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ABSTRACT Bacterial cell division requires the assembly of a multiprotein division
machinery, or divisome, that remodels the cell envelope to cause constriction. The
cytoskeletal protein FtsZ forms a ringlike scaffold for the divisome at the incipient
division site. FtsZ has three major regions: a conserved GTPase domain that polym-
erizes into protofilaments on binding GTP, a C-terminal conserved peptide (CTC) re-
quired for binding membrane-anchoring proteins, and a C-terminal linker (CTL) re-
gion of varied length and low sequence conservation. Recently, we demonstrated
that the CTL regulates FtsZ polymerization properties in vitro and Z-ring structure
and cell wall metabolism in vivo. In Caulobacter crescentus, an FtsZ variant lacking
the CTL (designated ACTL) can recruit all known divisome members and drive local
cell wall synthesis but has dominant lethal effects on cell wall metabolism. To un-
derstand the underlying mechanism of the CTL-dependent regulation of cell wall
metabolism, we expressed chimeras of FtsZ domains from C. crescentus and Esche-
richia coli and observed that the E. coli GTPase domain fused to the C. crescentus
CTC phenocopies C. crescentus ACTL. By investigating the contributions of FtsZ-
binding partners, we identified variants of FtsA, a known membrane anchor for FtsZ,
that delay or exacerbate the ACTL phenotype. Additionally, we observed that the
ACTL protein forms extended helical structures in vivo upon FtsA overproduction.
We propose that misregulation downstream of defective ACTL assembly is propa-
gated through the interaction between the CTC and FtsA. Overall, our study pro-
vides mechanistic insights into the CTL-dependent regulation of cell wall enzymes
downstream of FtsZ polymerization.

IMPORTANCE Bacterial cell division is essential and requires the recruitment and
regulation of a complex network of proteins needed to initiate and guide constric-
tion and cytokinesis. FtsZ serves as a master regulator for this process, and its function
is highly dependent on both its assembly into the canonical Z ring and interactions with
protein binding partners, all of which results in the activation of enzymes that remodel
the cell wall to drive constriction. Using mutants of FtsZ, we have elaborated on the
role of its C-terminal linker domain in regulating Z-ring stability and dynamics, as
well as the requirement for its conserved C-terminal domain and interaction with
the membrane-anchoring protein FtsA for regulating the process of cell wall remod-
eling for constriction.

KEYWORDS Caulobacter crescentus, FtsA, FtsZ, cell division, cell wall, peptidoglycan

acterial cell division requires spatially and temporally coordinated remodeling of
the cell envelope to cause constriction. To this end, a multiprotein machinery,
called the divisome, is assembled at the incipient site of division. FtsZ, the most
conserved protein of the divisome and the first to arrive at midcell prior to division, is
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a tubulin homolog that polymerizes into a discontinuous ringlike scaffold, or Z ring, for
the recruitment of other members of the divisome (1). Over two dozen proteins are
directly or indirectly recruited to the divisome. In Caulobacter crescentus, these include
FtsZ-binding proteins that regulate Z-ring structure (ZapA, ZauP, and FzlA), membrane-
anchoring proteins of FtsZ (FtsA, FzIC, and FtsEX), peptidoglycan (PG) cell wall enzymes
(DipM, AmiC, Ftsl/Pbp3, and FtsW) and their regulators (FtsN and FtsQLB), outer
membrane remodeling proteins (Tol-Pal complex), pole remodeling proteins (TipN),
and factors involved in chromosome segregation and translocation (e.g., FtsK) (2-3).
While most of the essential members of the divisome have likely been identified, the
interactions among these proteins and the regulation of their organization and func-
tion are unclear.

In addition to serving as a scaffold for the divisome, FtsZ actively regulates the
activity of the divisome. The existence of FtsZ mutants that can assemble into Z rings,
recruit the divisome, and drive local cell wall synthesis but are incapable of cell division
suggests that cell division requires additional FtsZ-dependent regulation of organiza-
tion or activity of the divisome (4). Recent studies have shown that clusters of FtsZ
protofilaments in the Z ring undergo directional treadmilling motion that drives the
movement of cell wall enzymes (5-6). Thus, Z-ring assembly properties are directly
relevant for the regulation of local cell wall remodeling. However, the pathways
downstream of Z-ring assembly that regulate cell wall enzymes are largely unknown.

FtsZ has three regions: (i) a conserved GTPase domain, (ii) a C-terminal linker (CTL),
and (iii) a C-terminal conserved peptide (CTC) (7). The GTPase domain is structurally
similar to that of eukaryotic tubulin (8-9) and is sufficient for polymerization on binding
GTP (4, 10). Mutations in the GTPase domain affect Z-ring dynamics, organization, and
regulation of cell wall synthetic enzymes, at least in some bacteria (5, 6, 11-13).
FtsZ-binding proteins such as FtsZ-localized protein A (FzIA) bind the GTPase domain
(4). Overproduction, depletion, and mutation of these FtsZ-binding proteins have been
observed to influence Z-ring structure through unclear mechanisms. The CTC is com-
posed of a conserved peptide that is required for FtsZ's interactions with membrane-
anchoring proteins such as FtsA across multiple species of bacteria (14-19) and FzIC in
C. crescentus (20).

The CTL is an intrinsically disordered region that connects the GTPase domain to the
CTC and varies in length and sequence across species. While there are no known
binding partners for the CTL, changes in the length and sequence of the CTL affect
polymer turnover and lateral interactions between FtsZ protofilaments, at least in the
cases of FtsZ from Caulobacter crescentus (CcFtsZ), Bacillus subtilis, and Agrobacterium
tumefaciens (10, 21-23). Surprisingly, large modifications of CTL sequence are tolerated
in B. subtilis and Escherichia coli cells as long as flexibility of the CTL and a length range
of £50% of wild-type (WT) length are maintained (21, 24). Conversely, in C. crescentus,
large truncations of the CTL are tolerated to some extent, but significant changes to the
CTL sequence impact protein stability and, therefore, cell division (4). Complete dele-
tion of the CTL causes dominant lethal defects in Z-ring assembly and cell lysis, at least
in C. crescentus and B. subtilis (4, 21). Identifying the contributions of the CTL to FtsZ
function is thus essential to understanding the communication between Z-ring struc-
ture and cell wall enzyme activities.

We previously showed that the expression of FtsZ lacking its CTL (designated ACTL,
wherein the GTPase domain is fused directly to the CTC) in the alphaproteobacterium
C. crescentus causes misregulation of cell wall enzymes, resulting in the formation of
envelope bulges at the sites of ACTL assembly and rapid cell lysis (4). Using a
fluorescent fusion to ZapA, a protein that binds FtsZ's GTPase domain, we found that
Z-ring superstructure is affected in cells producing ACTL: ACTL forms large, amorphous
assemblies instead of focused rings (4). FtsZ with a minimal CTL of 14 amino acids
(designated L14) exhibits WT-like Z-ring shape and does not lead to bulging and lysis.
In vitro, ACTL polymerizes into straight multifilament bundles that are significantly
longer than the curved protofilaments observed for WT FtsZ or L14 by electron
microscopy (4, 10). Moreover, ACTL exhibits lower GTP hydrolysis rates than WT FtsZ in
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vitro (4, 10). The effects of the loss of the CTL on polymer assembly and superstructure
result in the formation of stable networks of protofilaments of ACTL on supported lipid
bilayer membranes in contrast to smaller dynamic clusters formed by WT FtsZ, as
observed by total internal reflection fluorescence microscopy in vitro (25). Unlike the
CTL, the CTC does not obviously contribute to polymer structure or dynamics for C.
crescentus FtsZ; polymer structure, observed by electron microscopy (EM), or GTP
hydrolysis rates of FtsZ lacking its CTC (ACTC) are comparable to those of WT FtsZ (10).
Moreover, in vivo, ACTC assembles into rings and broad bands but is incapable of
cytokinesis (4).

Determining how CTL-dependent changes in FtsZ polymerization are communi-
cated to the divisome is essential for understanding how Z-ring structure and dynamics
regulate cell wall metabolism. We hypothesize that there are specific pathways down-
stream of the aberrant ACTL superstructures in vivo that contribute to the misregulation
of cell wall enzymes. In the current study, we examined the contributions of the GTPase
and CTC domains to the ACTL phenotype. By expressing chimeric FtsZ variants bearing
domains from E. coli FtsZ (EcFtsZ) and/or C. crescentus FtsZ in C. crescentus cells, we
found that a chimeric FtsZ with the E. coli GTPase domain and C. crescentus CTC causes
bulging and lysis but only in the absence of a CTL from either organism. We also tested
the effects of candidate division proteins on the lethal cell wall metabolic defects
downstream of ACTL. Of all the division proteins tested, only FtsA appears to be
required for ACTL-induced bulging and lysis. Specifically, we observed that variants of
FtsA are able to reduce or enhance the toxicity of ACTL, and an overabundance of FtsA
leads to profound distortion of the superstructures of WT FtsZ and ACTL Z rings in vivo.
Together, our results suggest that whereas the CTL is required to prevent defective
Z-ring assembly, the interaction between the CTC and FtsA is required for CTL-
dependent signaling from the Z ring to the regulation of cell wall enzymes in cells.

RESULTS

E. coli GTPase domain fused to C. crescentus CTC is sufficient to cause bulging
and lysis. We first sought to determine the contributions of each region of FtsZ to the
ACTL-induced bulging and lysis phenotype by making chimeric FtsZ variants using the
GTPase domain, CTL, and/or CTC regions of E. coli and/or C. crescentus FtsZ (Fig. 1; see
also Fig. S1 in the supplemental material). We reasoned that, due to the low sequence
homology, FtsZ-binding partners specific to C. crescentus would not be able to bind and
regulate the evolutionarily distant E. coli FtsZ. We expressed chimeric FtsZ mutants in
C. crescentus cells depleted of WT FtsZ using a strain wherein the only copy of ftsZ is
under vanillate-driven expression via the P, promoter and wherein the ftsZ chimera
is under xylose-inducible expression via the P, ,, promoter and followed their effects on
cell morphology. Additionally, we imaged the incorporation of fluorescently labeled
p-alanine (HADA) (26) to visualize regions of active cell wall metabolism.

In C. crescentus, FtsZ drives the majority of cell wall synthesis at midcell (Fig. 1A,
CcFtsZ), and depletion of WT FtsZ in C. crescentus cells caused diffuse cell wall synthesis
(27). Xylose-induced CcACTL production resulted in filamentation and bulges, which
corresponded to sites of active cell wall metabolism (Fig. 1A). On the other hand,
xylose-induced production of CcL14, an FtsZ variant with a CTL consisting of only 14
amino acids that is incapable of cytokinesis but does not cause bulging and lysis (4),
could direct initiation of constriction and drive cell wall metabolism at multiple sites
along filamentous cells. Production of EcFtsZ in C. crescentus cells did not result in any
constriction or localized cell wall metabolism, consistent with the expectation that
EcFtsZ cannot efficiently engage the C. crescentus division or PG metabolic machinery.
When we expressed EcACTL (EcGTPase-EcCTC), we did not observe any constriction
initiation, bulging, or lysis. However, this mutant was surprisingly able to drive limited
local cell wall metabolism. The localization of HADA fluorescence appeared diffuse, with
occasional asymmetrically distributed foci along the short axis of the cells or at the cell
pole.
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FIG 1 EcGTPase-CcCTC can cause bulging and lysis similar to that with CcACTL. (A) Phase-contrast images of
morphology and merged epifluorescence images showing HADA incorporation (yellow) overlaid on phase-contrast
images (blue) corresponding to cells depleted of FtsZ and simultaneously induced for xylose-dependent produc-
tion of C. crescentus FtsZ (cyan), E. coli FtsZ (magenta), CTL truncations, or their chimeric variants. Phase-contrast
images were acquired after 5 h of induction of FtsZ variant. HADA fluorescence images were acquired after 4.5 h
of induction of FtsZ variant. Scale bar, 2 um. (B) Growth characteristics of strains shown in panel A represented as
absorbance at OD,, over time. Shaded regions represent standard deviations of three technical replicates at each
point. Strains are as indicated, and all are depleted of native CcFtsZ.

Strikingly, when we expressed a chimera wherein the EcGTPase domain is fused to
CcCTC (EcGTPase-CcCTC), we observed cell envelope bulges similar to those resulting
from CcACTL production. Once again, similar to observations of CcACTL, bulges were
the primary sites of cell wall metabolism in these cells, and expression of EcGTPase-
CcCTC resulted in rapid cell lysis (Fig. 1B). The toxic effects of EcGTPase-CcCTC were not
observed when we introduced CcCTL, EcCTL, or CcL14 back into this chimera; xylose-
induced expression of EcGTPase-CcCTL-CcCTC, EcGTPase-EcCTL-CcCTC, or EcGTPase-
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CcL14-CcCTC resulted in smooth filamentous cells with diffuse cell wall synthesis,
similar to cells with EcFtsZ. We confirmed by probing with antibodies against both C.
crescentus and E. coli FtsZ that there were no significant differences in the expression
levels of these chimeras that could account for the differences in phenotypes observed
(Fig. S2).

We hypothesized that the localization (or lack thereof) of HADA signal in cells
producing different FtsZ variants would reflect the localization of the corresponding
FtsZ variant. Indeed, CcFtsZ with an N-terminal monomeric-neon green (mNG) (28)
fusion localized to midcell rings, as expected, while MNG-CcACTL and mNG-EcGTPase-
CcCTC showed similar localizations in bulges (Fig. S3), recapitulating what we observed
previously using a tagged variant of an FtsZ-binding protein (ZapA-Venus) (4). mNG-
EcGTPase-CcL14-CcCTC and mNG-EcACTL had diffuse localizations as well with foci
along the cell body and, in the case of mMNG-EcACTL, at cell polls (Fig. S3), reflecting a
localization pattern similar to that of HADA in the strains bearing the untagged variants
(Fig. TA). In contrast to ECACTL, mNG-EcFtsZ in cells depleted of CcFtsZ exhibited diffuse
localization with limited formation of foci.

Our finding that EcGTPase-CcCTC induces bulging and lysis while EcACTL fails to do
so implies that partners that bind the CTC, but not the GTPase domain, are important
for downstream regulation of PG metabolism. To confirm that C. crescentus proteins
that bind the GTPase domain of CcFtsZ do not bind the GTPase domain of EcFtsZ, we
performed in vitro copelleting assays with the FtsZ-binding proteins FzIA and MipZ,
regulators of constriction activation and division site positioning, respectively. As
expected, purified FzIA and MipZ were each efficiently recruited to the pellet by
polymers of CcFtsZ or CcACTL after high-speed centrifugation, indicating direct bind-
ing. In contrast, FtsZ variants including the EcGTPase domain (EcFtsZ and EcGTPase-
CcCTQ) failed to recruit either FzIA or MipZ to the pellet, suggesting that these proteins
are unable to interact strongly with the GTPase domain of EcFtsZ (Fig. S4).

Finally, to gain insight into why EcFtsZ and EcACTL would exhibit different localiza-
tion patterns when expressed in C. crescentus, we analyzed their in vitro assemblies,
along with those of CcFtsZ, CcACTL, and EcGTPase-CcCTC, with right-angle light scatter
assays using limiting amounts of GTP (Fig. S5). In line with previous results (10), CcACTL
exhibited a greater degree of light scatter for a longer period of time after addition of
GTP than CcFtsZ, in agreement with a higher degree of interfilament bundling and
slower turnover. On the other hand, EcCACTL exhibited a similar degree of light scatter,
albeit for a longer period of time than EcFtsZ, after addition of GTP. This is consistent
with the idea that the CTL contributes to polymer turnover in EcFtsZ as it does in CcFtsZ
(4, 10). The low level of light scatter for EcACTL suggests that it does not exhibit
substantially increased bundling, at least compared to that of CcACTL. The slowed
polymer dynamics observed in vitro for EcCACTL compared to that of EcFtsZ could
potentially explain the difference in their abilities to form foci in C. crescentus cells (Fig.
S3). Interestingly, we also observed that the EcGTPase-CcCTC variant exhibits a higher
degree of light scatter than EcFtsZ and EcACTL and for a longer period of time than
EcFtsZ (Fig. S5), suggesting that in addition to slower turnover, this variant is able to
form interfilament bundles. This bundling behavior may be mediated in part by the
presence of CcCTC, suggesting that this domain contributes to the bundling propensity
of the EcGTPase domain.

Taken together, our results suggest that the misregulation of PG metabolism
downstream of CcACTL assembly requires mainly three factors: (i) a polymerizing
GTPase domain (4), (ii) absence of a minimal CTL, and (iii) the CcCTC. Moreover, since
CcACTL (CcGTPase-CcCTC) and EcGTPase-CcCTC cause almost identical effects on cell
morphology and cell wall integrity, since the CcGTPase domain alone was previously
shown to be insufficient to cause bulges (4), and since the EcGTPase domain does not
efficiently bind CcFtsZ partners (Fig. S4), we conclude that differences in the interac-
tions of FtsZ-binding proteins with the GTPase domain are unlikely to be responsible
for the CTL-dependent misregulation of cell wall synthesis.
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FtsA is implicated in ACTL-induced bulging. The ability of EcGTPase-CcCTC to
cause bulging and lysis suggests that divisome proteins that bind to the CTC are critical
for CTL-dependent regulation of cell wall metabolism, whereas those that interact with
the GTPase domain of FtsZ are likely not required. To address this hypothesis, we asked
if xylose-inducible expression of ACTL can cause bulging and lysis in cells deleted of
nonessential members of the divisome that bind FtsZ at the GTPase domain (zapA,
zauP, and both zapA and zauP), the CTC (fzIC), or at an unknown site (ftsE). We observed
filamentation, bulging, and lysis in strains lacking each of these factors (Fig. S6),
suggesting that CTL-dependent regulation of cell wall metabolism does not require
these divisome proteins.

FtsA is an essential membrane-anchoring protein for FtsZ that binds to the CTC
(14-19). Since FtsA is essential, we expressed ACTL in a previously described ftsA
temperature-sensitive [ftsA(Ts)] strain background (EG1776) (29). At the restrictive
temperature of 37°C, the ftsA(Ts) strain exhibited filamentation in the presence or
absence of ACTL production (Fig. S7A and B). Upon induction of ACTL, the ftsA(Ts) strain
failed to exhibit characteristic bulging (Fig. S7A), and lysis was delayed (Fig. S7C),
although the ftsA(Ts) strain was unable to suppress the viability defect associated with
ACTL production (Fig. S7D). However, the ftsA(Ts) strain also suppressed bulging upon
ACTL induction at the permissive temperature. This prompted us to sequence the ftsA
mutation (1275N) and introduce it into a clean genetic background with xylose-
inducible ACTL (EG2805). This strain exhibited a filamentous morphology, low growth
rate, and reduced viability at 30°C, characteristics which were exacerbated at 37°C
without induction of ACTL (Fig. S7A, C, and D), implying that there are additional
mutations in the original temperature-sensitive strain that suppress filamentation at
30°C. We did not observe bulging in a strain expressing an I-to-N change at position 275
encoded by ftsA (ftsA’27>N strain) upon ACTL expression at either temperature (Fig. S7A),
although increased lysis and the viability defect associated with ACTL were still present
(Fig. S7C and D). Collectively, the above data implicate FtsA in the dominant lethal
bulging effect of ACTL and suggest that it likely plays a key role in CTL-dependent
regulation of cell wall metabolism.

Given that cells bearing the ftsA’?7>N mutation are very sick even at 30°C without
ACTL production, we sought additional genetic evidence implicating FtsA in ACTL-
mediated phenotypes. Prior studies implicated FtsA’s polymerization state in its func-
tion in vivo (30-35), so we endeavored to generate mutants of ftsA that would produce
variants predicted to be impaired for self-interaction based on analogous mutations in
E. coli ftsA (Fig. S8, adapted from PDB accession number 4A2B) (32). Importantly, these
residues (Fig. S8, shown in red) are located at FtsA’s self-interaction interface and are
not in proximity to either the ATP- or FtsZ-binding region (shown in cyan and blue,
respectively). In the absence of ACTL, strains expressing these mutants as the only copy
of ftsA were similar to the wild type in morphology, growth, and viability, although the
R371A variant resulted in slightly elongated cells (Fig. 2A to G). However, upon
induction of ACTL (Fig. 2H), the mutants displayed distinct phenotypes. Two mutants
(R195C and A295M) appeared to delay the ACTL-associated filamentation, bulging, and
lysis phenotypes (Fig. 2B to F). Interestingly, both of these strains exhibited late-stage
division defects when ACTL was induced, as indicated by the presence of cells with
nearly complete constriction, resulting in a chaining morphology (Fig. 2B and C, white
arrowheads). Additionally, HADA incorporation nearly resembled that of uninduced
cells, further suggesting that these mutants can minimize or delay the signaling defects
imparted by ACTL. Neither mutant was able to suppress ACTL-induced viability defects
(Fig. 2G).

The other two mutants (1161F and R371A) displayed distinct morphologies in the
presence of ACTL (Fig. 2D and E), as well as more rapid lysis than that of ACTL in an ftsA
WT background (Fig. 2F). Cells bearing the 1161F mutant exhibited severe, asymmetric
bulging (Fig. 2D, arrowheads), which is remarkable since ACTL typically results in bulges
symmetric about the longitudinal axis. The R371A mutant in combination with ACTL,
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FIG 2 ftsA point mutants can delay or exacerbate ACTL-induced bulging, filamentation, and lysis. (A to E)
Phase-contrast, epifluorescence, and merged images of cells with ftsA WT (A), ftsAR795C (B), ftsAA295M (C), ftsAl'6'F (D),
or ftsAR377A (E) as the only copy of ftsA uninduced with glucose or induced with xylose to drive expression of ACTL
from P, ,, promoter for indicated amounts of time prior to imaging. White arrowheads indicate cells with nearly
complete constriction, resulting in a chaining morphology. Red arrowheads indicate bulges that are asymmetric
about the long axis of the cell. Yellow arrowheads indicate regions of hypercurvature. (F) Growth characteristics of
cells shown in panel A, uninduced (closed circles) or induced (open circles) for ACTL expression, represented as
absorbance at OD,, over time. Shaded regions represent standard deviations of three technical replicates at each
point. (G) Spot dilutions of strains shown in panel A showing growth of cells uninduced with glucose or induced
with xylose (+ACTL) for ACTL expression. Cells in log phase were diluted to an ODg,, of 0.05, serially diluted, and
spotted onto PYE agar plates with indicated inducer (glucose or xylose). Plates were incubated at 30°C for 48 h
before imaging. (H) Immunoblot using anti-FtsZ antibody showing protein levels of ACTL and WT FtsZ correspond-
ing to the experiments shown in panel A at 6.5 h of incubation with xylose. Strains are as indicated, and all strains
have xylose-inducible ACTL.

however, yielded highly filamentous cells with diffuse HADA signal and regions of
hypercurvature (Fig. 2E, yellow arrowheads), suggesting that division is immediately
and completely inhibited upon ACTL induction in this background. Although further
work is needed to elucidate the exact effects these point mutations impart on FtsA
function, it is clear that they are sufficient to affect ACTL-mediated phenotypes.
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FIG 3 FtsA overproduction exacerbates formation of ACTL-induced bulges. (A) Phase-contrast images of cells in the
absence or presence of inducer (xylose) for the expression of ACTL and overproduction of FtsZ binding proteins
(or empty vector control). Scale bar, 2 um. (B) Phase-contrast images of cells with xylose-inducible expression of
ACTL and vanillate-inducible overexpression of fzIC, mipZ, or empty vector control. Scale bar, 2 um. All strains have
xylose-inducible ACTL.

Collectively, our data thus far indicate that the CTC is required for ACTL-mediated
signaling through FtsA to misregulate cell wall metabolism but that all known nones-
sential FtsZ-binding proteins are dispensable for this signaling.

Overproduction of FtsA exacerbates ACTL-induced cell wall defects. Next, we
investigated whether overproducing FtsZ-binding proteins could impact the dominant
lethal effects of ACTL expression. To this end, we overproduced FzlA, ZapA, ZauP, both
ZapA and ZauP, FtsA, FtskE, both FtsE and FtsX, FzIC, or MipZ in cells inducibly
expressing ACTL. We found that overproduction of either ZapA (without ZauP) or FzIC
suppresses the formation of bulges up to 10 h postinduction and allows initiation of
constriction in cells producing ACTL (Fig. 3). Overproduction of ZapA or FzIC in the
absence of ACTL causes a minimal increase in cell length (20, 36). In cells overproducing
ZapA or FzIC and producing ACTL, the region of constriction appeared elongated, and
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many cells were chained. Overproduction of FtsE or FtsEX in the absence of ACTL
expression caused cell elongation and ectopic pole formation (37). We observed a
similar phenotype in cells overproducing FtsE or FtsEX and producing ACTL, with no
envelope bulges, suggesting that the effects of ftsEX overexpression are dominant to
ACTL-induced toxicity (Fig. 3A).

MipZ is a negative regulator of FtsZ polymerization, and overproduction inhibits
assembly of Z rings. Overexpression of mipZ in cells expressing ACTL prevented the
formation of envelope bulges up to 10 h postinduction (Fig. 3B). Since the ability of
ACTL to form polymers is required for inducing bulging and lysis (4), overproducing
MipZ could affect ACTL-induced bulging by limiting ACTL assembly. Although over-
production of ZapA, FzIC, FtsE, FtsEX, or MipZ is sufficient to suppress ACTL-induced
bulging, none of the proteins, when overproduced, were able to support growth, as
demonstrated by a spot dilution assay (Fig. S9). We confirmed that the effects of
overproducing these proteins on ACTL-induced bulging were not due to differences in
expression of ACTL via immunoblot probing for FtsZ/ACTL (Fig. S10).

The ratio of FtsZ to FtsA has been shown to affect cell division and morphology in
several species (38-41), so we predicted that increasing FtsA levels would have an
effect on cells producing ACTL. Indeed, in contrast to the effects of overproducing
ZapA, FzIC, or MipZ, overproduction of FtsA exacerbated the effects of ACTL produc-
tion: envelope bulges were larger, less symmetric, and appeared earlier in ACTL-
producing cells overexpressing ftsA than in those not overexpressing ftsA (empty vector
control) (Fig. 3A). We confirmed these observations using a time course that included
earlier time points to gain insight into when these bulges begin to appear (Fig. 4A,
arrowheads). Quantification of the maximum widths of cells revealed that ftsA overex-
pression causes larger and/or more frequent ACTL-induced envelope bulges than
empty vector controls at all time points except 4.5 h postinduction (Fig. 4B). Moreover,
the proportion of cells with bulges (quantified as cells with maximum cell widths
greater than the width of the widest ACTL-uninduced cell of the same strain) was
higher for FtsA-overproducing cells than for empty vector controls at all time points
(Fig. 4D), further suggesting that FtsA overproduction accelerates ACTL-induced bulg-
ing. As expected, FtsA-overproducing cells were also longer than empty vector controls
at all time points, and the proportion of filamentous cells (quantified as cells with
lengths greater than the length of the longest ACTL-uninduced cell of the same strain)
increased rapidly on ftsA overexpression until virtually the entire population was
filamentous (Fig. 4C and E). Collectively, our genetic interaction analyses implicate FtsA
as a major mediator of signaling downstream of FtsZ in CTL-dependent regulation of
PG metabolism.

The FtsZ CTL impacts Z-ring superstructure in vivo. ACTL has significantly altered
polymerization properties compared to those of WT FtsZ (4, 10, 25) and altered Z-ring
morphology in cells (4) (Fig. S3), implicating FtsZ dynamics and superstructure in PG
misregulation downstream of ACTL. To investigate whether FtsZ-binding proteins affect
Z-ring structure to modulate ACTL toxicity, we first more comprehensively compared
Z-ring structures of ACTL and other variants in vivo. We found that mNG-ACTL pro-
duced from P, in the presence or absence of WT FtsZ causes filamentation and local
cell wall bulges at 5 h of induction, indicating that mNG-ACTL is dominant lethal, similar
to untagged ACTL (Fig. 5A; also Fig. S11 and S14). This allowed us to compare structures
formed by FtsZ or ACTL in vivo to identify CTL-dependent differences in the Z ring that
might correlate with bulging and lysis. In our analysis, we also included as controls mNG
fusions to L14 and an FtsZ variant with the CcCTL sequence replaced with the CTL from
Hyphomonas neptunium FtsZ (HnCTL) (Fig. S1) that causes inefficient cytokinesis (4).

We expressed mNG fusions to FtsZ or CTL variants using the xylose-inducible P,
promoter while depleting WT FtsZ simultaneously using strains wherein the only copy
of ftsZ is under the control of the vanillate-inducible P ,,,, promoter. As we observed
earlier (Fig. S3), mNG-FtsZ formed ringlike structures that appeared as a band or two
closely spaced foci aligned along the short axis or a single focus per dividing cell after
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FIG 4 FtsA overproduction induces earlier bulge formation and greater filamentation in cells producing ACTL. (A)
Phase-contrast images of cells uninduced or induced with xylose to drive expression of mNG-ACTL and empty
vector (turquoise) or ftsA (blue) from P, ,, promoter for the indicated amounts of time prior to imaging. Arrowheads
indicate bulges at early time points. (B and C) Quantification of maximum width or length of cells from strains
shown in panel A at indicated time points. The maximum value of the uninduced EG1708 strain is denoted by a
dashed line in each. Bars represent standard deviations (n = 379 cells per strain for 1-, 2.5-, and 4.5-h induced and
6.5-h uninduced time points; n = 179 cells per strain for the 6.5-h induced time point). *, P < 0.05; ***, P < 0.001;
n.s., not significant. (D and E) Proportions of cells from strains shown in panel A at indicated time points with
maximum width (as a readout of bulging) or length (as a readout of filamentation) greater than that of the
maximum value for uninduced cells of the same strain. Strains are as indicated, and all strains have xylose-inducible
ACTL.

1 h of induction (Fig. 5A). At longer induction times, mNG-FtsZ Z-ring structure was
maintained despite cell flamentation due to depletion of WT FtsZ (Fig. S11). Unlike WT
FtsZ, within 1 h of induction, mMNG-ACTL formed brighter, wider, and fewer ringlike
structures. These structures increased in size and intensity over time. Frequently, we
observed these structures to be asymmetrically distributed along the short axis (Fig. 5A;
Fig. S11). mNG-L14 assembled into apparently less dense, diffuse structures after 1 h of
induction (Fig. 5A), which became more diffuse and scattered at longer induction times
(Fig. S11). mNG-HnCTL structures appeared predominantly as faint rings or foci or more
dispersed structures, similar to those of mNG-L14, and did not change appreciably with
longer induction or cell filamentation (Fig. 5A; Fig. S11).
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FIG 5 ACTL assembles into large asymmetric superstructures at sites of cell wall bulging in cells depleted of WT
FtsZ. (A) Phase-contrast, epifluorescence, and merged images of cells induced with xylose to drive expression of
mNG-FtsZ, mNG-ACTL, mNG-L14, or mNG-HnCTL from the P, ,, promoter for 1 h while simultaneously depleting WT
FtsZ. Scale bar, 2 um. (B to E) Quantification of epifluorescence images of cells 3 to 5 um long indicating the full
width at half-maximum (FWHM) values of Z-ring intensity (B), fraction of mNG-FtsZ or variants in the Z ring (C), and
mean epifluorescence intensity of the whole cells (D) or the Z ring (E) in an FtsZ depletion background. Bars
represent standard deviations. Numbers of cells per strain are indicated for each measurement. *, P < 0.05; **,
P=0.01; ***, P=0.001. Strains are indicated in panel A. AU, arbitrary units.
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We quantitatively analyzed Z-ring structures using MicrobeJ (42) and Oufti (43). To
avoid potential effects of cell length on Z-ring organization, we focused on cells 3 to
5 um long, which we determined from demographs (Fig. S12) to have stable Z rings
after induction of mMNG-FtsZ or CTL variants for 1 h. We calculated the full width at
half-maximum (FWHM) value for mNG intensity along the longitudinal axis for each
variant as a measure of the degree of focusing of the Z ring. Z rings formed by
mMNG-ACTL, mNG-L14, and mNG-HnCTL were wider than those formed by mNG-FtsZ
(Fig. 5B). We asked if these altered Z-ring structures formed by CTL variants could be
explained by differences in the fraction of FtsZ present in the Z ring by determining
relative enrichment of fluorescence signal at the Z ring compared to that of the rest of
the cell. Indeed, cells expressing mNG-ACTL had a significantly greater proportion of
fluorescence signal in the Z ring than those expressing mNG-FtsZ (Fig. 5C). The fraction
of mNG-HnCTL was lower than that of each of the other CTL variants, suggesting a
lower tendency to assemble into polymers at the Z ring, while the fraction of mNG-L14
was similar to that of WT FtsZ (Fig. 5C). Moreover, mNG-L14 and mNG-HnCTL each
formed less dense structures, as measured by mean intensity of the Z ring, than
MNG-FtsZ or mNG-ACTL (Fig. 5D), consistent with their apparent dimness in the images.

We next determined the relative amount of each tagged FtsZ variant per cell in each
strain to address whether protein levels are affected. Mean fluorescence intensity
values for the whole cell were significantly increased in cells expressing mNG-ACTL or
mMNG-L14 compared to levels in those expressing mNG-FtsZ or mNG-HnCTL (Fig. 5E),
suggesting increased protein levels of these two variants. Using quantitative immuno-
blotting, we found that, indeed, MNG-ACTL and mNG-L14 levels were ~5-fold higher
than those of MNG-FtsZ and mNG-HNnCTL and that these levels increased relative to the
level of mMNG-FtsZ over time (Fig. S13). mMNG-L14 was present at higher levels than
MNG-ACTL, whereas mNG-HnCTL levels were nearly equivalent to those of mNG-FtsZ
(Fig. S13). Since all mNG fusions were expressed using identical induction conditions,
increased protein levels are likely due to differences in posttranslational stability.

Finally, we tested if the structures formed by the CTL variants are influenced by the
presence of WT FtsZ by expressing mNG fusions in an otherwise WT strain (i.e., without
depleting WT FtsZ). All four variants formed ringlike structures at 1 h of induction, with
mNG-ACTL forming slightly wider and brighter rings (Fig. S14A). However, after 5 h of
induction, mNG-ACTL structures became less ringlike and more asymmetric, while the
structures formed by the other CTL variants resembled those formed by mNG-FtsZ (Fig.
S14B). This observation agrees with our prior observations that the presence of WT FtsZ
delays the onset of ACTL-induced bulging and lysis (4) and that ACTL and WT FtsZ can
form long, bundled copolymers in vitro (10). In all cells expressing ACTL, the appear-
ance of aberrant structures preceded the appearance of cell envelope bulges, suggest-
ing that aberrant Z-ring morphology in the absence of CTL is not a result of altered cell
geometry but, rather, is inherent to the assembly properties of ACTL. Quantitation of
Z-ring structures formed by and protein levels of each CTL variant in the presence of WT
FtsZ after 1 h of induction revealed trends similar to those observed in cells depleted
of WT FtsZ, with the exception that the mean Z-ring intensity for mNG-L14 was similar
to that of mNG-ACTL in the presence of WT FtsZ (Fig. S14C to F and S15).

FtsA overproduction promotes formation of long, helical ACTL assemblies.
Since we observed a correlation between effects of the CTL on FtsZ assembly properties
and in vivo phenotype (4, 10, 25) and since FtsA has a drastic effect on the ACTL
phenotype (Fig. 2 and 3), we reasoned that perhaps FtsA alters the structure of Z rings
in vivo. We investigated this hypothesis by comparing mNG fusions of FtsZ and ACTL
in strains with native ftsA expression to those overexpressing ftsA from the P,
promoter. In cells producing mNG-FtsZ, FtsA overproduction yielded both cell filamen-
tation and a patchy, dispersed mNG-FtsZ signal compared to results in empty vector
control cells (Fig. 6A and B), similar to what has been observed in previous studies (20)
and suggesting that increased FtsA levels interfere with FtsZ localization. Intriguingly,
FtsA overproduction in cells producing mNG-ACTL resulted in the formation of what
appeared to be large-scale ACTL helices that stretch for multiple micrometers along the
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FIG 6 FtsA overproduction affects the structure of Z rings formed by mNG-FtsZ and mNG-ACTL. (A and B)
Phase-contrast, epifluorescence, and merged images of cells induced with xylose to drive expression of mNG-FtsZ
and empty vector (EV) or ftsA from the P, promoter for 6.5h prior to imaging. (C and D) Phase-contrast,
epifluorescence, and merged images of cells induced with xylose to drive expression of mMNG-ACTL and empty
vector (EV) or ftsA from the P, promoter for indicated times prior to imaging. Colored insets in merged images
from 5-h time points are expanded below to increase visibility of Z-ring structures. Scale bars, 2 um. Strains are as
indicated.

inner membrane of the cell in contrast to amorphous ring morphologies observed
following production of mNG-ACTL with native levels of FtsA (Fig. 6C and D). We
compared these findings to the localization of mMNG-FtsZ and mNG-ACTL in cells
overexpressing zapA, mipZ, and fzIC, which were shown to moderately reduce envelope
bulging. We observed that Z-ring structure and FtsZ/ACTL localization remain largely
unaffected, with the exception of a lack of diffuse mNG-ACTL signal in the presence of
overabundant MipZ (Fig. S16).

To gain more detailed insight into the mNG-ACTL structures formed in cells
overproducing FtsA, we imaged the same strains at multiple time points following
induction using three-dimensional structured-illumination microscopy (3D-SIM).
MNG-FtsZ formed relatively narrow, discontinuous rings at midcell at all time points
(Fig. 7A; also Fig. S17A and Movie S1 in the supplemental material) that exhibited a
range of diameters corresponding to progression through the cell cycle and cytokinesis
(Fig. S18A), observations that agree with WT Z-ring structures previously observed in
vivo in C. crescentus (36, 44). ftsA overexpression resulted in more patchy and discon-
tinuous Z rings that stretched farther along the length of the cell over time. At longer
inductions of ftsA overexpression, we observed multiple, loosely ringlike structures
along the length of the cell (Fig. 7B; Fig. S17B and S18B and Movie S2). Although these
cells are filamentous, this FtsZ localization pattern differs from others observed upon
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FIG 7 FtsA overproduction interferes with Z-ring assembly and causes mMNG-ACTL to form long helical structures
in vivo. Shown are orthogonal views of 3D projections of image stacks acquired by 3D-SIM visualization of Z rings
in cells induced with xylose to drive expression of empty vector and mNG-FtsZ (A), ftsA and mNG-FtsZ (B), empty
vector and mNG-ACTL (C), or ftsA and mNG-ACTL (D) from the P,,x Promoter for the indicated amounts of time.
Compasses in the lower left of images indicate the orientation of long (green) and short (blue) axes of cells. Scale
bar, 1T um.

filamentation caused by depletion of WT FtsZ (Fig. S11B, first column) and other
perturbations (37, 45), suggesting that FtsA has a direct effect on FtsZ organization.
mMNG-ACTL formed amorphous structures that were wider along the long axis of the
cell than those of mNG-FtsZ (Fig. 7C; Fig. S17C and S18C and Movie S3), even after 1 h
of induction, consistent with our FWHM calculations (Fig. 4B). Notably, as suggested
from epifluorescence imaging, FtsA overproduction induced formation of striking,
large-scale MNG-ACTL helices at 3 h postinduction and beyond (Fig. 7D; Fig. S17D and
S18D and Movie S4). Helix shape was pleomorphic throughout the population. Helix
length varied largely among the cells observed, and the pitch was variable not only
from cell to cell but also within helices themselves, resulting in structures that were
nearly ringlike at one end and highly extended at the other (Fig. 7D, 3-h time point; Fig.
S17D). Virtually every cell in each population exhibited a categorically similar structure
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FIG 8 FtsA mediates CTL-dependent regulation of PG enzyme activity during division. (A) In wild-type cells, FtsZ
(light blue) directs activity of PG enzymes (green) through FtsA (dark blue) and other divisome components
(orange) via a mechanism requiring interaction between the FtsZ C terminus (CTC) and FtsA (yellow flash), resulting
in constriction. (B) FtsZ lacking its C-terminal linker (ACTL) exhibits a higher degree of filament lateral interaction
and has a disrupted interaction with FtsA (red flash), resulting in aberrant regulation of PG enzymes (dashed
arrows) that culminates in bulging and lysis.
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(e.g., all MNG-ACTL/FtsA cells contained helices and all mNG-FtsZ cells contained rings
or foci), as demonstrated by three-dimensional z-projections made using a large field
of view at the 5-h time point (Fig. S18B to D). Based on these results, we conclude that
FtsA overproduction both exacerbates the deleterious effects of ACTL on cell morphol-
ogy and profoundly alters the morphology of polymeric structures formed by both WT
FtsZ and ACTL, highlighting a crucial role for FtsA in FtsZ-mediated regulation of PG
metabolism during constriction.

DISCUSSION

FtsZ serves both as a lynchpin for assembly of the division machinery and, at least
in some bacteria, as a master regulator of cell wall metabolic activity at the division site
through unclear mechanisms. The unique lethal effects of ACTL production in C.
crescentus provides a powerful system to characterize the signaling pathway(s) be-
tween FtsZ and cell wall enzymes. Here, we refined the molecular determinants of the
dominant lethal effects of ACTL (Fig. 8). We determined that ACTL-mediated bulging
and lysis require (i) a polymerizing GTPase domain fused to (ii) the C. crescentus CTC
with (iii) a CTL of less than 14 amino acids (Fig. 1). Importantly, our data indicate that
the primary role of the CTC in CTL-dependent cell wall regulation lies in its ability to
bind FtsA. Mutations to or overexpression of ftsA impacts the severity of the ACTL
phenotype, and overproduction of FtsA profoundly alters ACTL morphology in cells.
Collectively, our data indicate that signals from the Z ring are propagated in a
CTL-dependent manner through FtsA to regulate cell wall metabolic activities for
constriction (Fig. 8). Our data implicate the superstructure and dynamics of the Z ring
in this proposed signaling pathway.

Altered Z-ring architecture has been correlated with defects in cell wall metabolism
and cell division in C. crescentus (4, 20). Our in-depth characterization of Z-ring
morphologies and HADA incorporation for different CTL variants allows further corre-
lation between in vitro polymerization properties, Z-ring assembly in cells, and cell wall
metabolism. Notably, we observed that, compared to WT FtsZ, ACTL forms amorphous
structures, whereas two other variants, L14 and HnCTL, form dispersed, faint rings (Fig.
5; see also Fig. S11 and S14 in the supplemental material). We previously observed that
L14 and HnCTL form sparse, unbundled filaments in vitro while ACTL forms bundled,
more stable filaments than WT FtsZ (4, 10). We therefore postulate that the dispersed,
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less dense structures formed by mNG-L14 and mNG-HnCTL result from their reduced
polymerization propensity while the aberrant, nonring structures formed by ACTL are
a consequence of its increased tendency to form bundles. The increased fraction of
ACTL in the Z ring likely reflects the hyperstability of ACTL polymers, as observed in
vitro (10, 25) (Fig. 5C; Fig. S14D). The absence of asymmetric, nonring structures for
MNG-FtsZ or mNG-HnCTL, even in filamentous cells, suggests that the CTL-dependent
effects we observed on Z-ring structure are not due to cell length or morphology but
are specific to the assembly properties of each FtsZ variant. In addition, the finding that
total mNG-ACTL and mNG-L14 protein levels were increased compared to the level of
mNG-FtsZ suggests that ACTL and L14 variants exhibit increased protein stability (Fig.
5E; Fig. S13, S14F, and S15). However, increased protein concentration is not sufficient
to explain the altered Z-ring morphology or function observed for different CTL variants
in cells as mMNG-ACTL and mNG-L14 are present at similar levels but form distinct
structures. The increased fraction of MNG-ACTL in the Z ring, increased mean Z-ring
intensity in the absence of WT FtsZ, and its capacity to form persistently aberrant
structures in the presence of WT FtsZ distinguish it from the L14 variant, implicating
these characteristics in the downstream misregulation of cell wall metabolism specific
to ACTL.

FtsA appears to be a critical factor in signaling from ACTL to misregulation of PG
metabolism. Two mutants of ftsA proposed to interfere with FtsA’s self-interaction
delayed the toxic effects of ACTL, while two others enhanced or altered the phenotype
in a deleterious manner (Fig. 2). While it is unclear if FtsA forms functional polymeric
structures in vivo, these results suggest that FtsA self-interaction may be relevant for
cell wall misregulation downstream of ACTL. Notably, FtsA and FtsZ polymers formed
in vitro exhibit a subunit length mismatch (30-31), wherein the monomer-monomer
distance in an FtsZ polymer is shorter than that in an FtsA polymer. The CTL of FtsZ
could function as a flexible linker between FtsA and FtsZ filaments to accommodate
this mismatch. Consistent with this idea, increased FtsA levels significantly alter the
superstructure of ACTL rings in vivo (Fig. 6 and 7; Fig. S17 and S18), leading to formation
of large-scale ACTL helices. These ACTL structures appear to be constrained to the
membrane in a way that forces them into a helical conformation rather than a ring. FtsA
has been shown to affect the GTPase rate and filament structure of FtsZ in vitro in a
concentration-dependent manner (46-50), and mutants of ftsA predicted to have
altered self-interaction characteristics have previously been implicated in affecting
Z-ring structure in vivo (33-34). We propose that when the CTL is shorter than ~14
amino acids, aberrant FtsZ-FtsA coassemblies form as a result of altered intrinsic FtsZ
polymerization properties and an inability of FtsZ and FtsA polymers to interact
appropriately, leading to misregulation of downstream pathways (Fig. 8). Further in
vitro and in vivo efforts to characterize FtsA self-interaction and polymerization state, as
well as their effects on Z-ring architecture and constriction, are required to resolve the
contributions of FtsA to the CTL-dependent regulation of FtsZ function in cell wall
metabolism and constriction, in general.

The present study highlights the role of the CTL in bacterial cell division and
provides evidence for the necessity of both the CTC and FtsA in signaling for the
regulation of cell wall metabolism by FtsZ. Our results emphasize the need to investi-
gate the role(s) FtsA plays in mediating/modulating FtsZ's signaling capabilities in vivo
and open the door for further exploration of how FtsA affects Z-ring structure.

MATERIALS AND METHODS

Caulobacter crescentus and Escherichia coli growth media and conditions. C. crescentus NA1000
cells were grown at 30°C in peptone-yeast extract (PYE) medium. Antibiotic concentrations used in liquid
(solid) medium for C. crescentus were as follows: gentamicin, 1 (5) wg ml~'; kanamycin, 5 (25) ug ml=;
spectinomycin, 25 (100) wg ml~". Streptomycin was used at 5 ug ml~" in solid medium. For experiments
with inducible expression of genes, inducer concentrations used were as follows: xylose, 0.3% (wt/vol);
vanillate, 0.5 mM; glucose, 0.2% (wt/vol). E. coli Rosetta(DE3)/pLysS cells were grown at either 30°C or
37°C in Luria-Bertani (LB) medium. Antibiotic concentrations used in liquid (solid) media for E. coli were
as follows: kanamycin, 30 (50) ug ml~"; ampicillin, 50 (100) ug mi—".
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Epifluorescence and phase-contrast microscopy and image analysis. Cells were immobilized on
1% agarose pads and imaged using a Nikon Eclipse Ti inverted microscope through a Nikon Plan Fluor
100X (numeric aperture, 1.30) oil Ph3 objective with a Photometrics CoolSNAP HQ? cooled charge-
coupled-device (CCD) camera. Images were prepared for figure presentation in Adobe Photoshop by
adjusting the fluorescence channel of each image to the same levels across samples in a given
experiment (without saturating pixels or losing data) and merging on top of the corresponding
phase-contrast image (Fig. 5A, in blue). Length and maximum width analyses were performed using
meshes generated from phase-contrast images in the MicrobeJ plugin for Fiji (42). Prior to analyzing the
images shown in Fig. 5A, the background was subtracted from raw fluorescence images by finding the
average value of a rectangular region of interest where no cells were present and subtracting that value
from the value for the whole image. Images were input into either Oufti (43) for demographs and FWHM
or the MicrobeJ for Z-ring fraction and intensity. Cells were then outlined with meshes using phase-
contrast images, and fluorescence signal was analyzed. FWHM calculations of midcell mNG signal from
Oufti output were performed using a custom MATLAB script (51) that fit the normalized signal output
from Oufti into an eighth-term Fourier series model and determined the width of the fluorescence curve
at 50% of maximum intensity. A one-way analysis of variance (ANOVA) Kruskal-Wallis test with Dunn’s
posttest was used to compare pairs of groups within each data set indicated in Fig. 5 and Fig. S14 in the
supplemental material and in the associated figure legends and determine significance.

Three-dimensional structured-illumination microscopy (3D-SIM) and image processing. Liquid
cultures of log-phase C. crescentus cells induced with xylose (0.3%, wt/vol) and grown for indicated
amounts of times before being diluted to an optical density at 600 nm (OD,,,) of 0.2 to 0.3 and
immobilized onto 1% agarose pads. Cells were imaged with a Deltavision OMX-SR microscope (General
Electric) using a 60X/1.42-numerical-aperture UPlanApo oil objective. Thirteen to 17 images were taken
at 0.125-um z-step intervals (three angles and five phases) with a 488-nm laser for each field of view.
Image stacks were reconstructed using softWoRx (version 7.0.0) software with a Weiner filter of 0.001.
Specific features from image stacks were duplicated in Fiji and used to generate interpolated 3D
projections. Orthogonal views were selected for each image. The z-projections were generated from full
wide-field images. A Red Hot look-up table (LUT) was applied to all images, and brightness and contrast
were adjusted to enable optimal viewing.

Spot dilution assay. Cells were grown without inducer until they reached log phase (absorption at
600 nm of 0.1 to 0.7). Then, cultures were diluted to an OD,,, of 0.05 and serially diluted up to 10-¢
before being spotted onto PYE plates containing glucose (0.2% [wt/voll), xylose (0.3% [wt/vol]), and/or
vanillate (0.5 mM) as indicated (along with antibiotics corresponding to the resistance of each strain). The
plates were then incubated at 30°C until the appearance of colonies at the lowest dilution in the control
strain in the glucose plates (48 h).

Growth rate measurement. Cells were grown until they reached log phase. They were then diluted
to an ODy,, of 0.05, and inducer (or glucose control) was added at the beginning of growth measure-
ments. ODg,, values of three technical replicates for each culture were measured every 30 min for 24 h
in 96-well plates using a Tecan Infinite 200 Pro plate reader with intermittent shaking and incubation at
30°C.

Immunoblotting. Immunoblotting for FtsZ and ACTL were performed using standard procedures.
For anti-FtsZ blots, CcFtsZ antiserum was used at a 1:20,000 dilution (4) to determine levels of WT FtsZ,
ACTL, and other variants of FtsZ in lysates collected at the specified time points. Additionally, EcFtsZ
antiserum (a gift from Harold Erickson) was used at 1:1,000 to recognize E. coli FtsZ variants or variants
containing parts of E. coli FtsZ. SpmX antiserum was used as a control for loading concentration at a
1:50,000 dilution (52). For anti-mNeonGreen blots, anti-mNeonGreen antibody (ChromoTek) was used at
a 1:1,000 dilution to determine levels of mNG-FtsZ variants indicated in Fig. S13 and S15 and in the
associated figure legends at specified time points. Anti-HupB antibody was used as a loading control at
a 1:50,000 dilution (53). Anti-rabbit or anti-mouse secondary antibodies conjugated to horseradish
peroxidase were used at 1:10,00 dilution (PerkinElmer). Immunoblots were developed using PerkinElmer
Western Lightning Plus-ECL and imaged with a GE Healthcare Amersham Imager 600. Quantification of
immunoblots was completed in Image Lab, version 6.0 (Bio Rad), by manually finding bands, detecting
the total volume within the region, and subtracting the background volume.

HADA labeling. To image cell wall metabolism patterning, cells were incubated with 0.82 mM HADA
for 5 min with shaking at 30°C. Following incubation, cells were removed, washed twice in phosphate-
buffered saline (PBS), and resuspended in PBS before imaging. Alternately, when cells were not imaged
immediately, they were fixed by resuspension in 100% ethanol and incubated on ice (at 4°C) until
imaging and were pelleted and resuspended in PBS before imaging.

Protein purification. FtsZ and ACTL from C. crescentus and E. coli, as well as EcGTPase-CcCTC, were
purified using the protocol described for CcFtsZ in Sundararajan and Goley (10). Briefly, FtsZ (or variant)
expression was induced from pET21a or pET43.1a vectors in E. coli Rosetta(DE3)/pLysS using 0.5 mM
isopropyl-B-p-thiogalactopyranoside (IPTG) at 37°C for 3 h after the uninduced cultures reached an ODg,
of 1.0. Cells were then pelleted and resuspended in lysis buffer (50 mM Tris-HCI [pH 8.0], 50 mM KCl,
1mM EDTA, 10% glycerol, DNase I, 1 mM B-mercaptoethanol, 2 mM phenylmethylsulfonyl fluoride
[PMSF], 1 cOmplete mini, EDTA-free protease inhibitor tablet [Roche]). Resuspended cell pellets were
lysed by incubation with 1 mg ml=" lysozyme for 1 h, followed by sonication. FtsZ variants were then
purified from the lysate using an anion exchange chromatography column (HiTrap Q HP, 5 ml; GE Life
Sciences), followed by ammonium sulfate precipitation (at 20 to 30% ammonium sulfate saturation). The
ammonium sulfate pellet was resuspended in FtsZ storage buffer (50 mM HEPES-KOH [pH 7.2], 50 mM
KCl, 0.1 mM EDTA, 1 mM B-mercaptoethanol, 10% glycerol) and was subjected to size exclusion chro-
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matography (Superdex 200 10/300 GL column; GE Life Sciences) to further purify the protein and
snap-frozen in liquid nitrogen and stored long-term in FtsZ storage buffer at —-80°C.

Hisg-FzIA was purified using the protocol described for Hiss-FzIA in Sundararajan et al. (4). A pET28c
vector bearing fzIA (pEG327) was transformed into Rosetta(DE3)/pLysS E. coli cells, which were grown at
30°C to an ODg, of 0.5, at which point His,-fzIA expression was induced with 0.5 mM IPTG for 4 h. Cells
were then pelleted, resuspended in FzIA lysis buffer (50 mM Tris-HCl [pH 8.0], 300 mM NacCl, 20 mM
imidazole, 10% glycerol), snap-frozen in liquid nitrogen, and stored at —80°C until purification. Thawed
cells were lysed with 1 mg ml~" lysozyme with one cOmplete Mini protease inhibitor tablet per 30 ml
(Roche), 2.5 mM MgCl,, and 2 units ml~' DNase | (New England Biolabs). Cells were incubated for 45 min
at room temperature before sonication, and lysates were spun for 30 min at 15,000 X g at 4°C.
Supernatant was filtered and run through two tandem HisTrap FF columns (1 ml each) (GE Life Sciences).
The columns were equilibrated and washed in FzIA lysis buffer, and His,-FzIA was eluted with FzIA elution
buffer (FzIA lysis buffer with 300 mM imidazole). Peak fractions were combined, His,-FzIA was dialyzed
into FzIA storage buffer (50 mM Tris-HCI [pH 8.0], 300 MM NaCl, 5% glycerol), and aliquots were
snap-frozen in liquid nitrogen and stored long-term at —80°C.

His¢-MipZ was purified using the protocol described for His,-MipZ by Sundararajan et al. (4). A pET21a
vector bearing mipZ-His, was transformed into Rosetta(DE3)/pLysS E. coli cells, which were grown at 37°C
to an ODq,, of 0.6, at which point mipZ-Hisg expression was induced with 0.5 mM IPTG for 3.25 h. Cells
were then pelleted, washed with PBS, snap-frozen in liquid nitrogen, and stored at —80°C until purification.
Upon thawing, cells were resuspended in Ni lysis buffer (50 mM Tris-HCI [pH 8.0], 300 mM NaCl, 10 mM
imidazole, 1 mM EDTA, 10% glycerol) with one cOmplete Mini Protease inhibitor tablet per 30 ml (Roche),
2 mM PMSF, and 2 units ml~" DNase | (New England Biolabs). Cells were lysed by two passages through
a French press at 15,000 Ib/in?, and lysates were spun for 30 min at 15,000 X g at 4°C. Lysates were run
through a Ni-nitrilotriacetic acid (NTA)-agarose column (Qiagen) equilibrated with Ni lysis buffer. The
column was washed with Ni wash buffer (Ni lysis buffer with 20 mM imidazole), and His,-MipZ was eluted
using Ni elution buffer (Ni lysis buffer with 300 mM imidazole). Peak fractions were concentrated and run
through a Superdex 200 10/300 GL column (GE Life Sciences) equilibrated in MipZ storage buffer (50 mM
HEPES-NaOH [pH 7.2], 50 mM NaCl, 0.1 mM EDTA, 1 mM B-mercaptoethanol, 10% glycerol). Peak fractions
were combined, concentrated, snap-frozen in liquid nitrogen, and stored long-term at —80°C.

Copelleting assay. Each protein (5 wM) in the indicated combinations was incubated in HEK50 buffer
(50 mM HEPES-KOH [pH 7.2], 0.1 mM EDTA, 50 mM KCl) with 2 mM GTP, 0.05% Triton X-100, and 10 mM
MgCl, (and 2 mM ATP for MipZ) at 25°C for 15 min and spun at 25°C for 15 min at 250,000 X g.
Supernatants and resuspended pellets were resolved by SDS-PAGE and visualized with Coomassie stain
to determine relative levels of FzIA or MipZ in the supernatant and pellet for each FtsZ variant.

Polymerization kinetic assay. A polymerization kinetic assay was performed, similar to those
described by Sundararajan and Goley (10). Briefly, 4 uM each FtsZ variant was added to HEK300 buffer
(50 mM HEPES-KOH [pH 7.2], 0.1 mM EDTA, 300 mM KCI) with 10 mM MgCl,. Following addition of a
limiting concentration of GTP (0.5 mM), polymerization was measured using a Fluoromax-3 spectrofluo-
rometer (Jobin Yvon, Inc.) to measure right-angle light scatter (excitation and emission at 350 nm, 2-nm
slits). Measurements were taken every 10s.
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