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Summary

Cell division in Escherichia coli begins with the
polymerization of FisZ into a ring-like structure,
the Z-ring, at midcell. All other division proteins are
thought to require the Z-ring for recruitment to the
future division site. Here, it is reported that the Z-ring
associated proteins ZapA and ZapB form FisZ-
independent structures at midcell. Upon Z-ring dis-
ruption by the FtsZ polymerization antagonist SulA,
ZapA remained at midcell as a cloud-like accumula-
tion. Using ZapA(N60Y), a variant defective for
interaction with FtsZ, it was established that these
ZapA structures form without a connection to the
Z-ring. Furthermore, midcell accumulations of GFP-
ZapA(N60Y) often preceded Z-rings at midcell and
required ZapB to assemble, suggesting that ZapB
polymers form the foundation of these structures. In
the absence of MatP, a DNA-binding protein that links
ZapB to the chromosomal terminus region, cloud-like
ZapA structures still formed but failed to track with
the chromosome terminus and did not consistently
precede FtsZ at midcell. Taken together, the results
suggest that FtsZ-independent structures of ZapA-
ZapB provide additional positional cues for Z-ring
formation and may help coordinate its assembly with
chromosome replication and segregation.

Introduction

Bacterial cell division is mediated by a multi-protein com-
plex called the divisome (de Boer, 2010). Assembly of
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this machine begins with the polymerization of the tubulin
homolog FtsZ into a ring-like structure at the future site
of division (Bi and Lutkenhaus, 1991). In addition to FtsZ,
formation of this so-called Z-ring or proto-ring intermedi-
ate requires links between FtsZ and the inner face of the
cytoplasmic membrane (Hale and de Boer, 1997; Pichoff
and Lutkenhaus, 2002; Pichoff and Lutkenhaus, 2005). In
Escherichia coli these connections are provided by the
ZipA and FtsA proteins (Hale and de Boer, 1997; Pichoff
and Lutkenhaus, 2002, 2005). The Z-ring is also stabi-
lized by a number of FtsZ-associated proteins, including
the ZapA-ZapB complex (Gueiros-Filho and Losick,
2002; Ebersbach et al., 2008; Galli and Gerdes, 2010;
Durand-Heredia et al., 2011; Hale et al., 2011; Durand-
Heredia et al., 2012; Buss et al.,, 2013; Huang et al,,
2013; Buss et al., 2015). Once the Z-ring is assembled, it
facilitates the recruitment of over 25 proteins to midcell to
form the mature divisome machine capable of promoting
cell division (de Boer, 2010).

In E. coli, midcell placement of the Z-ring is principally
accomplished by two negative regulators of FtsZ poly-
merization, the Min system and the nucleoid occlusion
factor SImA (de Boer et al., 1989; Bernhardt and de
Boer, 2005). The Min system promotes the pole-to-pole
oscillation of the FtsZ antagonist MinC such that its
time-averaged concentration is lowest at midcell (Raskin
and de Boer, 1999a, b; Hu and Lutkenhaus, 1999; Mein-
hardt and de Boer, 2001). FtsZ polymerization thus
becomes favored at this site. SImA is a specific DNA-
binding protein that antagonizes FtsZ assembly when it
associates with binding sites distributed around the
origin-proximal two-thirds of the chromosome (Cho
et al.,, 2011; Tonthat et al.,, 2011; Cho and Bernhardt,
2013; Tonthat et al., 2013; Du and Lutkenhaus, 2014). It
blocks Z-ring assembly over the nucleoid until the later
stages of chromosome replication when the SImA-free
chromosome terminus region is positioned at midcell.
SImA is therefore thought to help coordinate cell division
with chromosome replication and segregation in addition
to functioning as a fail-safe to block division over the
nucleoid when replication problems are encountered
(Bernhardt and de Boer, 2005; Cho et al., 2011).

Defects in the Min system and SImA are synthetically
lethal (Bernhardt and de Boer, 2005), resulting in a
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complete division block when both systems are inacti-
vated in cells growing in rich medium. This growth and
division defect can be suppressed either by FtsZ over-
production or growth in minimal medium (Bernhardt and
de Boer, 2005). It was recently shown that Min® SImA”
cells growing in minimal medium still divide at midcell
with surprising precision (Bailey et al., 2014). Midcell
localization of the Z-ring in this case was shown to be
dependent on the ZapAB complex and the MatP protein
that organizes the terminus macrodomain of the nucle-
oid (Mercier et al., 2008). A direct or indirect interaction
between ZapB and MatP has previously been shown to
anchor the terminus region of the chromosome to the
division site (Espéli et al., 2012). In the case of the
Min™ SImA™ cells, it appears as though this interaction
can also help define the future site of division (Bailey
et al., 2014). Consistent with this idea, MatP recruitment
to midcell was found to precede that of the Z-ring in
Min~™ SImA~ cells (Bailey et al., 2014). What remains
unclear is how the ZapAB-MatP connection might facili-
tate midcell Z-ring formation and whether its apparent
positioning function in Min~™ SImA™ cells is also used in
wild-type cells to promote midcell Z-ring placement.

Here, we identify a ZapAB structure that forms at mid-
cell independent of FtsZ where it likely influences Z-ring
formation positively and provides positional information.
The structure was initially observed in cells expressing
the FtsZ antagonist SulA. When using ZapA-GFP as a
marker for Z-ring assembly, we were surprised to find
that ZapA persisted at midcell as a cloud-like structure
for an extended period of time following dispersal of FtsZ.
The independence of this structure from FtsZ was further
established using a ZapA variant, ZapA(N60Y), that fails
to interact with FtsZ, yet still forms diffusely localized
structures at midcell that localize to future sites of division
before FtsZ. These ZapA(N60Y) structures require ZapB
to form, but not MatP. However, in the absence of MatP
the structures fail to track with the chromosome terminus
and do not consistently precede FtsZ at midcell. Taken
together, our results combined with those described pre-
viously (Espéli et al., 2012; Bailey et al., 2014) indicate
that ZapAB form an FtsZ-independent structure that can
provide a positive signal for midcell Z-ring formation that
may also help coordinate its assembly with chromosome
replication and segregation.

Results

Diffuse ZapA structures persist at midcell upon
dissolution of the FtsZ-ring

While monitoring Z-ring assembly status following induc-
tion of the FtsZ antagonist SulA, we noticed a surprising
difference in localization behavior between mCherry-

© 2017 John Wiley & Sons Ltd, Molecular Microbiology, 104, 652—-663

Cloud-like structures of ZapAB 653

FtsZ and ZapA-GFP markers expressed in the same
cell. As expected (Bi and Lutkenhaus, 1993), the band-
like fluorescence pattern of mCherry-FtsZ at midcell dis-
sipated rapidly (<5 min) following induction of sulA with
arabinose (Fig. 1A, and data not shown). However, a
cloud-like accumulation of ZapA-GFP fluorescence per-
sisted at midcell long after the band of mCherry-FtsZ
was dissipated by the division inhibitor (Fig. 1A). This
phenomenon was observed in the vast majority of cells
examined and is readily visualized using population
demographs (Fig. 1B-E, G-J, L-0). In these graphics,
the fluorescence signal of each cell within the population
analyzed was normalized, aligned and ordered accord-
ing to increasing cell length (top-to-bottom), which pro-
vides a good approximation of cell age. Before induction
of sulA (T=0), a tight distribution of ZapA-GFP fluores-
cence at midcell was observed throughout the majority
of the population (n=251), with the exception of the
smallest newborn cells (Fig. 1C). After 45min of sulA
induction (T=45), a broader distribution of ZapA-GFP
signal was observed, but the fluorescence remained
strongly biased at midcell within the population (n= 187)
(Fig. 1E). This cloud-like localization pattern was not
caused by GFP-GFP interactions (Landgraf et al., 2012)
as fusions with dimerization defective fluorescent protein
variants also displayed this localization following sulA
induction (Supporting Information Fig. S1). Additionally,
a persistent midcell localization pattern following FtsZ-
ring disassembly was not observed for GFP-FtsA or
GFP-ZapC fusions (Fig. 1F-0), indicating that localiza-
tion at midcell independent of FtsZ is not a common
property of FtsZ-binding proteins.

Persistence of ZapA cloud-like structures requires ZapB

ZapB is a coiled-coil protein that self assembles into
polymers and interacts directly with ZapA (Ebersbach
et al., 2008). We therefore investigated whether ZapB
also persists at midcell following the dissolution of Z-
rings and whether the formation of the observed cloud-
like structures of ZapA-GFP requires ZapB. Indeed, a
functional GFP-ZapB fusion (Supporting Information
Fig. S2) formed tight bands at midcell in cells prior to
sulA induction as expected (Ebersbach et al., 2008),
and similar to ZapA-GFP, was retained at midcell in a
diffuse localization pattern long after FtsZ-rings were
disrupted by SulA (Fig. 2A-C). Consistent with previous
results, ZapA-GFP localized to Z-rings in the absence of
ZapB with a mild defect (broadening) in its localization
pattern (Galli and Gerdes, 2010; Buss et al., 2013)
(Fig. 2E). However, following sulA induction in the
AzapB cells, ZapA-GFP fluorescence rapidly dispersed,
converting from its tight band-like pattern to a uniform
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Fig. 1. ZapA structures persist after FtsZ-ring disassembly. The localization of mCherry-FtsZ (expressed from attANP145) and either
ZapA-GFP (A-E, from its native chromosomal locus), GFP-FtsA (F-J, expressed from attHKHC427) or ZapC-GFP (K-O, expressed from
attHKNP162) was followed in wild-type cells during a time-course following sulA induction from pNP146 (0—-45 min). (A,F,K) Montages of
fluorescence images depicting representative single cells in both color channels following sulA induction (0-45 min). The protein fusion being
monitored is indicated in the top panel (left, red channel; right, green channel). (B-E, G—J, L—O) Population demographs illustrate the
localization trend of an indicated fusion protein for a representative population immediately following sulA induction (7= 0') or 45 min post-
induction (T = 45'). The majority of cells at T= 0’ display midcell localization for all fluorescence constructs tested (B-C, G-H, L-M).

At T= 45, only ZapA-GFP retains midcell localization (D-E, I1-J, N-O). Midcell persistence of ZapA-GFP results in an altered appearance
transforming from a tight-band (A,C) to a broad, cloud-like structure (A,E). Scale bars =1 um.

cytoplasmic signal on a timescale similar to mCherry-
FtsZ (Fig. 2D-F). We conclude that ZapA maintains a
midcell localized structure following FtsZ-ring disassem-
bly and that this structure is dependent on an underlying
foundation of ZapB polymers.

ZapA structures assemble between segregating
nucleoids without prior Z-ring formation

After extended periods of SulA-induced filamentation,
additional ZapA-GFP structures became visible and
were dispersed at regular intervals along the growing
cell filaments (Fig. 3A). This localization pattern is remi-
niscent of segregating nucleoids. We therefore colocal-
ized the ZapA-GFP structures with a HupA-mCherry
fusion expressed from its native locus to label the nucle-
oids. Following induction of sulA for 120 min, nucleoids
flanking the original Z-ring showed signs of replication/

segregation and adopted a bilobed morphology (Fig.
3B). Additional ZapA-GFP accumulations were observed
to localize between these segregating nucleoids
(Fig. 3B, magenta arrows). As segregation continued to
generate four well-separated nucleoids, the ZapA-GFP
accumulations also moved apart and filled the gaps
between the nucleoids (Fig. 3B, cyan arrows). The accu-
mulation of ZapA-GFP between replicating nucleoids did
not appear to require significant segregation, and demo-
graphs indicate that this localization pattern was preva-
lent within the populations imaged (Supporting
Information Fig. S3). This result suggests that ZapA-
GFP structures can identify future division sites without
prior FtsZ-ring formation.

To further investigate the propensity of ZapA to form
midcell structures independently of FtsZ, we generated
ZapA variants defective for interaction with FtsZ. PCR-
based mutagenesis was directed to the zapA portion of
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Fig. 2. ZapB structures persist after FtsZ-ring disassembly, and are required for ZapA cloud formation.
A. Fluorescence images of mCherry-FtsZ (expressed from attANP145) and GFP-ZapB (expressed from attHKJAB034) in AzapB [DL56] cells

during a time-course following sulA induction from pNP146 (0-45 min).

B and C. Population demographs for GFP-ZapB in cells from (A) at T=0" and T = 45" post sulA induction.
D. Fluorescence images of mCherry-FtsZ (expressed from atthNP145) and ZapA-GFP (expressed from its native locus) in AzapB cells

[NP298] during a time-course following sulA induction (0—45 min).

E and F. Population demographs for ZapA-GFP in cells from (D) at T=0' (E) and T= 45" (F). Scale bars =1 um.

an expression construct (pJAB132) encoding ZapA-T18
for use in the split adenylate cyclase bacterial two-
hybrid (BACTH) assay (Karimova et al, 1998). To
assess the ZapA-FtsZ interaction phenotype, the result-
ing plasmid library was then screened for interaction
with FtsZ fused to the other half of adenylate cyclase
(FtsZ-T25). A positive interaction in this assay results in
increased lacZ expression and the formation of blue col-
onies on X-gal containing agar. A ZapA-T18 variant with
an N60Y substitution was identified that failed to gener-
ate a positive interaction signal with FtsZ-T25 (Fig. 4A).
To characterize the ZapA(N60Y) variant further, we
tested its ability to correct the mild division phenotype of
ZapA-defective cells (Mohammadi et al., 2009; Dajkovic
et al.,, 2010; Buss et al., 2013). Expression of GFP-ZapA
from an ectopic locus complements the elongated pheno-
type of AzapA cells, shortening them from 3.9 =1.1 pm
(n=304) to 3.1 = 0.7 um (n=664), which is close to the
length of wild-type cells [3.3x0.7 um (n=471)] (Fig.
4B). As expected, the fusion also co-localized with
mCherry-FtsZ and displayed a tight band-like localization

© 2017 John Wiley & Sons Ltd, Molecular Microbiology, 104, 652—-663

pattern at midcell (Fig. 4Ci—iii). GFP-ZapA(N60Y), on the
other hand, was unable to correct the AzapA division
phenotype as AzapA cells expressing the fusion had a
length distribution of 3.7 £0.9 pm (n=837), which was
similar to the AzapA control cells (Fig. 4B). Unlike the
wild-type fusion, GFP-ZapA(N60Y) did not form tight
bands at midcell. Instead, the fusion displayed a diffuse
cloud-like localization pattern at the cell center similar to
the ZapA-GFP structures observed following FtsZ-
inhibition (Fig. 4Di—iii). Also reminiscent of ZapA-GFP fol-
lowing Z-ring disruption, the diffuse midcell structures of
GFP-ZapA(N60Y) did not form in actively dividing cells
defective for ZapB (Fig. 4Ei—iii). Based on these results,
we infer that ZapA(N60OY) is stably produced and func-
tional for its interaction with ZapB. However, GFP-
ZapA(N60Y) appears incapable of interacting with FtsZ
and forms cloud-like localizations in dividing cells as if
FtsZ assembly were inhibited. Similarly, GFP-ZapB also
forms cloud-like accumulations at midcell when its con-
nection to FtsZ is severed by deleting zapA (Fig. 4Fiiii).
Importantly, the clouds of GFP-ZapA(N60Y) or GFP-
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Fig. 3. ZapA structures assemble
between segregating nucleoids.

A. Representative fluorescence
time-lapse images of ZapA-GFP
(expressed from its native locus in
NP1) in two cells 30 min after
SulA induction from pNP146
(30—-300 min).

B. Representative fluorescence
time-lapse images

of a single cell expressing ZapA-
GFP and HupA-mCherry
(expressed from their native loci in
NP127) during a time-course
following sulA induction (0-210
min). Arrows indicate ZapA-GFP
localization between actively
segregating (bilobed) nucleoids
(magenta) or nucleoid-free regions
(cyan). Yellow dashed lines
approximate the cellular perimeter.
Scale bars =1 pm.

ZapB in AzapA cells were often observed to precede Z-
ring formation at midcell (Fig. 5A,B; Supporting Informa-
tion Fig. S4), suggesting that these structures are not
only capable of forming independently from normal Z-ring
assembly but also that they may provide a positive signal
promoting Z-ring formation at midcell in otherwise wild-
type cells.

FtsZ-independent ZapA—-ZapB structures track with the
chromosome terminus

The localization of ZapA—ZapB structures to midcell
independent of an FtsZ interaction raises the question
of what positional cues are used to guide their

assembly. Given the previously described link between
ZapB and the chromosome terminus (Espéli et al.,
2012), this region of the chromosome was a likely candi-
date, especially because it is known to be recruited to
midcell during the later stages of replication (Wang
et al., 2005). To test the potential role of the chromo-
some terminus (fer) as a positional marker for the
ZapAB structures, we tracked its location using GFP-
ParB and a parS site integrated ~ 200 kb upstream of
the dif site in a strain producing ZapA-mCherry from its
native locus. Consistent with previous reports highlight-
ing the apparent coordination between chromosome
dynamics and divisome assembly (Espéli et al., 2012;
Bailey et al, 2014), the ZapA-mCherry signal largely

© 2017 John Wiley & Sons Ltd, Molecular Microbiology, 104, 652—-663
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Fig. 4. ZapA(N60Y) fails to bind FtsZ, and assembles into ZapB-dependent midcell clouds.

A. Bacterial two-hybrid results for T18-ZapA (pJB132) and T18-ZapA(N60Y) (ZapA*, pJAB047) paired with unfused T25 (pKT25) and T25-
FtsZ (pJB145).

B. Box plots of cell length measurements for wild-type [TB28] and AzapA [TB119] cells expressing no fusion protein (-), GFP-ZapA (from
attHKJABO032) or GFP-ZapA(N60Y) (GFP-ZapA*, from attHKJABO033). The mean (horizontal line) and standard deviation (vertical line) are
illustrated along with the 95% confidence interval (light gray box). Representative micrographs of AzapA [TB119] (C, D) or AzapA AzapB
[JAB470] (E, F) cells expressing mCherry-FtsZ (attANP145, Ci-Fi) and either GFP-ZapA (from attHKJAB032, Cii), GFP-ZapA(N60Y)
(attHKJABO33, Dii and Eii), or GFP-ZapB (from attHKJABO034, Fii). Population demographs (Ciii, Diii, and Eiii) illustrate the localization of
GFP-ZapA, GFP-ZapA(N60Y), or GFP-ZapB, respectively, in the populations measured in B. Mean length + standard deviation (um), along
with sample size (n) are indicated

in the top right. Scale bars =1 pm.
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Fig. 5. FtsZ-independent ZapA(N60Y) and ZapB structures
precede Z-ring assembly at midcell.

A. Time-lapse fluorescence images of a single cell expressing
GFP-ZapA(N60Y) (ZapA*, from attHKJABO033) and mCherry-FtsZ
(from attANP145) in AzapA [TB119] cells. Below the images of
individual fluorescence channels is a combined image of GFP-
ZapA(N60Y) (cyan) and mCherry-FtsZ (magenta) overlaid with a
contrast-adjusted phase image.

B. Similar time-lapse fluorescence images of a single cell
expressing GFP-ZapB (from attHKJAB034) and mCherry-FtsZ
(from attANP145) in AzapA AzapB [JAB470] cells. Images are as in
(A). Scale bars =1 pum.

overlapped with the ter label in the absence of SulA pro-
duction (T=0/, 89.7% of cells; n=273) (Fig. 6A). Simi-
larly, following SulA production, the cloud-like ZapA-

mCherry structures also predominantly colocalized with
the ter label (T=30", 90.1% of cells, n=374; T=60,
87.9% of cells, n=280; T=90, 82.8% of cells,
n=470) (Fig. 6B). This co-localization was even
observed for ZapA-mCherry structures present outside
of the midcell region (Fig. 6C). Co-localization was not
100%, however, and in cases where it was not
observed, either a ZapA-mCherry structure never
formed, or the structures appeared to persist at the ini-
tial division site (i.e., midcell) in the inter-nucleoid space
while the ter region segregated to either side of the
cloud (Fig. 6D). In cells capable of division, cloud-like
structures of ZapA(N60Y)-mCherry were also found to
closely colocalize with the fer label (94.7% of cells;
n=619) (Fig. 6E).

Localization of cloud-like ZapA-GFP structures in the
absence of MatP

Previous results indicate that the fer region of the chro-
mosome is linked to the divisome by a direct or indirect
interaction between ZapB and the DNA-binding protein
MatP responsible for organizing the ter macrodomain
(Mercier et al., 2008; Espéli et al., 2012). We therefore
investigated whether MatP was required for the midcell
localization of the ZapA cloud structures and their co-
localization with the chromosome terminus. To investi-
gate this possibility, we followed ZapA-GFP localization
in AmatP cells before and after the disruption of Z-rings.
Similar to what was observed in wild-type cells, ZapA-
GFP displayed its typical tight, band-like localization pat-
tern at midcell in AmatP cells prior to sulA induction
(Fig. 7A-C). Cloud-like structures of ZapA-GFP were
also retained at former division sites following the dis-
ruption of FtsZ-rings by SulA (Fig. 7A, D). However, in
addition to midcell localization, which was observed in
~ 60% of the cells, ZapA-GFP also displayed polarly
localized “clouds” of fluorescence in a significant portion
of AmatP cells following SulA production (Fig. 7B, D). As
shown in the demograph (Fig. 7D), polar localization of
ZapA-GFP clouds was correlated with cell length (Sup-
porting Information Fig. S5). In shorter cells, the ZapA-
GFP cloud typically started out at midcell following FtsZ-
ring dissolution, but then shifted to the pole (Fig. 7B).
The reason for this change in localization is not clear, but
it may be due to insufficient nucleoid segregation, which
leads to crowding at midcell in these smaller (younger)
cells such that the polar location becomes favored. Simi-
larly, GFP-ZapA(N60Y) localized to both midcell and
polar sites in AmatP cells (Fig. 8A—-C). The loss of robust
midcell localization of ZapA structures in AmatP cells cor-
related with reduced co-localization of ZapA(N60Y)-
mCherry with the ter marker (6.4% of cells; n= 606)

© 2017 John Wiley & Sons Ltd, Molecular Microbiology, 104, 652—-663
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E

Fig. 6. ZapA and ZapA(N60Y) largely colocalize with the chromosomal ter region.

A-D. Fluorescence micrographs of GFP-ParB (ter, cyan) and ZapA-mCherry (magenta, expressed from its native locus) in strain JAB338 are
shown together with a contrast-adjusted phase image during a time course (0-90 min) following sulA induction from pNP146.

E. A representative micrograph of GFP-ParB (ter, cyan) and ZapA(N60Y)-mCherry (ZapA*, magenta, expressed from native zapA locus) in

strain JAB374 during normal growth. Scale bars =1 pum.

(Fig. 8D). These findings support the previously
described connection between ZapA and ZapB with the
chromosome terminus via MatP as a positional marker
for Z-ring assembly (Espéli et al, 2012; Bailey et al.,
2014) and further indicate that the connection between
these factors occurs independently of the Z-ring.

Discussion

The Min system functions as the dominant global regula-
tor responsible for directing Z-ring formation to midcell in
E. coli (Sun et al., 1998; Bernhardt and de Boer, 2005).
However, the cellular gradient of the MinC division inhibi-
tor established as a result of its pole-to-pole oscillation
(Raskin and de Boer, 1999a, 1999b; Hu and Lutkenhaus,
1999; Meinhardt and de Boer, 2001) is probably only

B AatP C

Fig. 7. MatP influences ZapA cloud positioning following sulA induction.

defining a relatively broad area of midcell as permissive
for FtsZ polymerization relative to the typical width of a Z-
ring (ca. 100 nm) (Fu et al, 2010). Additional determi-
nants are most likely needed to promote FtsZ polymeriza-
tion within an even tighter zone to stimulate normal Z-ring
assembly. Several lines of evidence, including the FtsZ-
independent structures we report here, support the notion
that ZapA and ZapB represent at least one of the deter-
minants providing this fine-scale positional information for
proper Z-ring assembly.

Previous work characterizing the phenotypes of
AzapA or AzapB mutants in otherwise wild-type cells
provided clues that ZapA and ZapB might function in
part to control Z-ring placement. Without ZapA or ZapB,
FtsZ often forms aberrant spiral-like or multiple ring-like
structures spread over a wider than normal zone about
the cell center (Ebersbach et al., 2008; Mohammadi

) 2
Distance from midcell (um)

1 3
Distance from midcell (um)

A and B. Fluorescence images of mCherry-FtsZ (from atfhANP145) and ZapA-GFP (native locus) in AmatP [NP301] cells during a time course

(0—45 min) following sulA induction from pNP146 in minimal medium.

C and D. Population demographs for ZapA-GFP immediately following sulA induction (T= 0’) or 45 min post-induction (T= 45'). Scale bars =1 um.

© 2017 John Wiley & Sons Ltd, Molecular Microbiology, 104, 652—-663
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Fig. 8. ZapA(N60Y) localization in AmatP cells.

A and B. Time-lapse fluorescence images of single cells expressing GFP-ZapA(N60Y) (ZapA*, from attHKJAB033) and mCherry-FtsZ (from

attANP145) in AzapA AmatP [NP314] cells during slow growth.

C. Population demograph illustrating the localization of GFP-ZapA(N60Y) (ZapA*) in a population of AzapA AmatP [NP314] cells in minimal

medium.

Di-iv. Fluorescence images of GFP-ParB (ter, cyan) and ZapA(N60Y)-mCherry (magenta, expressed from its native locus) from JAB378 cells

grown in minimal medium. Images are as in Fig. 5A. Scale bars =1 pm.

et al., 2009; Dajkovic et al., 2010; Galli and Gerdes,
2010; Buss et al., 2013). Moreover, approximately 20%
of ZapA- or ZapB-defective cells were found to form
multiple constriction sites within the midcell region (Buss
et al, 2013). These phenotypes have typically been
interpreted as representing a defect in Z-ring stability
(Huang et al., 2013) resulting from a failure in FtsZ poly-
mer crosslinking or the loss of connections between
higher-order FtsZ assemblies mediated by ZapA and
ZapB (Dajkovic et al., 2010; Buss et al., 2013). How-
ever, ZapB itself does not directly interact with FtsZ or
influence its polymerization (Galli and Gerdes, 2012),
and ZapA is capable of localizing to the Z-ring in vivo
and interacting with and bundling FtsZ polymers in vitro
without ZapB (Low et al., 2004; Mohammadi et al.,
2009; Dajkovic et al., 2010; Galli and Gerdes, 2010;
Galli and Gerdes, 2012). A role for ZapB in bridging
FtsZ polymers therefore seems unlikely. Instead, the
shared phenotype of AzapA and AzapB cells involving
multiple Z-rings and constriction sites in the midcell area

suggests that the local positioning of Z-ring assembly
may be the principal function of the ZapA-ZapB
complex.

Although a Z-ring positioning function for ZapA and
ZapB is suggested by the phenotypes of the single dele-
tion mutants, strong support for this activity was first
provided by studies of division placement in Min~
SImA™ cells of E. coli grown under permissive condi-
tions (Bailey et al, 2014). Division in these cells was
surprisingly found to be biased at midcell instead of dis-
playing a random distribution as expected for cells lack-
ing both known division positioning systems (Bailey
et al.,, 2014). Precise midcell division in the absence of
Min and SImA was further shown to require ZapA,
ZapB, and the chromosome terminus organizing protein
MatP (Bailey et al., 2014). This dependence as well as
the observation that the ter macrodomain arrived at mid-
cell in the Min™ SImA™ cells prior to FtsZ led to the pro-
posal that the ZapA-ZapB—MatP connection serves as
a positive signal to promote midcell Z-ring assembly
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(Bailey et al., 2014). Consistent with this possibility,
super-resolution microscopy analysis identified a layered
ZapA-ZapB-MatP structure at midcell connecting the
Z-ring with the chromosome (Buss et al., 2015).

A lingering problem with the model that ZapA and ZapB
function to direct midcell Z-ring assembly is that it implies
that these proteins possess the ability to identify midcell
independently of FtsZ. However, FisZ is thought to be
required for the recruitment of most, if not all, divisome pro-
teins to midcell, especially those directly associating with it
(Huang et al., 2013). Here, we resolve this issue by demon-
strating that ZapA and ZapB are not entirely subject to this
canonical midcell recruitment hierarchy. ZapA not only per-
sisted at midcell following Z-ring disruption by SulA, but
also was capable of midcell recruitment when its ability to
interact with FtsZ was disrupted. Formation of these cloud-
like accumulations of ZapA was found to require ZapB.
Thus, ZapB provides the underlying foundation of these
structures most likely by forming a polymeric matrix akin to
the structures observed in vitro (Ebersbach et al., 2008).
ZapB itself is recruited to midcell independently of ZapA
and therefore also independent of a connection to FtsZ.
Instead of FtsZ, the ultimate positional determinant for
these structures was found to be the chromosome ter mac-
rodomain and the associated MatP protein. Without MatP,
the structures still correctly localized to midcell on occasion,
but also mislocalized to the poles. In this case, localization
is probably determined by the polymeric nature of ZapB
and the preference for these structures to form in nucleoid-
free regions of the cell. This mislocalization phenotype in
the absence of MatP correlates with the Z-ring defects
observed in AmatP cells (Buss et al., 2015) and the loss of
precision in midcell division observed in Min™ SImA™ cells
defective for MatP (Bailey et al., 2014). Finally, as expected
for potential Z-ring positioning determinants, the FtsZ-
independent clouds of ZapA or ZapB were found to arrive
at midcell slightly before the formation of tight Z-rings simi-
lar to the early midcell localization of the ter macrodomain
in Min™ SImA™ cells observed previously (Bailey et al.,
2014).

Even though they were capable of identifying midcell,
the FtsZ-independent ZapA—ZapB structures we observed
were much more diffuse than the tight band-like accumu-
lations of typical divisome proteins. Similar structures
were not detected as precursors to Z-rings in wild-type
cells where the ZapA-FtsZ interaction was functional. We
therefore do not think the FtsZ-independent ZapA—-ZapB
structures we observe represent true intermediates in Z-
ring assembly. Such intermediates are likely to be difficult,
if not impossible, to detect under normal circumstances
due to cooperativity in Z-ring assembly. Only a relatively
small number of ZapA—ZapB complexes recruited to mid-
cell may be needed to kick-off a self-enhancing cycle of
FtsZ polymerization at midcell and subsequent Z-ring
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formation. Nevertheless, the special circumstances
employed in this study clearly demonstrate that ZapA-
ZapB structures connected to the ter macrodomain can
form and identify division sites independent of FtsZ thereby
strengthening the emerging model that these proteins pro-
vide a positive localization signal promoting proper midcell
Z-ring formation. Interestingly, these ZapAB structures may
be responsible for the persistent localization of FtsZ at mid-
cell in the absence of its functional membrane tethers, ZipA
and FtsA (Pichoff and Lutkenhaus, 2002).

Examples of positive signals promoting proper Z-ring
placement have been uncovered or proposed in several
other organisms. In Streptomyces coelicolor the SsgA
and SsgB proteins define the ladder of division sites in
aerial hyphae to promote subsequent Z-ring formation
and cell division for spore formation (Willemse et al.,
2011). PomZ in Myxococcus xanthus also preceded FtsZ
at midcell where it likely serves as a positive regulator of
division site placement (Treuner-Lange et al, 2012).
Additionally, outgrowing spores of Bacillus subtilis lacking
the Min and nucleoid occlusion systems remain capable
of accurately identifying the midcell division site, suggest-
ing a positive regulator of Z-ring positioning may be oper-
ating in this bacterium as well (Rodrigues and Harry,
2012). Thus far, the mechanism(s) by which these spatial
regulators of Z-ring assembly identify the division site are
not known. One attractive possibility is that they also use
chromosomal loci as positional cues as is the case for
the ZapA—-ZapB complexes observed here.

Experimental procedures

Media, bacterial strains and plasmids

Cells were grown with LB (1% tryptone, 0.5% yeast extract,
0.5% NaCl) or M9 minimal medium (Miller, 1972) supple-
mented with 0.2% casamino acids and 0.2% glucose (M9+)
or no glucose (M9-) at 30°C. Unless indicated otherwise,
antibiotic concentrations were as follows: Tetracycline (Tet),
5 ug mi~'; Ampicillin (Amp), 25 pg mi~'; Chloramphenicol
(Cam), 25 pg mi™"; Kanamycin (Kan), 25 pg mi™").

The bacterial strains and plasmids used in this study are
listed in Supporting Information Tables S1 and S2, respec-
tively. A description of their construction is included in the
Supporting Information along with a list of employed pri-
mers (Supporting Information Table S3). All strains used for
fluorescence imaging are derivatives of MG1655 and all
deletions were either obtained or designed to be identical
to those from the Keio knockout collection (Baba et al.,
2006). All plasmids used for integration at phage attach-
ment sites (HK022 or L) via the helper vectors pTB102
(Bernhardt and de Boer, 2005) and pint-ts (Haldimann and
Wanner, 2001), were derivatives of the CRIM plasmids of
Wanner and co-workers (Haldimann and Wanner, 2001).
Fluorescent fusions and deletion constructs were
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transferred between strains using P1 transduction (Miller,
1972) and resistance markers flanked by frt sites were
cured using pCP20 as described previously (Datsenko and
Wanner, 2000).

Microscopy and image analysis

Cultures were grown overnight in LB at 30°C. The following
day cultures were diluted 1:1000 in M9+ in the presence of the
indicated inducer and grown at 30°C to an ODgg between 0.2
and 04. We induced the production of GFP-FtsA
(attHKHC427), ZapC-GFP (attHKNP162), GFP-ZapA (attHK-
JAB032) and GFP-ZapA(N60Y) (attHKJABO33) with 1000uM
Isopropyl-B-D-thiogalactopyranoside (IPTG) throughout
growth. GFP-ZapB (attHKJABO034) was typically induced with
250 pM IPTG, however a range of concentrations (250—1000
M) rescued the length defect of AzapB cells (Supporting Infor-
mation Fig. S2). We induced sulA from pNP146 by addition of
0.2% arabinose to the media or agarose pad (see below).

Fluorescence microscopy was performed as described
previously (Meisner et al., 2013) with the following excep-
tions. Prior to image acquisition, cultures were centrifuged
at 6000g for 1.5 min and concentrated 10-fold in M9+
media. If induction of P,.,::sulA was desired, pelleted cells
were resuspended in M9- and imaged on M9- pads supple-
mented with 0.2% glycerol and 0.2% arabinose. Imaging
was performed at room temperature. For time-lapse imag-
ing, the coverslip was sealed and images were acquired
every 15 min as specified.

Image analysis, including cell length measurements, was
performed with Oufti (Paintdakhi et al., 2015) and MATLAB.
Population demographs were constructed using Oufti and
formatted in MATLAB and Adobe lllustrator. The normalized
fluorescence intensity of each cell is displayed using the
“jet” colormap from MATLAB, where red signifies high inten-
sity and blue indicates low intensity. Raw images were
cropped with ImageJ and labeled with Adobe lllustrator.
Both the colocalization of ZapA-mCherry or ZapA(N60Y)-
mCherry with ter (i.e., ParB-GFP), and the polar or midcell
localization of GFP-ZapA or GFP-ZapA(N60Y) in AmatP
were determined by eye.

Bacterial two-hybrid complementation assay

We used the bacterial adenylate cyclase two-hybrid system
(Karimova et al., 1998) in the E. coli cya strain BTH101
AzapA (JAB321). Random mutagenesis was performed on
zapA from pJB132 with primers 13-14 using the GeneMorph
Il kit (Agilent). We selected for transformants containing the
BACTH plasmids at 30°C on LB containing 100 pg mi™"
Amp, 75 pg mli~" Kan, 500 uM IPTG, and 40 pg ml™" 5-
bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (X-gal).
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