled
FtsZ and suspect that under some conditions, ZapE could
sequester FtsZ monomers and prevent them from participating in
polymerization, or that ZapE modulates Ca2+-dependent sheet
formation of FtsZ in the presence of GTP. Our work shows
that the FtsZ polymer bundling function of ZapE is calcium
independent (Figures 2A,E). Additional work will be necessary
to determine if ZapE performs a holdase or destabilizing function
that modifies FtsZ polymer dynamics in vivo. A previous report
demonstrated that the exchange of Gfp–FtsZ polymer subunits
within the Z-ring in dividing cells is slower in cells deleted
for zapE, indicating that ZapE influences FtsZ structures at the
division site and supporting the model that ZapE contributes
to the regulation of FtsZ polymer assemblies during division
(Viola et al., 2017).

In E. coli, deletion of zapE was previously reported to
produce an elongated cell phenotype exacerbated by anaerobic
conditions or elevated temperature (42◦C) (Marteyn et al.,
2014). Our study also demonstrated conditions in which
deletion of zapE generated a subpopulation of filamentous cells
under the conditions tested. We also observed a synthetic
slow growth phenotype in cells deleted for minC and zapE
after exposure to mild heat shock, which is more severe
than deletion of either gene individually. Synthetic phenotypes
have also been observed in other strains when minC was
deleted in combination with slmA (synthetic lethal) or clpX
(synthetic filamentous) (Bernhardt and de Boer, 2005; Camberg
et al., 2011). MinC spatially regulates placement of the
Z-ring in vivo by preventing Z-ring assembly near the cell
poles (Hu et al., 1999; Hu and Lutkenhaus, 2000; Dajkovic
et al., 2008; LaBreck et al., 2019). In cells deleted for minC,
ZapE may function to organize FtsZ near the membrane to
support future rounds of proliferation. Our results establish
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that when division site selection is impaired by deletion of minC,
or when cells are under stress, other FtsZ assembly regulators
including ZapE are important for promoting division.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

ED, RD, CT, and JC contributed to conception and design of the
study. ED, RD, CT, and CF contributed to assay development and
performed experiments. JM performed electron microscopy. ED
wrote the first draft of the manuscript. CT, CF, JM, and JC wrote
sections of the manuscript. All authors contributed to manuscript
revision, read, and approved the submitted version.

FUNDING

Research reported in this publication was supported in part by
the National Institute of General Medical Sciences of the National
Institutes of Health under Award Number R01GM118927 to JC.

The funders had no role in the study design, data collection, and
interpretation, or the decision to submit the work for publication.

ACKNOWLEDGMENTS

We thank Ben Piraino, Negar Rahmani, and Victor Hunt for
their helpful discussions and critical reading of the manuscript,
and Janet Atoyan for microscopy and sequencing assistance.
Microscopy and sequencing were performed at the Rhode
Island Genomics and Sequencing Center, supported in part
by the National Science Foundation (MRI Grant No. DBI-
0215393 and EPSCoR Grant Nos. 0554548 and EPS-1004057), the
US Department of Agriculture (Grant Nos. 2002-34438-12688,
2003-34438-13111, and 2008-34438-19246), and the University
of Rhode Island. The TEM data was acquired at the RI
Consortium for Nanoscience and Nanotechnology, a URI College
of Engineering core facility partially funded by the National
Science Foundation EPSCoR, Cooperative Agreement #OIA-
1655221.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2021.733085/full#supplementary-material

REFERENCES
Akiyama, Y., Yoshihisa, T., and Ito, K. (1995). FtsH, a membrane-bound ATPase,

forms a complex in the cytoplasmic membrane of Escherichia coli. J. Biol. Chem.
270, 23485–23490. doi: 10.1074/jbc.270.40.23485

Balasubramanian, A., Markovski, M., Hoskins, J. R., Doyle, S. M., and Wickner,
S. (2019). Hsp90 of E. coli modulates assembly of FtsZ, the bacterial tubulin
homolog. Proc. Natl. Acad. Sci. U.S.A. 116, 12285–12294. doi: 10.1073/pnas.
1904014116

Bernhardt, T. G., and de Boer, P. A. (2005). SlmA, a nucleoid-associated, FtsZ
binding protein required for blocking septal ring assembly over chromosomes
in E. coli. Mol. Cell 18, 555–564. doi: 10.1016/j.molcel.2005.04.012

Bi, E. F., and Lutkenhaus, J. (1991). FtsZ ring structure associated with division in
Escherichia coli. Nature 354, 161–164. doi: 10.1038/354161a0

Blattner, F. R., Plunkett, G. III, Bloch, C. A., Perna, N. T., Burland, V., Riley, M.,
et al. (1997). The complete genome sequence of Escherichia coli K-12. Science
277, 1453–1462. doi: 10.1126/science.277.5331.1453

Buss, J., Coltharp, C., Huang, T., Pohlmeyer, C., Wang, S. C., Hatem, C., et al.
(2013). In vivo organization of the FtsZ-ring by ZapA and ZapB revealed
by quantitative super-resolution microscopy. Mol. Microbiol. 89, 1099–1120.
doi: 10.1111/mmi.12331

Caldas, P., Lopez-Pelegrin, M., Pearce, D. J. G., Budanur, N. B., Brugues, J., and
Loose, M. (2019). Cooperative ordering of treadmilling filaments in cytoskeletal
networks of FtsZ and its crosslinker ZapA. Nat. Commun. 10:5744. doi: 10.
1038/s41467-019-13702-4

Camberg, J. L., Hoskins, J. R., and Wickner, S. (2009). ClpXP protease degrades the
cytoskeletal protein, FtsZ, and modulates FtsZ polymer dynamics. Proc. Natl.
Acad. Sci. U.S.A. 106, 10614–10619. doi: 10.1073/pnas.0904886106

Camberg, J. L., Hoskins, J. R., and Wickner, S. (2011). The interplay of ClpXP
with the cell division machinery in Escherichia coli. J. Bacteriol. 193, 1911–1918.
doi: 10.1128/JB.01317-10

Camberg, J. L., Viola, M. G., Rea, L., Hoskins, J. R., and Wickner, S. (2014).
Location of dual sites in E. coli FtsZ important for degradation by ClpXP;

one at the C-terminus and one in the disordered linker. PLoS One 9:e94964.
doi: 10.1371/journal.pone.0094964

Conti, J., Viola, M. G., and Camberg, J. L. (2018). FtsA reshapes membrane
architecture and remodels the Z-ring in Escherichia coli. Mol. Microbiol. 107,
558–576. doi: 10.1111/mmi.13902

Dajkovic, A., Lan, G., Sun, S. X., Wirtz, D., and Lutkenhaus, J. (2008). MinC
spatially controls bacterial cytokinesis by antagonizing the scaffolding function
of FtsZ. Curr. Biol. 18, 235–244. doi: 10.1016/j.cub.2008.01.042

Datsenko, K. A., and Wanner, B. L. (2000). One-step inactivation of chromosomal
genes in Escherichia coli K-12 using PCR products. Proc. Natl. Acad. Sci. U.S.A.
97, 6640–6645. doi: 10.1073/pnas.120163297

Davies, J. M., Brunger, A. T., and Weis, W. I. (2008). Improved structures of
full-length p97, an AAA ATPase: implications for mechanisms of nucleotide-
dependent conformational change. Structure 16, 715–726. doi: 10.1016/j.str.
2008.02.010

de Boer, P. A. (2010). Advances in understanding E. coli cell fission. Curr. Opin.
Microbiol. 13, 730–737. doi: 10.1016/j.mib.2010.09.015

Du, S., and Lutkenhaus, J. (2019). At the heart of bacterial cytokinesis: the Z ring.
Trends Microbiol. 27, 781–791. doi: 10.1016/j.tim.2019.04.011

Duderstadt, K. E., and Berger, J. M. (2008). AAA+ ATPases in the initiation of
DNA replication. Crit. Rev. Biochem. Mol. Biol. 43, 163–187. doi: 10.1080/
10409230802058296

Durand-Heredia, J., Rivkin, E., Fan, G., Morales, J., and Janakiraman, A. (2012).
Identification of ZapD as a cell division factor that promotes the assembly of
FtsZ in Escherichia coli. J. Bacteriol. 194, 3189–3198. doi: 10.1128/JB.00176-12

Galli, E., and Gerdes, K. (2012). FtsZ-ZapA-ZapB interactome of Escherichia coli.
J. Bacteriol. 194, 292–302. doi: 10.1128/JB.05821-11

Geissler, B., Elraheb, D., and Margolin, W. (2003). A gain-of-function mutation
in ftsA bypasses the requirement for the essential cell division gene zipA in
Escherichia coli. Proc. Natl. Acad. Sci. U.S.A. 100, 4197–4202. doi: 10.1073/pnas.
0635003100

Grimaud, R., Kessel, M., Beuron, F., Steven, A. C., and Maurizi, M. R. (1998).
Enzymatic and structural similarities between the Escherichia coli ATP-

Frontiers in Microbiology | www.frontiersin.org 12 September 2021 | Volume 12 | Article 733085

https://www.frontiersin.org/articles/10.3389/fmicb.2021.733085/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.733085/full#supplementary-material
https://doi.org/10.1074/jbc.270.40.23485
https://doi.org/10.1073/pnas.1904014116
https://doi.org/10.1073/pnas.1904014116
https://doi.org/10.1016/j.molcel.2005.04.012
https://doi.org/10.1038/354161a0
https://doi.org/10.1126/science.277.5331.1453
https://doi.org/10.1111/mmi.12331
https://doi.org/10.1038/s41467-019-13702-4
https://doi.org/10.1038/s41467-019-13702-4
https://doi.org/10.1073/pnas.0904886106
https://doi.org/10.1128/JB.01317-10
https://doi.org/10.1371/journal.pone.0094964
https://doi.org/10.1111/mmi.13902
https://doi.org/10.1016/j.cub.2008.01.042
https://doi.org/10.1073/pnas.120163297
https://doi.org/10.1016/j.str.2008.02.010
https://doi.org/10.1016/j.str.2008.02.010
https://doi.org/10.1016/j.mib.2010.09.015
https://doi.org/10.1016/j.tim.2019.04.011
https://doi.org/10.1080/10409230802058296
https://doi.org/10.1080/10409230802058296
https://doi.org/10.1128/JB.00176-12
https://doi.org/10.1128/JB.05821-11
https://doi.org/10.1073/pnas.0635003100
https://doi.org/10.1073/pnas.0635003100
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-733085 September 21, 2021 Time: 15:13 # 13

DiBiasio et al. ZapE Bundles FtsZ and Promotes Division

dependent proteases, ClpXP and ClpAP. J. Biol. Chem. 273, 12476–12481. doi:
10.1074/jbc.273.20.12476

Gueiros-Filho, F. J., and Losick, R. (2002). A widely conserved bacterial cell division
protein that promotes assembly of the tubulin-like protein FtsZ. Genes Dev. 16,
2544–2556. doi: 10.1101/gad.1014102

Hale, C. A., and de Boer, P. A. (1997). Direct binding of FtsZ to ZipA, an essential
component of the septal ring structure that mediates cell division in E. coli. Cell
88, 175–185. doi: 10.1016/S0092-8674(00)81838-3

Hale, C. A., and de Boer, P. A. (1999). Recruitment of ZipA to the septal ring of
Escherichia coli is dependent on FtsZ and independent of FtsA. J. Bacteriol. 181,
167–176. doi: 10.1128/JB.181.1.167-176.1999

Hale, C. A., Rhee, A. C., and de Boer, P. A. (2000). ZipA-induced bundling of FtsZ
polymers mediated by an interaction between C-terminal domains. J. Bacteriol.
182, 5153–5166. doi: 10.1128/JB.182.18.5153-5166.2000

Hale, C. A., Shiomi, D., Liu, B., Bernhardt, T. G., Margolin, W., Niki, H., et al.
(2011). Identification of Escherichia coli ZapC (YcbW) as a component of the
division apparatus that binds and bundles FtsZ polymers. J. Bacteriol. 193,
1393–1404. doi: 10.1128/JB.01245-10

Haney, S. A., Glasfeld, E., Hale, C., Keeney, D., He, Z., and de Boer, P. (2001).
Genetic analysis of the Escherichia coli FtsZ.ZipA interaction in the yeast two-
hybrid system. Characterization of FtsZ residues essential for the interactions
with ZipA and with FtsA. J. Biol. Chem. 276, 11980–11987. doi: 10.1074/jbc.
M009810200

Hu, Z., and Lutkenhaus, J. (2000). Analysis of MinC reveals two independent
domains involved in interaction with MinD and FtsZ. J. Bacteriol. 182, 3965–
3971. doi: 10.1128/JB.182.14.3965-3971.2000

Hu, Z., Mukherjee, A., Pichoff, S., and Lutkenhaus, J. (1999). The MinC component
of the division site selection system in Escherichia coli interacts with FtsZ to
prevent polymerization. Proc. Natl. Acad. Sci. U.S.A. 96, 14819–14824. doi:
10.1073/pnas.96.26.14819

Karata, K., Verma, C. S., Wilkinson, A. J., and Ogura, T. (2001). Probing the
mechanism of ATP hydrolysis and substrate translocation in the AAA protease
FtsH by modelling and mutagenesis. Mol. Microbiol. 39, 890–903. doi: 10.1046/
j.1365-2958.2001.02301.x

LaBreck, C. J., Conti, J., Viola, M. G., and Camberg, J. L. (2019). MinC N- and
C-domain interactions modulate FtsZ assembly, division site selection, and
MinD-dependent oscillation in Escherichia coli. J. Bacteriol. 201:e00374-18.
doi: 10.1128/JB.00374-18

LaBreck, C. J., May, S., Viola, M. G., Conti, J., and Camberg, J. L. (2017). The
protein chaperone ClpX targets native and non-native aggregated substrates for
remodeling, disassembly, and degradation with ClpP. Front. Mol. Biosci. 4:26.
doi: 10.3389/fmolb.2017.00026

Liu, J., Smith, C. L., DeRyckere, D., DeAngelis, K., Martin, G. S., and Berger,
J. M. (2000). Structure and function of Cdc6/Cdc18: implications for origin
recognition and checkpoint control. Mol. Cell 6, 637–648. doi: 10.1016/S1097-
2765(00)00062-9

Liu, Z., Mukherjee, A., and Lutkenhaus, J. (1999). Recruitment of ZipA to the
division site by interaction with FtsZ. Mol. Microbiol. 31, 1853–1861. doi:
10.1046/j.1365-2958.1999.01322.x

Low, H. H., Moncrieffe, M. C., and Lowe, J. (2004). The crystal structure of
ZapA and its modulation of FtsZ polymerisation. J. Mol. Biol. 341, 839–852.
doi: 10.1016/j.jmb.2004.05.031

Lowe, J., and Amos, L. A. (1999). Tubulin-like protofilaments in Ca2+-induced
FtsZ sheets. EMBO J. 18, 2364–2371. doi: 10.1093/emboj/18.9.2364

Marteyn, B. S., Karimova, G., Fenton, A. K., Gazi, A. D., West, N., Touqui, L.,
et al. (2014). ZapE is a novel cell division protein interacting with FtsZ and
modulating the Z-ring dynamics. mBio 5:e00022-14. doi: 10.1128/mBio.00
022-14

Mogk, A., Haslberger, T., Tessarz, P., and Bukau, B. (2008). Common and specific
mechanisms of AAA+ proteins involved in protein quality control. Biochem.
Soc. Trans. 36, 120–125. doi: 10.1042/BST0360120

Mukherjee, A., and Lutkenhaus, J. (1994). Guanine nucleotide-dependent assembly
of FtsZ into filaments. J. Bacteriol. 176, 2754–2758. doi: 10.1128/jb.176.9.2754-
2758.1994

Mukherjee, A., and Lutkenhaus, J. (1999). Analysis of FtsZ assembly by light
scattering and determination of the role of divalent metal cations. J. Bacteriol.
181, 823–832. doi: 10.1128/JB.181.3.823-832.1999

Ozaki, S., Kawakami, H., Nakamura, K., Fujikawa, N., Kagawa, W., Park, S. Y.,
et al. (2008). A common mechanism for the ATP-DnaA-dependent formation

of open complexes at the replication origin. J. Biol. Chem. 283, 8351–8362.
doi: 10.1074/jbc.M708684200

Pacheco-Gomez, R., Cheng, X., Hicks, M. R., Smith, C. J., Roper, D. I., Addinall, S.,
et al. (2013). Tetramerization of ZapA is required for FtsZ bundling. Biochem.
J. 449, 795–802. doi: 10.1042/BJ20120140

Peters, J. M., Harris, J. R., Lustig, A., Muller, S., Engel, A., Volker, S., et al. (1992).
Ubiquitous soluble Mg(2+)-ATPase complex. A structural study. J. Mol. Biol.
223, 557–571. doi: 10.1016/0022-2836(92)90670-F

Pichoff, S., and Lutkenhaus, J. (2002). Unique and overlapping roles for ZipA
and FtsA in septal ring assembly in Escherichia coli. EMBO J. 21, 685–693.
doi: 10.1093/emboj/21.4.685

Roach, E. J., Kimber, M. S., and Khursigara, C. M. (2014). Crystal structure and
site-directed mutational analysis reveals key residues involved in Escherichia
coli ZapA function. J. Biol. Chem. 289, 23276–23286. doi: 10.1074/jbc.M114.56
1928

Rozgaja, T. A., Grimwade, J. E., Iqbal, M., Czerwonka, C., Vora, M., and Leonard,
A. C. (2011). Two oppositely oriented arrays of low-affinity recognition sites
in oriC guide progressive binding of DnaA during Escherichia coli pre-
RC assembly. Mol. Microbiol. 82, 475–488. doi: 10.1111/j.1365-2958.2011.07
827.x

Schumacher, M. A., Huang, K. H., Zeng, W., and Janakiraman, A. (2017). Structure
of the Z ring-associated protein, ZapD, bound to the C-terminal domain of the
tubulin-like protein, FtsZ, suggests mechanism of Z ring stabilization through
FtsZ cross-linking. J. Biol. Chem. 292, 3740–3750. doi: 10.1074/jbc.M116.
773192

Small, E., Marrington, R., Rodger, A., Scott, D. J., Sloan, K., Roper, D., et al.
(2007). FtsZ polymer-bundling by the Escherichia coli ZapA orthologue, YgfE,
involves a conformational change in bound GTP. J. Mol. Biol. 369, 210–221.
doi: 10.1016/j.jmb.2007.03.025

Soderstrom, B., Badrutdinov, A., Chan, H., and Skoglund, U. (2018). Cell shape-
independent FtsZ dynamics in synthetically remodeled bacterial cells. Nat.
Commun. 9:4323. doi: 10.1038/s41467-018-06887-7

Soderstrom, B., Chan, H., and Daley, D. O. (2019). Super-resolution images of
peptidoglycan remodelling enzymes at the division site of Escherichia coli. Curr.
Genet. 65, 99–101. doi: 10.1007/s00294-018-0869-x

Soderstrom, B., and Daley, D. O. (2017). The bacterial divisome: more than a ring?
Curr. Genet. 63, 161–164. doi: 10.1007/s00294-016-0630-2

Tomoyasu, T., Gamer, J., Bukau, B., Kanemori, M., Mori, H., Rutman, A. J., et al.
(1995). Escherichia coli FtsH is a membrane-bound, ATP-dependent protease
which degrades the heat-shock transcription factor sigma 32. EMBO J. 14,
2551–2560. doi: 10.1002/j.1460-2075.1995.tb07253.x

Tomoyasu, T., Mogk, A., Langen, H., Goloubinoff, P., and Bukau, B. (2001).
Genetic dissection of the roles of chaperones and proteases in protein folding
and degradation in the Escherichia coli cytosol. Mol. Microbiol. 40, 397–413.
doi: 10.1046/j.1365-2958.2001.02383.x

Viola, M. G., LaBreck, C. J., Conti, J., and Camberg, J. L. (2017). Proteolysis-
dependent remodeling of the tubulin homolog FtsZ at the division septum in
Escherichia coli. PLoS One 12:e0170505. doi: 10.1371/journal.pone.0170505

Yu, X. C., and Margolin, W. (1997). Ca2+-mediated GTP-dependent dynamic
assembly of bacterial cell division protein FtsZ into asters and polymer networks
in vitro. EMBO J. 16, 5455–5463. doi: 10.1093/emboj/16.17.5455

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 DiBiasio, Dickinson, Trebino, Ferreira, Morrison and Camberg.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 13 September 2021 | Volume 12 | Article 733085

https://doi.org/10.1074/jbc.273.20.12476
https://doi.org/10.1074/jbc.273.20.12476
https://doi.org/10.1101/gad.1014102
https://doi.org/10.1016/S0092-8674(00)81838-3
https://doi.org/10.1128/JB.181.1.167-176.1999
https://doi.org/10.1128/JB.182.18.5153-5166.2000
https://doi.org/10.1128/JB.01245-10
https://doi.org/10.1074/jbc.M009810200
https://doi.org/10.1074/jbc.M009810200
https://doi.org/10.1128/JB.182.14.3965-3971.2000
https://doi.org/10.1073/pnas.96.26.14819
https://doi.org/10.1073/pnas.96.26.14819
https://doi.org/10.1046/j.1365-2958.2001.02301.x
https://doi.org/10.1046/j.1365-2958.2001.02301.x
https://doi.org/10.1128/JB.00374-18
https://doi.org/10.3389/fmolb.2017.00026
https://doi.org/10.1016/S1097-2765(00)00062-9
https://doi.org/10.1016/S1097-2765(00)00062-9
https://doi.org/10.1046/j.1365-2958.1999.01322.x
https://doi.org/10.1046/j.1365-2958.1999.01322.x
https://doi.org/10.1016/j.jmb.2004.05.031
https://doi.org/10.1093/emboj/18.9.2364
https://doi.org/10.1128/mBio.00022-14
https://doi.org/10.1128/mBio.00022-14
https://doi.org/10.1042/BST0360120
https://doi.org/10.1128/jb.176.9.2754-2758.1994
https://doi.org/10.1128/jb.176.9.2754-2758.1994
https://doi.org/10.1128/JB.181.3.823-832.1999
https://doi.org/10.1074/jbc.M708684200
https://doi.org/10.1042/BJ20120140
https://doi.org/10.1016/0022-2836(92)90670-F
https://doi.org/10.1093/emboj/21.4.685
https://doi.org/10.1074/jbc.M114.561928
https://doi.org/10.1074/jbc.M114.561928
https://doi.org/10.1111/j.1365-2958.2011.07827.x
https://doi.org/10.1111/j.1365-2958.2011.07827.x
https://doi.org/10.1074/jbc.M116.773192
https://doi.org/10.1074/jbc.M116.773192
https://doi.org/10.1016/j.jmb.2007.03.025
https://doi.org/10.1038/s41467-018-06887-7
https://doi.org/10.1007/s00294-018-0869-x
https://doi.org/10.1007/s00294-016-0630-2
https://doi.org/10.1002/j.1460-2075.1995.tb07253.x
https://doi.org/10.1046/j.1365-2958.2001.02383.x
https://doi.org/10.1371/journal.pone.0170505
https://doi.org/10.1093/emboj/16.17.5455
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	The Stress-Active Cell Division Protein ZapE Alters FtsZ Filament Architecture to Facilitate Division in Escherichia coli
	Introduction
	Materials and Methods
	Bacterial Strains, Plasmids, and Growth Conditions
	Protein Expression and Purification
	Nucleotide Hydrolysis Assays
	FtsZ Sedimentation Assays
	Light Scattering Assays
	Binding and Retention Assay
	Phospholipid Recruitment Assays
	Microscopy
	Colony Growth Assays
	Western Blotting

	Results
	ZapE Interacts With FtsZ In vitro and Bundles FtsZ Polymers in an ATP-Dependent Manner
	Phospholipid Binding and Recruitment of FtsZ
	Deletion of zapE Impairs Division and Leads to a Synthetic Slow Growth Phenotype in a minC Deletion Strain

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


