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During Escherichia coli cell division, an intracellular com-
plex of cell division proteins known as the Z-ring assembles at
midcell during early division and serves as the site of
constriction. While the predominant protein in the Z-ring is
the widely conserved tubulin homolog FtsZ, the actin homolog
FtsA tethers the Z-ring scaffold to the cytoplasmic membrane
by binding to FtsZ. While FtsZ is known to function as a dy-
namic, polymerized GTPase, the assembly state of its partner,
FtsA, and the role of ATP are still unclear. We report that a
substitution mutation in the FtsA ATP-binding site impairs
ATP hydrolysis, phospholipid vesicle remodeling in vitro, and
Z-ring assembly in vivo. We demonstrate by transmission
electron microscopy and Forster Resonance Energy Transfer
that a truncated FtsA variant, FtsA(AMTS) lacking a C-termi-
nal membrane targeting sequence, self assembles into ATP-
dependent filaments. These filaments coassemble with FtsZ
polymers but are destabilized by unassembled FtsZ. These
findings suggest a model wherein ATP binding drives FtsA
polymerization and membrane remodeling at the lipid surface,
and FtsA polymerization is coregulated with FtsZ polymeriza-
tion. We conclude that the coordinated assembly of FtsZ and
FtsA polymers may serve as a key checkpoint in division that
triggers cell wall synthesis and division progression.

Cell division in bacteria occurs through the organized and
concerted efforts of many proteins that temporally localize to
the division site and execute a physical process to divide a
single cell into two discrete cells. The architectural remodeling
that occurs at the site of septation during division in Escher-
ichia coli initiates with the assembly of the Z-ring at midcell.
The most conserved and essential protein of the divisome,
FtsZ, forms highly dynamic polymers that locate to the center
of the cell and may serve as a scaffold to facilitate cell
constriction and septum formation (1). FtsZ polymers are
unable to bind to the inner membrane of the cell directly, and
two proteins, FtsA and the less conserved ZipA, serve as
membrane tethers for FtsZ (2-7). FtsA is a highly conserved
actin homolog that interacts directly with the FtsZ C-terminus
(7, 8). FtsA binds to the inner membrane through a conserved
C-terminal amphipathic helix that is required for in vivo
function (4). Although FtsA hydrolyzes ATP rapidly in vitro in
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a reaction that requires phospholipids (PLs) (7), the cellular
role or requirement for ATP by FtsA has not been clearly
elucidated. In addition to its ATP-hydrolyzing activity, FtsA
remodels and tubulates liposomes, destabilizes FtsZ polymers
in vitro, and modifies FtsZ dynamics in a reconstituted system
(7, 9). FtsA and FtsZ act as the first of at least 12 proteins that
localize to midcell during the early steps of division in E. coli
(10-13). FtsA interacts with many other cell division proteins
directly including ZipA, FtsI, FtsEX, and, most notably, FtsN
(14-17).The interaction between FtsA and FtsN has been
suggested to serve as a trigger to engage FtsQBL, which acti-
vates FtsW1I complex for peptidoglycan synthesis (18).

In eukaryotes, actin polymerizes intracellularly to provide a
networked cytoskeletal structure, aids in protein locomotion,
trafficking, and cell division, and is the basis for muscle
contraction in higher eukaryotes (19-22). Notable bacterial
actin homologs include the plasmid segregation protein ParM,
cell shape determining protein MreB, and cell division protein
FtsA (23-25). FtsA contains similar domain organization to
actin; however, the 1C domain of FtsA is in a different
orientation as the 1B domain of actin and participates in direct
interactions with later stage cell division proteins (8, 14—17,
24) (Fig. 1A). This domain change has significant implications
for the structure of putative FtsA filaments. Indeed, crystalli-
zation of an FtsA dimer from Thermotoga maritima shows
that dimerization appears to occur through the 1A and 2B
domains near the active site interacting with the 1C and 2A
domains on a subsequent protomer, whereas MreB self-
interacts similarly to actin through repeated binding of do-
mains 2B and 1B with 2A (8, 24). Actin polymerization is
dependent on ATP but is also modulated by ionic strength and
divalent cations; in addition, actin assembly is regulated by a
suite of other eukaryotic proteins (26—29). Recently, high
resolution cryo-EM conformational studies have revealed
major structural changes for ATP-bound actin in a polymer,
whereas minor, but notable, changes take place upon ATP
hydrolysis and phosphate release (30, 31). Although actin
filament formation has been well studied, direct confirmation
of E. coli FtsA polymerization has been elusive. After early
reports of E. coli FtsA self-interaction from yeast two-hybrid
studies (32), Pichoff and Lutkenhaus reported that a Gfp-
FtsA fusion protein lacking the C-terminal membrane target-
ing sequence (MTS), Gfp-FtsA(Al5), formed fluorescent
rod-like structures in the cytoplasm (4), and mutants defective
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Figure 1. FtsA(E14R), which contains a mutation close to the predicted active site, is defective for function in vivo. A, Escherichia coli FtsA (residues
8-385) modeled onto Thermotoga maritima FtsA (pdb: 4A2B) (8) using Swiss-Model and overlayed in blue. Amino acid Glu14 (cyan) and ATPyS are shown as
stick models. Mg2+ divalent cation (gold) is shown as a Corey-Pauling-Koltun (CPK) model. Domains 1A, 1C, 2A, and 2B are indicated. B, confocal fluorescence
and differential interference contrast (DIC) microscopy of E. coli MG1655 araEcp cells expressing plasmid-encoded Gfp-FtsA, Gfp-FtsA(E14R), Gfp-FtsA(AMTS),
or Gfp-FtsA(E14R/AMTS). The cells were grown as described in Experimental procedures. The scale bars represent 2 pm. C, log dilutions of cultured E. coli
MCA12 (ftsA12) cells expressing FtsA or FtsA mutant proteins [FtsA(E14R), FtsA(AMTS), FtsA(E14R/AMTS) from a plasmid and grown overnight at permissive
(30 °C) and restrictive (42 °C) temperatures, where indicated, on LB agar plates containing ampicillin (100 pg ml™"). The data shown is representative of

three replicates. MTS, membrane targeting sequence.

for rod formation were also defective for self-interaction in a
yeast two-hybrid system (33). Interestingly, cells expressing
mutant FtsA proteins defective for self-interaction and over-
expression of FtsN bypass the requirement for ZipA, as well as
FtsEX, suggesting that these other cell division proteins may
help promote monomerization of FtsA in vivo (17, 34-37).
In vitro FtsA protofilament-like structures have been observed
by transmission electron microscopy (TEM) on lipid mono-
layers of FtsA from T. maritima (8) and E. coli (38, 39) and in
solution of FtsA from Streptococcus pneumoniae (40) and
Vibrio cholerae (41). Only S. pneumoniae FtsA has shown
ATP-dependent polymerization (40). Moreover, mechanistic
detail into FtsA polymerization, depolymerization, and the
ATP cycle remains undetermined.

Several models have been proposed to resolve the precise
individual roles for FtsZ and FtsA during cell division,
including but not limited to scaffolds, constriction machines,
and spatiotemporal organizers. While there is a large body of
evidence to suggest that FtsZ assembles into tubulin-like
protofilaments in vivo, there is scant evidence to demon-
strate that E. coli FtsA also polymerizes as part of its functional
role. Furthermore, both FtsZ and FtsA localize to a nascent Z-
ring in vivo at the same time, thus creating a paradox about the
initial step of divisome assembly (42). Here, we demonstrate
that an E. coli FtsA variant lacking the C-terminal MTS,
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FtsA(AMTS), forms linear polymers in the presence of ATP.
Furthermore, substitution of a critical residue in the predicted
active site of FtsA leads to impaired ATP hydrolysis, reduced
FtsZ interaction in vitro, and major functional defects in vivo.
Our results show that FtsA polymerization is coregulated with
FtsZ polymerization. This model suggests that the FtsZ poly-
merization state is coordinated with FtsA, and the FtsA/FtsZ
coassembled state would then be communicated to inner
membrane protein FtsN. We predict that other cell division
proteins such as ZipA or FtsEX may contribute to regulating
the FtsA polymerization state and, therefore, this initial step in
division (17, 43—-45). After interacting with FtsA, FtsN would
then activate FtsQBL and FtsW1 for cell wall synthesis (18, 45).

Results
FtsA(E14R) is defective for PL remodeling and FtsZ interactions

In E. coli FtsA, which is modeled on the crystal structure of
T. maritima FtsA (pdb: 4A2B) (8), Glul4 is near Mg”* in the
active site (Fig. 1A). Therefore, we predicted that E14 could be
important for FtsA function, possibly through nucleotide
sensing or hydrolysis activity. In an alignment of E. coli FtsA
with hexokinase, Hsc70-like proteins, and several actins, this
residue is highly conserved as a negatively charged amino acid
(46). To determine if Glul4 is important for FtsA function in
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E. coli, we mutagenized Glul4 to Arg and evaluated this
mutant protein, FtsA(E14R), in vivo and in vitro. We first
tested if the FtsA substitution mutant, constructed as a Gfp
fusion protein, localizes to Z-rings in vivo. We used a plasmid
that encodes a Gfp-FtsA fusion protein (pSEB293) (4), then
mutagenized fisA and expressed Gfp-FtsA variants in E. coli
MG1655, which also contains a constitutively expressed
arabinose transporter, araEcp (Figs. 1B and S1A), to reduce
cell to cell variability in expression of arabinose-inducible
genes (Table 1). As expected, Gfp-FtsA exhibited a fluores-
cence localization pattern consistent with a division ring at
midcell (Fig. 1B). Cells with the plasmid encoding Gfp-
FtsA(E14R) contained solely diffuse fluorescence, and we
detected no ring or foci formation in these cells (Fig. 1B). FtsA
contains a MTS at its C-terminus that localizes FtsA to the
cytoplasmic membrane at the divisome in vivo (4, 47) and
directly recruits FtsA to PLs in vitro (7). The MTS penetrates
into the nonpolar core of the lipid bilayer, and this insertion is
required for rapid FtsA ATP hydrolysis in vitro (7). Deletion of
the MTS from FtsA or removal of PLs from the reactions
containing WT FtsA abrogates rapid ATPase activity, sug-
gesting that membrane association is critical for FtsA enzyme
function and regulation (7). We constructed and expressed
Gfp-FtsA(AMTS) and confirmed that it was unable to localize
to a ring but instead formed long, narrow foci adjacent to the
cell membrane, which have been previously reported (4, 44,
48). The E14R mutation was introduced into the plasmid
encoding Gfp-FtsA(AMTS) to construct Gfp-FtsA(E14R/
AMTS). In contrast to the long, narrow foci exhibited by Gfp-
FtsA(AMTS), we instead observed diffuse cytoplasmic fluo-
rescence (Fig. 1B). The fluorescent rod-like structures of Gfp-
FtsA(AMTS) observed in vivo were previously hypothesized to

Table 1
E. coli strains and plasmids

Coregulated assembly of FtsA and FtsZ polymers

report FtsA(AMTS) self-interaction, and this phenotype has
been used to identify self-interaction deficient FtsA mutants
in vivo (4, 33). Our results suggest that introduction of the
E14R mutation reduces or prevents self-association of Gfp-
FtsA(AMTS) (Fig. 1B).

Next, to determine if FtsA(E14R) supports division in vivo,
we used the two temperature-sensitive strains of E. coli
MCA12 and MCA27 (49). MCA12 contains a chromosomal
ftsA mutation that substitutes amino acid Ala188 with Val, and
MCAZ27 contains a chromosomal ftsA mutation that sub-
stitutes amino acid Ser195 with Pro (49), and each mutation in
FtsA prevents growth of these strains at high temperatures
(i.e., 42 °C) while still allowing growth at permissive temper-
atures (i.e., 30 °C). Cultures of temperature-sensitive strains
containing plasmids encoding WT FtsA and FtsA(E14R) were
grown at 30 °C to log phase (Aggo 0.4 A.U.), diluted and
spotted onto LB agar plates containing ampicillin ,and grown
overnight at the permissive (30 °C) and restrictive (42 °C)
temperatures. We observed that the strains containing the
vector (pQE-9) were unable to grow at the restrictive tem-
perature (Figs. 1C and S1B). However, growth at high tem-
perature was restored in both strains by the introduction of a
plasmid containing ftsA (Figs. 1C and S1B). A plasmid
encoding FtsA(E14R) did not support the growth of either
strain at the restrictive temperature, although all strains grew
at the permissive temperature (Figs. 1C and S1B). A plasmid
encoding FtsA(AMTS) also did not support growth at the
restrictive temperature, which is in agreement with a previous
report (4). Finally, a plasmid containing both the E14R and
AMTS mutations in ftsA was unable to restore growth at the
restrictive temperature (Figs. 1C and S1B). Together, our re-
sults indicate that not only does FtsA(E14R) show no

Strain or plasmid

Relevant genotype

Source, reference, or construction

Strain
MG1655 LAM- -rphl (63)
MG1655 araEcp MG1655 (AaraEp kan Pcpig-araE) (51, 64)
BL21(xde3) F- ompT gal dcm lon hsdSB(rB- mB-) EMD Millipore
Mde3llacl lacUV5-T7 gene 1 Indl sam7 nin5))
MCA12 F-, [araD139]g,,, leu-260::Tn10, ftsA12(ts), (49)
A(argF-lac)169, A, el4-, flhD5301, A(fruK-yeiR)
725(fruA25), relAl, rpsL150(strR), rbsR22,
A(fimB-fimE)632(::1S1), deoC1
MCA27 F-, [araD139]g,,, leu-260::Tn10, ftsA27(ts), (49)
A(argF-lac)169, A, el4-, flhD5301, A(fruK-yeiR)
725(fruA25), relAl, rpsL150(strR), rbsR22,
A(fimB-fimE)632(::1S1), deoC1
Plasmid
pET-24b kan, Pr,; promoter EMD Millipore
pET-ftsA kan (7)
pET-ftsA(AMTS) kan (7)
PET-ftsA(E14R) kan This study
pET-ftsZ kan (58)
pET-H¢-Gfp-ftsZ kan (51)
pSEB293 amp P.::Gfp-ftsA (4, 33)
PBAD-Gfp-ftsA(E14R) amp P,..:Gfp-ftsA(E14R) This study
PBAD-Gfp-ftsA(AMTS) amp Pop.:Gfp-ftsA(AMTS) This study
PBAD-Gfp-ftsA(AMTS/E14R) amp Doy Gfp-ftsA(AMTS/E14R) This study
pQE9 amp Prs promoter (65)
pQE9-ftsA amp This study
PQE9-ftsA(EI4R) amp This study
PQE9-ftsA(AMTS) amp This study
PQE9-ftsA(AMTS/E14R) amp This study
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localization to the Z-ring and disrupted rod formation as a
fluorescent fusion protein, an expression plasmid encoding
FtsA(E14R) is also unable to complement temperature-
sensitive strains in vivo suggesting that this protein has ma-
jor functional defects.

To investigate why FtsA(E14R) is defective for function and
localization in vivo, we purified FtsA(E14R) to determine if it is
also defective for known FtsA activities in vitro. The failure to
assemble into foci-like structures adjacent to the cell mem-
brane, or at a division ring, could suggest that the protein is
impaired for self-interaction, PL binding, or ATP hydrolysis.
To determine if FtsA(E14R) is capable of robust ATP hydro-
lysis similar to WT FtsA, we measured the ATPase activity and
determined that the rate of ATP hydrolysis by FtsA(E14R) is
60% slower than WT FtsA under the condition tested (12 and
33 ATP per min, respectively) (Fig. 2A). Based on the prox-
imity of the side chain to the predicted hydrolysis site (Fig. 1A),
we suspected that replacement of the conserved Glu near the
active site with Arg could impair substrate interaction or ac-
tivity as a result of introduction of the longer, positively
charged side chain. Therefore, we measured V., and K,
values for FtsA WT and mutant proteins (Fig. S1C). The Vax
values for FtsA and FtsA(E14R) were calculated to be 41.53 +
1.76 min™" and 26.51 + 1.35 min~’, respectively. However, K,
values for FtsA and FtsA(E14R) were not significantly different
(0.358 + 0.053 mM and 0.423 = 0.073 mM, respectively),
suggesting that although FtsA(E14R) binds and hydrolyzes
ATP with a similar K, as WT FtsA, it is not in a conformation
associated with maximal enzymatic activity.

Rapid ATP hydrolysis by FtsA requires PLs, and FtsA binds
to PLs efficiently in vitro (7). To confirm that FtsA(E14R) is
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not defective for PL binding, we incubated FtsA(E14R) with
small unilamellar vesicles (SUVs) prepared from E. coli
membrane PLs and then collected the SUVs and bound pro-
tein by centrifugation. We determined that FtsA(E14R) was
recruited to SUVs comparably to WT FtsA in the absence and
presence of ATP (Fig. S1D). We previously reported that full-
length FtsA copurifies with E. coli PLs, therefore we measured
the amount of copurifying PLs with FtsA(E14R) and detected
similar levels to those detected in WT FtsA, and they are not
appreciably present in FtsA(AMTS) preparations (Fig. S1E).
In the presence of ATP, FtsA remodels PL architecture and
induces tubulation of vesicles, which has been observed by
TEM and 90° light scatter (LS) (7). Tubulation of vesicles is
consistent with the polymerization of FtsA on the surface of a
vesicle. To determine if FtsA(E14R) is defective for PL
remodeling (i.e., vesicle tubulation), we used LS to detect large
changes in complexes after addition of ATP. Under the con-
ditions tested, FtsA produced a large change to the LS signal in
response to the addition of ATP; however, FtsA(E14R) was
unable to produce a similar LS increase as WT FtsA, which
was 5-fold higher in magnitude (Fig. 2B). This suggests that
FtsA(E14R) is defective for PL remodeling, yet, interestingly, it
binds to PLs and hydrolyzes ATP, although at a slower rate
than WT FtsA (Figs. 24 and S1, C and D). Next, we directly
visualized FtsA-associated vesicles by TEM to determine if
protrusions and tubulations associated with lipid remodeling
are produced upon incubation of FtsA(E14R) with ATP
(Fig. 2C). While we noted a large homogeneous population of
PL vesicles in reactions with FtsA(E14R), addition of ATP
produced no large observable effect on the architecture of the
vesicles, and no rod-like tubulated structures were detected
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Figure 2. FtsA(E14R) is impaired for in vitro function. A, hydrolysis of ATP by FtsA (1 uM) and FtsA(E14R) (1 uM) with time as described in Experimental
procedures. B, PL reorganization by FtsA (2 uM) and FtsA(E14R) (2 uM) were monitored by 90° angle light scatter. A baseline signal was measured for 5 min,
and ATP was added and reactions were monitored for 60 min. C, FtsA (4 uM) and FtsA(E14R) (4 uM) incubated in the presence and absence of ATP and
visualized by TEM. The scale bars represent 100 nm. Yellow box inset shows vesicle image from a replicate reaction. D, PL recruitment assay with reaction
mixtures of FtsZ (6 uM) with GTP were pre-assembled and added to preincubated mixtures of FtsA or FtsA(E14R) (0-8 uM), SUV’s (250 pg ml™'), and ATP and
fractionated by low-speed centrifugation. FtsA and FtsA(E14R) used in (A-D) contain copurifying PLs. The data from (A) and (D) are an average of three
replicates and represented as mean + SEM, and the data from (B) is representative of three replicates. Pellets and supernatants for (D) were visualized by
SDS-PAGE and quantified by densitometry. PL, phospholipid; SUVs, small unilamellar vesicles; TEM, transmission electron microscopy.

SASBMB

4 Biol. Chem. (2022) 298(3) 101663



(Fig. 2C). Similar to a previous report, the addition of ATP to
reactions containing WT FtsA and PLs resulted in large
tubulated protrusions of the vesicles and short rod-like
structures (Fig. 2C) (7). Across the high-resolution images
collected for FtsA of 200 vesicles, we also observed 196 short
tubules in the presence of ATP, but not when ATP was
omitted. In contrast, in images collected for FtsA(E14R) of 200
vesicles, we observed seven short tubules with ATP, consid-
erably fewer than WT FtsA, and tubules were not present
when ATP was omitted. Together, these results indicate that
FtsA(E14R) is unable to remodel vesicle architecture, which
suggests a defect in assembly or conformational organization.
Furthermore, the results are consistent with a model in which
Glul4 relays information between the adjacent active site
Mg>* and regions of the protein that mediate self-interaction.
This is further supported by the observation that Gfp-
FtsA(E14R/AMTS) fails to produce long self-associated
structures similar to Gfp-FtsA(AMTS) in vivo.

Finally, to determine if FtsA(E14R) is perturbed for binding
to and recruitment of FtsZ, we tested direct binding in a PL
recruitment assay. We performed low-speed sedimentation
assays of FtsA and FtsA(E14R) with SUVs and ATP, where
indicated. We observed that FtsA recruited FtsZ to PLs in a
concentration- and ATP-dependent manner, demonstrating
that ATP enhances FtsA recruitment of FtsZ to PLs, consis-
tent with our previous report (7). We observed that
FtsA(E14R) was defective for the recruitment of FtsZ to PLs in
the presence of ATP compared to WT FtsA (Fig. 2D). These
results show that FtsA(E14R) is impaired for the interaction
with FtsZ, rapid ATP hydrolysis, and ATP-dependent PL
remodeling.

Wavelength (nm)

B  FtsA(AMTS)

Coregulated assembly of FtsA and FtsZ polymers

Purified E. coli FtsA(AMTS) polymerizes in an ATP-dependent
manner

E. coli FtsA(AMTS) is defective for ATP hydrolysis (7)
(Fig. S1C), and Gfp-FtsA(AMTS) forms large, rod-like foci
in vivo suggestive of polymer bundles (43). Therefore, we hy-
pothesized that FtsA(AMTS) may be competent for assembly
of stable actin-like polymers (50) that slowly turnover ATP and
may be trapped in the polymer conformation. To test this, we
purified FtsA(AMTS) and incubated it with and without ATP,
then visualized the reactions by negative staining and TEM. In
the presence of FtsA(AMTS) and ATP, we observed long,
linear filaments consistent with single-stranded polymers
(Fig. 3A). The polymers were highly varied in length and
approximately 65 A in width. In the absence of ATP, we did
not observe filaments, polymers, or other observable structures
(Fig. 3A). Therefore, FtsA(AMTS) polymerizes with ATP into
long filaments.

Next, we developed a fluorescence-based self-assembly assay
(FRET) to more quantitatively compare FtsA(AMTS)-
FtsA(AMTS) interactions. We labeled two populations of
FtsA(AMTS), one with Alexa fluor 594 (AFsq¢4 donor) and
another with Alexa fluor 647 (AFe,7; acceptor), to measure en-
ergy transfer from donor to acceptor fluorophore during ATP-
dependent assembly (Figs. 3B and S2A). We incubated donor-
labeled FtsA(AMTS) with acceptor-labeled FtsA(AMTS) and
observed a large emission signal in the presence of ATP (Figs. 3C
and S2B), along with a corresponding decrease in donor-
emission near 625 nm. The emission amplitudes that we
measured titrated with the amount of acceptor-labeled
FtsA(AMTS) in each reaction. We repeated this experiment in
the absence of ATP and detected low level emission of the
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Figure 3. FtsA(AMTS) assembles into linear polymers in the presence of ATP. A, FtsA(AMTS) (12 uM) was incubated with (i and ii) and without (iii) ATP,
and the reactions were visualized by TEM as described in Experimental procedures. The scale bars represent 100 nm. B, cartoon representation of FRET
assembly reaction. AFsg4-labeled FtsA(AMTS) (donor) and AFe,4-labeled FtsA(AMTS) (acceptor) was mixed with FtsA(AMTS) and the reactions were excited at
the donor excitation wavelength and scanned for the emission of each fluorophore. Close proximity of the donor fluorophore to the acceptor fluorophore
causes a large increase in acceptor emission fluorescence, as occurs by the addition of ATP. C, FRET using increasing concentrations of Alexa Fluor 647-
labeled FtsA(AMTS) (2.5-25 pmol) were mixed with a fixed concentration of Alexa Fluor 594-labeled FtsA(AMTS) (100 pmol) and FtsA(AMTS) for a total
of 600 pmol. The reactions were monitored after addition of ATP as described in Experimental procedures. D, FRET reactions were assembled and
monitored as in (C) but without the addition of ATP. E, FRET emission of Alexa Fluor 647-labeled FtsA(AMTS) (25 pmol) mixed with Alexa Fluor 594-labeled
FtsA(AMTS) (100 pmol) and FtsA(AMTS) (475 pmol) was monitored after addition of ATP, ADP, ATP with EDTA, ATPyS, or no nucleotide addition. In (C-£),
fluorescence values were corrected by subtraction of donor signal without acceptor. MTS, membrane targeting sequence; TEM, transmission electron

microscopy.

SASBMB

J. Biol. Chem. (2022) 298(3) 101663 5



Coregulated assembly of FtsA and FtsZ polymers

acceptor-labeled FtsA(AMTS), even at high acceptor concen-
tration, compared to the emission observed in the presence of
ATP (Figs. 3D and S2, B and C). Together, these results
demonstrate that ATP enables the energy transfer between
donor- and acceptor-labeled populations of FtsA(AMTS),
consistent with FtsA(AMTS) self-interaction occurring under
conditions that promote polymerization as detected by TEM
(Fig. 34).

Next, we compared the acceptor FRET signal associated with
various nucleotide analogs and observed that ATP supported
energy transfer most efficiently (Fig. 3E). The ATP-dependent
emission signal was reduced in the presence of EDTA, which
would prevent Mg>* from binding in the active site, and the
emission was also lower with ADP, compared to ATP. Neither
ATPyS nor AMP-PNP supported energy transfer over the
nucleotide-free control (Fig. 3E). Next, if ATP induces the as-
sembly of stable FtsA(AMTS) polymers, then we hypothesized
that we would be able to collect polymers by high-speed
centrifugation. We incubated increasing amounts of
FtsA(AMTS) with and without ATP, collected pellet and su-
pernatant fractions after centrifugation at 160,000g for 30 min,
and analyzed both fractions by SDS-PAGE. We observed that
FtsA(AMTS) fractionated predominantly with the pellet
(>50%) in the presence of ATP and predominantly with the
supernatant (>95 %) when ATP was omitted (Fig. S2, D and E).
Moreover, the relative amount of FtsA(AMTS) in the pellet
increased with the total FtsA(AMTS) concentration in the re-
action, suggesting that assembly efficiency increases with
FtsA(AMTS) concentration. We compared the relative abilities
of several nucleotides to support the polymerization of
FtsA(AMTS) in the sedimentation assay and observed that ATP
yielded the largest amount of pellet-associated FtsA(AMTS)
(50.0%), and this amount was reduced by EDTA (16.5%) or with
ADP (22.4%), ATPyS (19.5%), or AMP-PNP (<5%) (Fig. S2F).
Finally, we used 90° LS to compare polymerization efficiency of
FtsA(AMTS) at different temperatures, protein concentrations,
and nucleotides. We observed that at 37 °C, addition of ATP
produced a rapid increase in LS, which plateaued after
approximately 10 min, and the amplitude change upon addition
of ATP was reduced at lower temperatures (30 °C and 23 °C)
(Fig. S2G). The amplitude of the LS change with ATP also
increased with FtsA(AMTS) concentration up to 20 mM
(Fig. S2H). Finally, the addition of ADP to FtsA(AMTS) also led
to a modest increase in LS amplitude; however, it was ~ 60%
lower than the increase obtained with ATP (Fig. S2I), which is
consistent with results from sedimentation assays (Fig. S2F).
Addition of EDTA to the assembly reactions prevented the
amplitude increase associated with both ATP and ADP, indi-
cating that Mg>" association is likely important for polymeri-
zation (Fig. S2I). Together, these results demonstrate that
FtsA(AMTS) self-interacts in the presence of ATP and Mg*" to
form actin-like polymers.

FtsA(AMTS) polymers bind directly to FtsZ polymers but are
destabilized by nonpolymerized FtsZ

To determine if polymers of FtsA(AMTS) stably interact
with polymers of FtsZ, we developed a bead recruitment assay
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to overcome limitations associated with interpreting cosedi-
mentation results of two polymer subassemblies. In this assay,
we incubated a 6x-His-Gfp-tagged chimeric FtsZ with gua-
nylyl-(alpha, beta)-methylene-diphosphonate (GMPCPP), a
GTP analog that promotes the assembly of stable FtsZ poly-
mers. We pre-assembled GMPCPP-stabilized polymers of FtsZ
(He-Gfp-FtsZ) and then recruited the polymers to the surface
of a cobalt bead, which has an average diameter of 55 um
(Fig. 4A). Hg¢-Gfp-FtsZ has previously been reported to hy-
drolyze GTP and polymerize in vitro, similar to WT FtsZ (51).
Next, we pre-assembled FtsA(AMTS), labeled with AF594,
with ATP to induce polymerization and then tested for
recruitment to cobalt beads in the presence and absence of
FtsZ and GMPCPP (Fig. 4B). We observed bundles of FtsZ and
FtsA(AMTS) fluorescence in the presence of nucleotides
GMPCPP and ATP, respectively (Fig. 4Bi). However, Hq-Gfp-
FtsZ with GMPCPP localized very differently when
FtsA(AMTS) was omitted and instead localized along the bead
surface with no visible clusters (Fig. 4Bii). Fluorescence mi-
croscopy does not resolve single-stranded polymers but does
distinguish soluble protein, as diffuse fluorescence, from foci,
which is suggestive of higher order assembly architecture. This
was confirmed in a control assay in which fluorescent bundles
were not observable by microscopy for either FtsZ or
FtsA(AMTS) when GMPCPP or ATP were omitted, respec-
tively (Fig. S3, A and B). Together, incubation of pre-
assembled Hg-Gfp-FtsZ polymers with FtsA(AMTS) poly-
mers resulted in the colocalization of FtsA(AMTS) to the bead
surface in the presence of Hiss-Gfp-FtsZ (i) but not when Hg-
Gfp-FtsZ was omitted (Fig. 4, Bi and Biii). Therefore, under
conditions that promote polymerization of both proteins (i.e.,
with nucleotides GMPCPP and ATP), Hg-Gfp-FtsZ recruits
FtsA(AMTS) to the bead surface, suggesting that both polymer
subassemblies interact directly.

To elucidate the in vitro protein architecture in mixtures of
FtsA(AMTS) polymers, assembled with ATP, and FtsZ poly-
mers, assembled with GMPCPP, we visualized polymers alone
and together by TEM. We observed that GMPCPP-stabilized
FtsZ polymers were long, single-stranded and approximately
40 to 45 A in width, consistent with previous reports (7)
(Fig. 4C). In contrast, FtsA(AMTS) polymers were visibly
wider, approximately 60 to 75 A in width, and also long and
single-stranded (Figs. 3A and 4C). When FtsA(AMTS) and
FtsZ polymers were incubated together and then visualized by
TEM, we observed wide filaments (100-120 A) and a popu-
lation of polymers with a distinct paired-filament morphology.
These doublet polymers also had a width of approximately 100
to 120 A (Fig. 4C) and were composed of two aligned polymers
of widths (~ 60 A and 40 A) (Fig. 4C). The morphological
features of the paired filament are consistent with an FtsZ
polymer aligned with and bound to an FtsA(AMTS) polymer.

Next, we interrogated if FtsZ has a direct effect on the
propensity for or degree of FtsA polymerization. Direct visu-
alization of polymers is nonquantitative, therefore, to test if
FtsZ modifies ATP-dependent assembly of FtsA(AMTS), we
used the fluorescence-based FtsA(AMTS) subunit interaction
ERET assay. We observed that addition of FtsZ (8 pM) reduced
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Figure 4. Coassembly of FtsA(AMTS) and FtsZ polymers. A, cartoon schematic of the recruitment of FtsA(AMTS)so4 polymers by Hiss-Gfp-FtsZ complexes
on cobalt beads. B, fluorescence and DIC microscopy of the reaction mixtures of (i) He-Gfp-FtsZ(green), FtsZ, GMPCPP, and cobalt beads added to the
reactions of AFsqq FtSA(AMTS) (red), FtsA(AMTS), and ATP; (ii) He-Gfp-FtsZ(green), FtsZ, GMPCPP, and cobalt beads; (iii) AFsg4 FtSA(AMTS) (red), FtsA(AMTS),
ATP, and cobalt beads were assembled and visualized as described in Experimental procedures. The scale bars represent 1 pm for (i) and 5 pm for (ii) and
(iii). C, FtsZ (8 uM) and GMPCPP added to pre-assembled reaction mixtures of FtsA(AMTS) (8 pM), where indicated, and ATP were visualized by TEM as
described in Experimental procedures. Yellow box highlights areas enlarged for detail. DIC, differential interference contrast; GMPCPP, guanylyl-(alpha, beta)-
methylene-diphosphonate; MTS, membrane targeting sequence; TEM, transmission electron microscopy.

the fluorescence emission of acceptor-labeled FtsA(AMTS) by
~ 40% under the conditions tested and to a lesser extent at
lower FtsZ concentration (4 uM) (Fig. 5A) However, we did
not observe reduced FRET emission at 675 nm by
FtsA(AMTS) when FtsZ was pre-assembled with GMPCPP or
GTP and then included in the reaction (Fig. S3C).

The reduced FtsA(AMTS) acceptor fluorescence with ATP
and in the presence of FtsZ (nonpolymerized) suggests that
FtsZ destabilizes the FtsA(AMTS) self-interaction, which
would lead to disassembly of FtsA(AMTS) polymers. To test
this directly, we performed high speed sedimentation assays
to collect ATP-stimulated FtsA(AMTS) polymers and titrated
FtsZ concentration. First, we pre-assembled FtsA(AMTS)
(8 uM) with ATP (4 mM) and then added increasing con-
centrations of FtsZ (0-8 puM). After incubation for 10 min,
FtsA(AMTS) polymers were collected by high-speed centri-
fugation, and then supernatants and pellets were analyzed by
SDS-PAGE for the presence of FtsA(AMTS) and FtsZ. We
observed that although we titrated the amount of FtsZ in the
reaction, we failed to recover FtsZ in the sedimentation pellet
with FtsA(AMTS) and ATP (Fig. 5B). In addition, the amount
of FtsA(AMTS) fractionating with the pellets decreased as
the FtsZ concentration in the reaction increased (Fig. 5B),
with approximately 40% less FtsA(AMTS) in the pellet with
FtsZ. This suggests that FtsZ, without GTP, destabilizes
FtsA(AMTS) polymers assembled with ATP and is in
agreement with the observed FRET result (Fig. 54). Together,
these results show that unassembled FtsZ destabilizes
FtsA(AMTS) polymers and further suggest that stable FtsZ
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polymers and FtsA(AMTS) polymers align as a paired
filament.

Discussion

Here, we demonstrate that in vitro FtsA forms linear ATP-
dependent polymers using the truncated E. coli FtsA variant
FtsA(AMTS) that are clearly observable by TEM (Fig. 34) and
in direct biophysical assays (Figs. 3C and S2, B—I). Most sur-
prisingly, we also observed that FtsZ induces disassembly of
FtsA(AMTS) polymers in the absence of GTP, but not when
GTP or GMPCPP is present (Figs. 5, A and B, and S3C), and
FtsZ coassembles with FtsA(AMTS) polymers in the presence
of GMPCPP, suggesting that FtsZ polymers facilitate FtsA
polymerization, and depolymerized FtsZ facilitates FtsA
depolymerization. Moreover, this model further suggests that
FtsA and FtsZ copolymers laterally associate and, in the
presence of the MTS of FtsA, assemble at the membrane. This
is consistent with the suggestion that in vivo, FtsA and FtsZ
polymers assemble at midcell together and exhibit treadmilling
(52). It has been proposed that FtsZ-interacting proteins, such
as ZapA, modify the spatial order and dynamics of membrane-
associated FtsZ bundles, but would not directly affect tread-
milling (53), reflecting that the treadmilling behavior is likely
inherent to FtsZ and FtsA nucleotide cycling.

While PL engagement is essential for rapid ATP hydrolysis
by FtsA in vitro, the precise steps of nucleotide binding, hy-
drolysis and release, and how those steps regulate FtsA
conformation remain to be determined. Interestingly,
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Figure 5. FtsA(AMTS) polymers are regulated by FtsZ. A, FRET emission
of FtsA(AMTS) assembly reactions without FtsZ (red) or with FtsZ (8 uM, blue;
4 uM, light blue). The reactions contained Alexa Fluor 647-labeled
FtsA(AMTS) (25 pmol), Alexa Fluor 594-labeled FtsA(AMTS) (100 pmol),
and FtsA(AMTS) (475 pmol), and fluorescence emission was monitored after
the addition of ATP as described in Experimental procedures. FtsA(AMTS)
without ATP is shown as a control (gray). B, FtsZ (0-8 uM) was added to pre-
assembled reaction mixtures of FtsA(AMTS) (8 uM) and ATP, incubated for
10 min, fractionated by ultracentrifugation, and analyzed by SDS-PAGE and
densitometry. The graph shown displays an average of three replicates
represented as mean = SEM. MTS, membrane targeting sequence.

substitution of Glul4 with Arg, which is adjacent to the Mg>*
in the model of the active site, does not completely abolish
ATPase activity (Figs. 2A and S1C), suggesting that, while
Glul4 plays a role, it is not the major catalytic residue involved
in hydrolysis or release of the ATP gamma phosphate. This
role may well be played by D210, which is also ~ 3 to 4 A from
the gamma phosphate in structural models. While catalysis by
human and yeast actin has remained enigmatic, of particular
importance are residues Q137, D154, and D11 with consid-
eration of Q137 as supporting critical activation of a water
molecule (54). Interestingly, actin residues D11, D154, and
Q137 correspond to E14, D210, and A188, respectively, in
E. coli FtsA (46). The minor substitution mutation A188V in
the chromosome underlies the thermosensitive growth defect
of the temperature-sensitive strain ftsA(12), suggesting that
A188 is essential for growth under some conditions (49).
Asp210 in E. coli FtsA has also been reported to be critical for
function in vivo (33, 43).

FtsA(E14R) is defective for recruiting FtsZ polymers to
SUVs in vitro and fails to form rings in vivo. Although
FtsA(E14R) binds to SUV’s, in the presence of ATP it fails to
induce lipid tubulation, a hallmark of polymerization and
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introduction of the E14R mutation in Gfp-FtsA(AMTS) pre-
vents the accumulation of cytoplasmic foci in cells. These re-
sults have several implications. First, ATP hydrolysis does not
appear to absolutely require polymerization, which is remi-
niscent of differing hydrolysis rates of G-actin (globular) and
F-actin (filamentous) (55) and is in contrast to the mechanism
for hydrolysis by FtsZ, where residues from adjacent proto-
mers are required for enzymatic activity at a dimer interface
(56). If FtsA(E14R) can engage PLs and hydrolyze ATP, then
why is it defective for polymerization? It is likely that Glul4
regulates and/or stabilizes a key conformational transition that
facilitates polymerization and thus stabilizes a direct FtsZ
interaction, which must also be coordinated with PL engage-
ment. This implies that FtsA therefore undergoes multiple
conformational transitions, with full activity elicited by
engagement of both PLs and ATP.

During cell division, we predict that the role of FtsA
nucleotide binding is to regulate FtsA polymerization on the
membrane and facilitate stable copolymerization with FtsZ
polymers, in such a manner as to localize the periplasmic cell
division proteins to a position adjacent to the cytoplasmic
divisome. Coregulated assembly and disassembly of FtsZ and
FtsA polymers, and therefore GTP and ATP cycling, would set
the pace of the internal dynamic ring, enabling FtsZ and FtsA
to treadmill in coordinated manner, and trigger initiation of
peptidoglycan synthesis. We predict that other cell division
proteins, such as ZipA or FtsEX, may also contribute to
regulating the FtsA polymerization state and have been
implicated in other studies (17, 43-45). Once recruited by
FtsA, FtsN would then activate FtsQBL and FtsW1I for cell wall
synthesis (18, 45).

Experimental procedures
Bacterial strains and plasmid construction

The strains and plasmids used in this study are listed in
Table 1. The ftsA gene was amplified from pET-ftsA and
cloned into pQE9 using BamHI and an engineered Ndel re-
striction site. Site-specific mutants in ftsA were constructed by
site-directed mutagenesis of ffsA expression plasmids using the
QuikChange II XL mutagenesis system (Agilent) and
confirmed by sequencing. pQE-9-ftsA was mutagenized to
create FtsA(E14R), FtsA(AMTS), and FtsA(E14R/AMTS).
FtsA(AMTS) was created by inserting a TAA stop codon at
amino acid position 405 in ftsA. Plasmid pSEB293 (4), con-
taining gfp-ftsA, was mutagenized to create Gfp-FtsA(E14R),
Gfp-FtsA(AMTS), and Gfp-FtsA(E14R/AMTS). pET-ftsA was
mutagenized to create FtsA(E14R) and FtsA(AMTS).

Protein purification and ATP hydrolysis assays

FtsA, FtsA(E14R), and FtsA(AMTS) were purified as previ-
ously reported (7). FtsZ and Hg-Gfp-FtsZ were purified as
previously reported (57, 58). ATP hydrolysis assays were per-
formed by measuring the amount of inorganic phosphate
released at 37 °C in reaction mixtures (25 pl) with a reaction
buffer containing 50 mM Tris—HCI (pH 7.5), 150 mM KCl,
and 10 mM MgCl,, FtsA, FtsA(E14R), or FtsA(AMTS) (1 uM)
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and ATP (4 mM) using Biomol Green (Enzo Life Sciences) and
comparing to a phosphate standard curve. Protein concen-
trations refer to FtsA monomers and FtsZ monomers.

Transmission electron microscopy

Reactions of reaction buffer, FtsA(AMTS) (12 puM), FtsA
(4 uM), FtsA(E14R) (4 puM), and ATP (4 mM), where indicated,
were incubated for 5 min at 23 °C, applied to a 300-mesh
carbon/formvar coated grid, fixed with glutaraldehyde (2.5%),
and negatively stained with uranyl acetate (2%). The samples
were imaged by TEM using a JEM-2100 80 Kev instrument.

Férster resonance energy transfer assays

Several Cys residues in FtsA(AMTS) are surface exposed
when mapped on the structural model of E. coli FtsA
(Fig. S2A). Two populations of FtsA(AMTS) were labeled with
Alexa Fluor 594 (donor) and Alexa Fluor 647 (acceptor) ac-
cording to the manufacturer’s protocol (ThermoFisher) to a
degree of labeling of 0.5 to 2.0 dyes per protomer. This widely
used donor-acceptor pair has a Forster radius of 79 A, which
corresponds closely to a distance equivalent to two adjacent
FtsA protomers, with each protomer being approximately 40 A
in diameter. To monitor energy transfer, the reaction mixtures
(80 ul) were incubated in an assembly buffer containing
50 mM Tris—HCI (pH 7.5), 150 mM KCI, 4 mM MgCl,, and,
where indicated, AFsg4-labeled FtsA(AMTS) (100 pmol),
AFgy7-labeled FtsA(AMTS) (0-25 pmol), FtsA(AMTS)
(475-500 pmol), FtsZ (4-8 puM), and EDTA (15 mM) for
5 min at 37 °C. Fluorescence emission was scanned from 600
to 800 nm at an excitation wavelength of 590 nm. To compare
nucleotides, ATP (4 mM), ADP (4 mM), or ATPyS (4 mM)
were added, where indicated, and the reactions were incubated
at 37 °C for 10 min, then emission spectra were collected. To
correct for background and off-peak nonspecific donor signal,
equivalent reactions omitting acceptor fluorophore were
scanned and the curves were subtracted as indicated.

Assembly and recruitment assays

To measure FtsA(AMTS) polymer formation by ultracen-
trifugation, reaction mixtures (25 pl) containing assembly
buffer, FtsA(AMTS) (0-12 pM), and ATP (4 mM), where
indicated, were assembled. Reactions were incubated at 23 °C
for 10 min and, where indicated, FtsZ (0-8 pM), or FtsZ
(0-8 uM) preassembled with GTP (4 mM) and a nucleotide
regenerating system containing acetate kinase (25 pg ml™) and
acetyl phosphate (15 mM), or GMPCPP (0.2 mM), were added.
The reactions with FtsZ were carried out in assembly buffer
with 10 mM MgCl, instead of 4 mM MgCl,. The reactions
were centrifuged at 160,000¢ for 30 min in a Beckman TLA
120.1 rotor. Pellets and supernatants were resuspended in
equal volumes, analyzed by SDS-PAGE and Coomassie stain-
ing, and quantified by densitometry using NIH Image].

To analyze PL recruitment of FtsZ polymers by FtsA, the
reaction mixtures were assembled containing reaction buffer,
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FtsZ (6 pM), GTP (2 mM), a nucleotide regenerating system
containing acetate kinase (25 pg ml™') and acetyl phosphate
(15 mM), were incubated for 3 min at 23 °C and added to
preassembled reactions containing FtsA or FtsA(E14R)
(0-8 uM), SUVs (250 pug ml™*), and ATP (4 mM). Small uni-
lamellar vesicles from E. coli extracts (Avanti Polar lipids) were
prepared as described previously (7). The reactions were
incubated for an additional 10 min at 30 °C and centrifuged at
21,130g for 15 min to pellet vesicles. Pellets and supernatants
were resuspended in equal volumes, analyzed by SDS-PAGE
and Coomassie staining, and quantified by densitometry us-
ing NIH Image].

Fluorescence microscopy

To observe fluorescence of FtsA in vivo, MG1655
araEcp-containing plasmid pSEB293 (4) encoding Gfp-FtsA
or variants Gfp-FtsA(E14R), Gfp-FtsA(AMTS), or Gfp-
FtsA(E14R/AMTS) were grown overnight on solid LB media
containing ampicillin (100 pg ml™"), restreaked, and grown for
6 h at 30 °C. Cells containing plasmid expressing Gfp-
FtsA(AMTS) or Gfp-FtsA(E14R/AMTS) were restreaked onto
LB agar plates supplemented with 0.001% L-arabinose. The
cells were harvested from the plate, resuspended in PBS
(phosphate buffered saline), applied to 5% agarose gel pads
containing M9 minimal media supplemented with 0.2%
glucose, and a coverslip was added. Samples were visualized
with a Zeiss LSM 700 confocal fluorescence microscope with
excitation and emission at 488/508 nm. Where indicated, a
Nomarski prism was used to acquire differential interference
contrast images. All the images were captured on an AxioCam
digital camera with ZEN 2012 software.

To observe fluorescent FtsA(AMTS) and FtsZ polymers, He-
Gfp-FtsZ and FtsZ were mixed in a 1:1 ratio for a final con-
centration of 8 uM in assembly buffer with GMPCPP (0.2 mM)
and resuspended Talon Cobalt beads (Takara) and added,
where indicated, to pre-assembled reactions of Alexa Fluor 594
labeled FtsA(AMTS) mixed in a 1:1 ratio with FtsA(AMTS) for
a final concentration of 8 pM and ATP (4 mM), where indi-
cated. The reactions were imaged by epifluorescence micro-
scopy using excitation and emission wavelengths of 488 and
508 nm respectively for Gfp (green channel) and 594 and
617 nm respectively for Alexa Fluor 594 (red channel) and
where indicated, a Nomarski prism was used to acquire dif-
ferential interference contrast images. Lipid concentrations of
FtsA and mutant proteins were measured using the lipophilic
dye probe FM 4 to 64 as described previously (7).

Temperature-sensitive growth assays for function in vivo

To assay for temperature-sensitive growth, MCA12 or
MCA27 (49) containing plasmid pQE9, pQE9-ftsA, or pQE9-
ftsA mutagenized to pQE9-ftsA(E14R), pQE9-fisA(AMTS), or
PQE9-ftsA(E14R/AMTS) were grown overnight at 30 °C in
liquid LB media supplemented with ampicillin (100 pug ml™),
diluted to an Aggp of 0.1 in LB media, grown to an A4y, of 0.4
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at 30 °C, spot plated log dilutions onto LB with ampicillin agar
plates, and grown overnight at 30 or 42 °C, where indicated.

For immunoblotting of Gfp-FtsA, MG1655 araEcp-con-
taining plasmid pSEB293 (4) encoding Gfp-FtsA, or Gfp-FtsA
mutagenized to Gfp-FtsA(E14R), Gfp-FtsA(AMTS), or Gfp-
FtsA(E14R/AMTS) was grown in liquid LB medium supple-
mented with ampicillin (100 pg ml™") and for cells expressing
Gfp-FtsA(AMTS), or Gfp-FtsA(E14R/AMTS) supplemented
with 0.001% L-arabinose, to an Aggo of 0.8 at 30 °C. Proteins
were precipitated with 15% trichloroacetic acid (Sigma-
Aldrich) for 30 min at 4 °C. Suspensions were then centrifuged
at 5000¢ for 10 min at 4 °C. Pellets were isolated and washed
with acetone for 10 min at 4 °C followed by centrifugation at
10,000¢ for 10 min at 4 °C. 0.2 M NaOH was added to the
pellets and then resuspended in buffer consisting of 20 mM
Tris (pH 7.5) and 2% SDS, and a bicinchoninic acid protein
determination was carried out. Equal concentrations of lysate
(5 pg) were analyzed by reducing SDS-PAGE and transferred
to a nitrocellulose membrane (Invitrogen). The membranes
were washed with tris buffered saline (pH 7.6) and Tween-20
(0.05%), blocked for 2 h with 2% (w/v) bovine serum albu-
min, and probed with rabbit Gfp polyclonal antibody serum
and goat anti-rabbit IgG coupled with horseradish peroxidase.
Gfp-FtsA and mutant proteins were visualized using Pierce
ECL Western blotting substrate.

Light scattering assays

To monitor PL remodeling-dependent LS, reaction mix-
tures (80 pl) containing reaction buffer and FtsA or
FtsA(E14R) (2 pM) were monitored for 5 min to collect a
baseline, then ATP (4 mM) or buffer was added, and the re-
actions were monitored for an additional 60 min. To monitor
FtsA(AMTS) polymerization-dependent LS, reaction mixtures
(80 pl) containing assembly buffer, where indicated, EDTA
(15 mM) and FtsA(AMTS) (0-20 pM) were monitored at 37
°C unless otherwise indicated for 5 min to collect a baseline,
then ATP (4 mM), ADP (4 mM), or buffer was added, and the
reactions were monitored for an additional 30 min.

Structural modeling

The amino acid sequence of E. coli FtsA was modeled onto
the coordinates of T. maritima FtsA crystallized with ATPyS
(pdb: 4A2B) (8) by target-template alignment using ProMod3
by the Swiss-Model homology modeling server (59-62).

Statistical information

Where indicated, values are reported as mean value plus or
minus standard error generated from at least three indepen-
dent replicates.

Data availability

All data pertinent to this work are contained within this
article or available upon request. For requests, please contact
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Jodi Camberg at the University of Rhode Island, cambergj@uri.
edu.

Supporting information—This article contains supporting informa-
tion (8).
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