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The tubulin homolog FtsZ forms a polymeric membrane-associated ring structure (Z ring) at midcell that establishes the site of
division and provides an essential framework for the localization of a multiprotein molecular machine that promotes division in
Escherichia coli. A number of regulatory proteins interact with FtsZ and modulate FtsZ assembly/disassembly processes, ensur-
ing the spatiotemporal integrity of cytokinesis. The Z-associated proteins (ZapA, ZapB, and ZapC) belong to a group of FtsZ-
regulatory proteins that exhibit functionally redundant roles in stabilizing FtsZ-ring assembly by binding and bundling poly-
meric FtsZ at midcell. In this study, we report the identification of ZapD (YacF) as a member of the E. coli midcell division
machinery. Genetics and cell biological evidence indicate that ZapD requires FtsZ but not other downstream division proteins
for localizing to midcell, where it promotes FtsZ-ring assembly via molecular mechanisms that overlap with ZapA. Biochemical
evidence indicates that ZapD directly interacts with FtsZ and promotes bundling of FtsZ protofilaments. Similarly to ZapA,
ZapB, and ZapC, ZapD is dispensable for division and therefore belongs to the growing group of FtsZ-associated proteins in E.

coli that aid in the overall fitness of the division process.

n Escherichia coli, assembly of the essential tubulin homolog

FtsZ into a membrane-associated ring (Z ring) establishes the
site of division and provides a structural framework for the local-
ization of the rest of the division machinery (1,13, 16). The overall
concentration of FtsZ is effectively unchanged throughout the cell
cycle, and cell division is primarily regulated by the GTP hydroly-
sis-coupled assembly/disassembly processes of FtsZ at midcell (33,
53). A number of FtsZ-regulatory proteins, some of which colo-
calize with FtsZ at midcell, promote the FtsZ assembly/disassem-
bly processes and thereby play critical roles in exercising spatio-
temporal control of cytokinesis (13, 29). An understanding of the
precisely orchestrated molecular interactions between FtsZ and its
regulators that ultimately govern the formation of a stable yet
dynamic midcell Z-ring at the onset of division remains incom-
plete.

During the early stages of cytokinesis, the midcell division site
in E. coliis characterized by a dynamic Z-ring structure made up of
FtsZ and FtsZ-stabilizing proteins FtsA, ZipA, ZapA, ZapB, and
ZapC (2, 11, 14, 15, 18, 21, 23, 25, 31, 44, 52). FtsZ stabilizers are
involved in the maturation of early FtsZ assemblies by mecha-
nisms that include tethering FtsZ at the membrane, stabilizing
FtsZ protofilament associations by cross-linking or bundling sep-
arate protofilaments, and/or preventing depolymerization
through the inhibition of GTP hydrolysis (11, 14, 17, 24, 25, 41,
42). The stabilized FtsZ ring promotes recruitment of late-assem-
bly divisome components in a largely linear hierarchy to form a
constriction-competent multiprotein septal ring (13). FtsA and
ZipA not only are essential for tethering FtsZ to the membrane at
the initiation of E. coli division but are also required for recruiting
downstream divisome proteins, although certain FtsA mutants
allow cytokinesis in the absence of the less widely conserved ZipA
protein (19, 42, 43). Additionally, members of a growing group of
FtsZ-associated proteins, including ZapA, along with its binding
protein ZapB, and ZapC, also play important roles in modulating
Z-ring assembly early in division (14, 18, 21, 25). These proteins,
collectively called Z-associated proteins (Zaps), show no homol-
ogy at the sequence level but execute partially redundant functions
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in affecting FtsZ assembly. Zap proteins do not have roles in teth-
ering FtsZ to the membrane or recruiting downstream divisome
proteins to the Z-ring and are nonessential for division. Accord-
ingly, the interactions of Zap proteins with FtsZ are characterized
by modest phenotypes in single mutants but strong synergistic
division phenotypes when expression of two or more Zap proteins
is altered (15, 17, 21, 25). The widely conserved FtsZ regulator
ZapA dynamically associates with the Z ring and imparts FtsZ-
ring stability by cross-linking and bundling adjacent FtsZ proto-
filaments, as well as by promoting longitudinal interactions be-
tween FtsZ monomers (11, 36). ZapB, another nonessential FtsZ
regulator, localizes to the divisome via ZapA and enhances the role
of ZapA in FtsZ bundling (17). The recently identified cell division
factor ZapC binds and promotes FtsZ bundling at midcell (14,
25). While some FtsZ-interacting proteins such as FtsA and ZapA
are highly conserved among bacteria, others, such as ZipA, ZapB,
and ZapC, are restricted to the Gammaproteobacteria class of bac-
teria (14, 15, 25, 44).

Here we report the discovery of YacF as a cell division factor
belonging to the Zap family of proteins in E. coli that binds the
conserved C-terminal tail of FtsZ and bundles FtsZ polymers at
midcell. YacF encodes a nonessential FtsZ-associated protein, re-
moval of which leads to synthetic detrimental effects in cells car-
rying a conditional ftsZ allele that is impaired in its enzymatic
activity or in cells lacking ZapA. Overexpression of YacF interferes
with normal FtsZ ring assembly, leading to filamentation. In vitro,
YacF interacts directly with FtsZ and promotes FtsZ polymer bun-
dling with a reduction in FtsZ GTPase activity. YacF, which we
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TABLE 1 Strains and plasmids used in this study

Sourceb or reference

BL21(ADE3) pET11b-FtsZ
BL21(ADE3) pLysS

pDSW208-ZapD-eYFP
pET28b-His,,-Smt3

F~ araD139 AlacU169 relAl rpsL150 thi mot flb5301 deoC7 ptsF25 rbsR

Strain or plasmid Description”
Strains
MG1655 F~ N7 ilvG rfb50 rphl
TB28 MG1655 AlacZYA
MC4100
JOE309 MC4100 araD™*
EC307 MC4100 leu::Tn10 (Tet") ftsZ84 (Ts)
MDG148 JOE309 leu::Tn10 (Tet") ftsA12 (Ts)
PS223 W3110 zipAl (Ts)
JW0099 AG1 pCA24N-zapD

F~ ompT hsdSg (ry~ my~ ) dem gal \(DE3) pET11b-FtsZ
F~ ompT hsdSy (ry~ my ™) dem gal N(DE3) pLysS

AJ18-79 JD315 pNG162-zapD
GF73 TB28 pCA24N
JD160 BL21(ADE3) pLysS pET28b-His,,-Smt3-zapD
JD257 TB28 AzapA::frt
JD305 TB28 AzapA::frt AzapC::Kan
JD310 TB28 AzapD::Kan
JD315 TB28 AzapA::frt AzapD::Kan
D317 TB28 AzapC::Kan
JD330 EC307 AzapD::Kan
JD345 TB28 AzapD::frt AzapC::Kan
JD360 TB28 AzapA::frt AzapD::frt AzapC::Kan
JD381 TB28 pCA24N-zapD
Plasmids
pCA24N pT5-lac, lacl9, Cm*
pCP20 pSC101 ori(Ts) cI857 NPy flp, Amp', Cm"

pJC58-zapD
pBR322 ori pT7-His,,-Smt3, Kan"

pJC58 pDSW208(eYFP) MCS-eyfp cloning vector
pKD46 pSC101 ori(Ts) pBAD gam bet exo, Amp*
pNG162 pSC101, Spec”

Laboratory collection
6

Laboratory collection
9

28

9

42

30

L. Romberg

Agilent

30
12

S. Shuman
9

12

20

“ Amp, ampicillin; Cm, chloramphenicol, Kan, kanamycin; Spec, spectinomycin; Tet, tetracycline.

? The source was this study, unless otherwise noted.

propose to call ZapD, is therefore a member of the group of FtsZ-
associated proteins that bind and bundle FtsZ at midcell and likely
enhance the overall division efficiency in E. coli.

MATERIALS AND METHODS

Bacterial strains, plasmids, and phage. Bacterial strains and plasmids
used in this study are listed in Table 1. Strain construction was by trans-
formation or by generalized transduction using P1 (51).

Growth conditions. E. coli strains were grown and maintained in LB
(0.5% NaCl) at 30°C unless otherwise stated. Strains containing plasmid
pDSW208-ZapD-eYFP or pNG162-ZapD were used for imaging in this
study. Antibiotics were used at the following concentrations: ampicillin,
100 pg/ml; kanamycin, 50 pg/ml; chloramphenicol, 25 pg/ml; spectino-
mycin, 50 pg/ml; and tetracycline, 12.5 pg/ml. Other details, including
inducer isopropyl B-p-1-thiogalactopyranoside (IPTG) concentrations,
are specified in the figure legends.

Plasmid and strain construction. (i) Plasmid construction. Plasmid
pDSW208-ZapD-eYFP expressing hybrid protein under the control of the
IPTG-inducible trc promoter was constructed by amplifying zapD using
the Sall yacF 5P and Sall yacF 3P primers from the JW0099 ASKA plasmid
clone (30). The PCR product was digested by Sall, cloned into pJC58 to
create a C-terminal enhanced yellow fluorescent protein (eYFP) fusion
protein, and verified by sequence analysis. To generate a zapD-comple-
menting vector, zapD was PCR amplified using yacF 5P GW and yacF 3P
GW primers from the JW0099 ASKA plasmid clone into pDONR221
plasmid (Invitrogen) to create a Gateway entry clone. After sequence ver-
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ification, the entry clone was recombined into an IPTG-inducible
pNG162 destination vector to create the pPNG162-zapD expression clone
according to the Gateway protocol. A list of the primers used in the study
is included in Table S1 in the supplemental material.

(ii) Construction of strains carrying deletions in genes of interest.
Chromosomal deletions in genes of interest were obtained from the Keio
Collection (4) for zapD, zapC, zapB, and zapA and P1 transduced into the
TB28 strain background to create isogenic strains and verified by PCR for
presence of a kanamycin resistance cassette. Where necessary, an antibi-
otic resistance gene was eliminated with the aid of FLP expression plasmid
and verified by PCR for loss of the resistance marker (12).

(iii) Construction of strains for protein purification. Using primers
SUMO-5 YacF BamHI and SUMO-3 YacF HindIII, zapD was amplified by
PCR and the product was digested by BamHI and HindIII and cloned into
the same sites of pET28b-His,,-Smt3 vector. The sequence-verified clone
was transformed into BL2INDE3/pLysS to express ZapD.

Microscopy. Microscopy was performed using a 100X oil immersion
objective on a Nikon Eclipse Ti microscope with Chroma filters. Images
were captured digitally using a Nikon DigiSight Monochrome charge-
coupled-device (CCD) camera and analyzed using Nikon Elements Basic
software. Color images were pseudocolored using the same software and
assembled using Adobe Photoshop.

(i) Live bacterial cell imaging. Screening of plasmid ZapD-eYFP fu-
sion protein in various strains was performed individually on agarose
pads on glass slides. For temperature-sensitive (Ts) strains, cells grown at
the restrictive temperature were visualized by setting the objective heater
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(TC-500 temperature controller; 20/20 Inc.) on the microscope to 42°C.
Descriptions of strain-specific growth and induction conditions are in-
cluded in the figure legends.

(ii) Indirect immunofluorescence. For visualizing FtsZ in cells over-
expressing ZapD, cells containing pCA24N-ZapD were grown overnight
at 30°C. Cells were fixed in methanol-acetone, and the presence of FtsZ
was probed with an anti-FtsZ rabbit polyclonal antibody (Genscript) at
1:10,000 and a Texas-Red conjugated secondary antibody as described
previously (28). Samples were also harvested for Western blot analyses
prior to fixation.

(iii) TEM. To visualize the morphology of the FtsZ polymers under
conditions identical to those used for FtsZ sedimentation studies (de-
scribed below), aliquots of experimental and control reaction mixtures
were removed, negatively stained with 2% uranyl acetate, and examined
by conventional transmission electron microscopy (TEM). Images were
collected on a JEOL 2100F TEM operated at 200 kV and recorded on a
2k-by-2k CCD camera at 2.5 pm underfocus and at a nominal magnifi-
cation of X30,000 to X50,000.

Protein-interaction platform (PIP) assays using Saccharomyces
cerevisiae. Full-length fisZ, ftsZ, 5., fisZ, 5,0 [t5Z580 353 152564 383
ftsZ5,4 553 and zapD were PCR amplified with a stop codon into
pDONR223 (Invitrogen) plasmids to create Gateway entry clones. After
sequence verification, yeast expression plasmids were created using site-
specific recombination (Gateway) to generate FtsZ and ZapD fusion pro-
teins that are expressed under the control of a regulatable GALI promoter.
A pAG413-egfp-zapD expression plasmid was transformed into Saccharo-
myces cerevisiae strain S288C MATa, and pAG416-uwNS-ftsZ or pAG416-
WNS-ftsZ deletions or pAG416-wNS-zapD expression plasmids were
transformed into strain S288C MAT«. The strains that conditionally ex-
press the fluorophore fusion plasmid were mated with those that condi-
tionally express the wNS fusion plasmid, and diploids were selected. Vi-
sualizations of live yeast expressing both the flurophore and wNS fusions
were conducted using 96-well glass-bottomed plates as described previ-
ously (48).

Protein purification. One liter of bacterial cultures was grown, and
the bacteria were induced to express FtsZ. FtsZ was purified, and concen-
trations were determined by a bicinchoninic acid (BCA) assay as de-
scribed previously (46). ZapD was purified by growing 0.5-liter bacterial
cultures with the fusion plasmid at 37°C to an optical density at 600 nm
(ODygq) of ~0.5, at which point ZapD expression was induced with 0.85
mM IPTG followed by growth for 4 h at 30°C. Cells were harvested by
centrifugation, and pellets were resuspended in ice-cold lysis buffer (50
mM NaPO,, 0.3 M NaCl, 10 mM imidazole, pH 8.0) and stored at —80°C.
After a couple of freeze-thaw cycles, cells were sonicated and centrifuged
at 50,000 X g in a Beckman Type 60 Ti rotor, supernatants were loaded
into Ni*"-nitrilotriacetic acid-agarose (NiNTA) columns (Qiagen) and
washed, and the ZapD fusion protein was eluted in buffer containing 50
mM NaPO,, 0.3 M NaCl, and 250 mM imidazole (pH 8.0). The eluate was
digested with the Smt3-specific protease Ulp1 during overnight dialysis in
buffer (50 mM Tris-Cl, 150 mM NaCl, 1 mM dithiothreitol [DTT], 10%
glycerol, pH 8.0) at 4°C (37). The released His,,-Smt3 was removed by
passing the dialysate over an NiNTA resin column. The flowthrough
containing tag-free ZapD was collected and separated on a Sephadex
75 (GE) size exclusion column. Peak fractions were pooled and con-
centrated using an Amicon Ultra-15 filter with buffer exchange (50
mM MOPS [morpholinepropanesulfonic acid; pH 6.5], 50 mM KCl,
10 mM MgCl,, 0.2 mM DTT, 2% glycerol) and stored at —80°C. Ali-
quots of the protein in the storage buffer were separated on a 12.5%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gel to obtain estimates of purification, and concentrations were
determined by A,g, measurements.

Endogenous ZapD levels. Wild-type strain was grown to an OD, of
0.7 to 0.8 at 37°C, at which point various dilutions were plated on LB agar
to obtain CFU counts per milliliter. Whole-cell proteins from defined
volumes of these cultures were harvested, serially diluted, separated on a
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12.5% SDS-PAGE gel, and transferred onto nitrocellulose blots. Purified
tag-free ZapD dilutions of known concentrations were run in parallel.
Blots were probed with a peptide-derived anti-ZapD rabbit polyclonal
antibody (Genscript), and intensities were measured by ImageJ (NIH)
analyses.

FtsZ sedimentation assay. Purified FtsZ (5 M) was added to purified
ZapD (1 or 5 wM) in FtsZ polymerization buffer (50 mM MOPS [pH 6.5],
50 mM KCI, 2.5 mM MgCl, ), and GDP or GTP (1 mM) was added last as
described previously (39). Reaction mixtures (100 pl) were processed at
room temperature and spun down using a TLA100.2 rotor at 80,000 rpm
for 12 min. At that point, 80 .l of supernatant was carefully removed and
4X loading dye was added to reach a final 1X concentration. The rest of
the supernatant was discarded, and the pellets were resuspended in the
original reaction volume buffer plus 1 X loading dye (final concentration).
The supernatants (10 wl) and pellets (10 wl) were resolved in a 12.5%
SDS-PAGE gel.

FtsZ GTPase assay. The GTPase activity of FtsZ was measured using
an EnzCheck Free Phosphate Assay kit (Molecular Probes) essentially
under the FtsZ sedimentation assay conditions described above. Purified
FtsZ (5 wM) with and without purified ZapD (1 or 5 uM) was added to
reaction mixtures in polymerization buffer (50 mM MOPS [pH 6.5], 50
mM KCl, 2.5 mM MgCl,) containing 1 mM GTP, and absorbance at 360
nm was monitored every 10 s for 30 min at room temperature. Standard
curves with known amounts of phosphate were calculated to determine
the amount of inorganic phosphate released.

Analysis of proteins. Western blot analysis was performed using stan-
dard protocols unless otherwise mentioned. Proteins were prepared from
cell pellets as described previously (27). Densities of protein bands were
determined by Image] analysis (NIH).

RESULTS

Identification of ZapD (YacF) as a putative divisome compo-
nent. YacF, a previously uncharacterized protein, was identified as
localizing to midcell in an FtsZ-dependent manner in a previously
described protein localization screen conducted in E. coli (27).
YacF (~28.3 kDa) is predicted to be a nonessential cytoplasmic
protein (DUF1342 superfamily), and orthologs are distributed in
191 species of proteobacteria (3). Sequence analysis of YacF does
not reveal any substantial clues to its specific functions; neither
does the structure of a close homolog (42% sequence identity,
66% homology) from Vibrio parahemolyticus (PDB:20EZ) avail-
able from a structural genomic initiative (5). The yacF gene is
located at the 2.4-min region of the E. coli chromosome adjacent
to the cell wall synthesis and cell division mur-ftsZ gene cluster and
is predicted to be cotranscribed with the upstream coaE encoding
the essential dephospho-coenzyme A (dephospho-CoA) kinase
and perhaps the downstream yacG encoding an endogenous DNA
gyrase inhibitor, although yacG may have an independent pro-
moter (34, 49, 55). Both coaE and yacF are also located in one
polycistronic unit in closely related species. As we demonstrate
below, the yacF gene product is a Z-associated protein, and we
propose to rename the gene zapD.

ZapD-eYFP localizes to midcell in a manner dependent on
FtsZ but not on FtsA, ZipA, ZapA, or ZapC. To confirm results
obtained from a protein localization microscopy screen, we
monitored the localization pattern of a ZapD-eYFP fusion in
an ftsZ84 (Ts) strain; cells carrying ftsZ84 form filaments with
no visible constrictions at the restrictive temperature because
of their inability to assemble an FtsZ ring at the cell division site
(45). At the restrictive temperature, in the absence of FtsZ lo-
calization, ZapD-eYFP failed to localize to potential division

jb.asm.org 3191


http://jb.asm.org

Durand-Heredia et al.

il SNy LTI :

MNQMMM

- B e

FIG 1 ZapD-eYFP localizes to midcell in an FtsZ-dependent manner. (A)
Phase and fluorescent images of ZapD-eYFP localizing YFP to midcell at the
permissive temperature (30°C) in ftsZ84 (Ts) cells. (B) Diffuse localization of
ZapD-eYFP at the restrictive temperature (42°C) in ftsZ84 (Ts) cells. Strain
EC307 carrying plasmid pDSW208-ZapD-eYFP was grown in LB at 30°C with
20 wM IPTG until an ODg, of ~1.0 was reached, at which point cells were
immobilized on agarose pads and visualized. For visualization at the restrictive
temperature, the plasmid-bearing conditional strain was grown at 30°C with
20 pM IPTG until an ODg, of ~0.2 was reached, at which point cells were
diluted at 1:5 into fresh LB with IPTG, transferred to 42°C, and grown for an
additional 1 h; then, filaments were immobilized on agarose pads for micros-
copy. (C) Phase and fluorescent images of ZapD-eYFP localizing to midcell in
zapD cells. Strain JD310 carrying the plasmid pDSW208-ZapD-eYFP was
grown in LB at 30°C with 20 wM IPTG until an ODy, of ~1.0 was reached, at
which point cells were immobilized on agarose pads and visualized. (D to G)
Phase and fluorescent images of ZapD-eYFP localizing to midcell in ftsA12and
zipAl cells, respectively, at permissive (30°C; D and E) and at restrictive (42°C;
F and G) temperatures. Strains MDG148 and PS223, each carrying plasmid
pDSW208-ZapD-eYFP, were grown in LB at the permissive temperature with
20 pM IPTG until an ODg, ~1.0 of was reached, and cells were visualized on
agarose pads. For growth at the restrictive temperature, cells were grown at
30°C in LB with 20 pM IPTG until an ODg, of ~0.2 was reached, at which
point cells were diluted at 1:5 in fresh LB with IPTG, transferred to 42°C,
and grown for another hour, at which point cells were immo-
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FIG 2 ZapD interacts with FtsZ and with itself in a protein interaction plat-
form yeast assay. (A) Yeast cells expressing GFP-ZapD showed diftusely local-
ized fluorescence at 3 to 4 h postinduction of fusion protein; (B) coexpression
of both GFP-ZapD and puNS-FtsZ fusion proteins displayed fluorescent foci;
(C) coexpression of GFP-ZapD and wNS-ZapD fusions also displayed focal
interactions; (D) yeast cells coexpressing FtsZ fused to GFP and ZapD fused to
NS also displayed fluorescent focal platforms. Bar, 2 pm.

sites and was diffusely distributed, indicating that FtsZ is re-
quired for the localization of ZapD to midcell (Fig. 1A and B).
To elucidate the divisome components that are required for the
recruitment of ZapD to midcell, we visualized ZapD-eYFP local-
ization in cells lacking early septal ring components, namely, FtsA,
ZipA, ZapA, and ZapC. ZapD-eYFP localized to potential division
sites in FtsA- or ZipA-depleted filaments at the restrictive temper-
ature (Fig. 1D to G) and to midcell in cells lacking ZapA, ZapC, or
ZapD (Fig. 1H, I, and C), indicating that FtsA, ZipA, ZapA, and
ZapC are dispensable for the localization of ZapD to midcell.
ZapD interacts with the conserved C-terminal tail of FtsZ.
Since ZapD and FtsZ colocalize at midcell, we examined whether
ZapD interacts with FtsZ by the use of the yeast PIP assay as de-
scribed previously (14). Briefly, the PIP assay relies on the reoviral
scaffolding protein wNS, which forms large focal inclusions in
yeast. When a query protein is fused to wNS and a likely interac-
tion partner fused to a fluorophore, interactions can be identified
by screening for yeast that form fluorescent foci. In yeast express-
ing both WNS-FtsZ and green fluorescent protein-ZapD (GFP-
ZapD), we found that ZapD interacts with FtsZ, as evidenced by
the formation of fluorescent focal platforms (Fig. 2B). The inter-

bilized on agarose pads and visualized. (H and I) Phase and fluorescent images
of ZapD-eYFP fusion localizing to midcell in a ZapA- and ZapC-independent
manner. Strain JD257 and strain JD317 bearing plasmid pDSW208-ZapD-
eYFP were each grown at 30°C with 20 wM IPTG until an ODy, of ~1.0 was
reached, at which point cells were visualized on agarose pads. Bar, 5 wm. Note
that localization of ZapD-eYFP as foci instead of bands in certain strain back-
grounds appears to be a property of the particular fusion protein used in this
study.
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TABLE 2 The conserved C-terminal tail of FtsZ is required for ZapD
interaction

uNS fusion® Interaction with GFP-ZapD”
FtsZ, 355 +
FtsZ, 57, -
FtsZ, 514 -
FtsZs0 383 +
FtsZs64383 +
FtsZs74 383 +

“ Full-length FtsZ and various FtsZ deletions fused to the wNS reoviral scaffolding
protein were coexpressed with ZapD fused to GFP in yeast cells and visualized 3 to 4 h
postinduction.

b + indicates yeast cells displaying fluorescent foci representing interactions between
ZapD and the relevant FtsZ construct. — indicates diffuse localization of GFP-ZapD,
likely representing no interaction between ZapD and the relevant FtsZ construct.

action between FtsZ and ZapD was also detected when FtsZ was
fused to the fluorophore and ZapD to wNS (Fig. 2D). While GFP-
ZapD alone was diffusely localized (Fig. 2A), yeast coexpressing
GFP-ZapD and puNS-ZapD displayed fluorescent focal platforms
(Fig. 2C). In control reactions, both FtsZ and ZapD formed char-
acteristic focal platforms when fused to uNS whereas GFP-FtsZ
expressed alone was diffusely localized (see Fig. S1 in the supple-
mental material). These results suggest a direct interaction be-
tween FtsZ and ZapD and that ZapD likely forms homo-oligom-
ers in the cell.

To narrow down the region of FtsZ that interacts with ZapD,
we next tested the ability of ZapD to interact with various dele-
tions of FtsZ fused to wNS in the yeast PIP assay. The deletion
constructs used were FtsZ,_5,, (lacking the conserved C-terminal
tail), FtsZ,_5,, (lacking the conserved tail and the variable linker
domain), FtsZ,g,_355 (lacking the N-terminal and part of the con-
served C-terminal globular domains), and FtsZsq, 343 and
FtsZ,,4_sg3 (carrying various lengths of the conserved C-terminal
tail). Because the 17-amino-acid C-terminal tail of FtsZ has been
shown to be essential in its interactions with other FtsZ stabilizers
such as FtsA and ZipA (24, 26, 32), we hypothesized that this
domain might be important for ZapD binding. Indeed, we find
that, analogous to the interactions of FtsA and ZipA, ZapD re-
quires the conserved C-terminal FtsZ tail for its interaction with
FtsZ (Table 2).

Overexpression of ZapD leads to filamentation. The localiza-
tion and protein-protein interaction data determined with ZapD
suggested that ZapD may be a cell division factor that modulates
FtsZ assembly. Therefore, we explored the in vivo effects of over-
expression of ZapD in wild-type cells. Uninduced expression of
ZapD from the leaky T5/lac promoter of pCA24N led to signifi-
cant filamentation, with highly aberrant FtsZ assemblies (Fig. 3C
and D). Medial FtsZ rings were observed in wild-type cells grown
under the same conditions and bearing the pCA24N vector alone
(Fig. 3A and B). The cellular FtsZ levels remained essentially un-
changed upon overexpression of ZapD (see Fig. S2 in the supple-
mental material). These data suggest that overexpression of ZapD
interferes with cell division, perhaps through modulating FtsZ
polymer assembly.

Loss of ZapD enhances the division defects of the ftsZ84 con-
ditional allele. While overexpression of ZapD interferes with cell
division, cells lacking zapD are viable, with no discernible division
phenotypes. In light of ZapD’s dependence on FtsZ but not on the
other early assembly division proteins for localization to the divi-
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some, we examined whether ZapD has a biological role in the early
stages of cell division. We determined the synergistic effects of
removal of zapD in cells carrying the ftsZ84 (Ts) allele. Cells with
the conditional ftsZ84 (Ts) allele are filamentous at the restrictive
temperature at 42°C because of the inability of FtsZ to localize to
division sites. We observed that ftsZ84 (Ts) zapD cells exhibited a
growth defect in LB no-salt agar, a more stringent condition for
controlling ftsZ84 levels, as ftsZ expression increases at higher salt
concentrations (Fig. 4A) (54). The synthetic sick phenotype of
ftsZ84 (Ts) zapD was further supported by visualization of exten-
sively filamentous cells at the permissive temperature (30°C) in
comparison to ftsZ84 (Ts) cells alone (Fig. 4B). The observed phe-
notypic changes in ftsZ84 (Ts) zapD cells were not a result of
altered FtsZ levels due to the lack of ZapD (see Fig. S2 in the
supplemental material).

ZapD shares an overlapping function with ZapA. Further ev-
idence for a role for ZapD in promoting FtsZ assembly comes
from synergistic studies of ZapD and a known FtsZ cross-linking
and bundling protein, ZapA. Cells lacking both ZapA and ZapD
were longer on average than mutants with a zapA or zapD muta-
tion alone, with significant variations in cell lengths seen across
the population (Table 3). The elongation phenotype of the double
mutant could be rescued by providing ZapD in trans, showing that
the phenotype was due to lack of ZapD and not to polar down-
stream effects on yacG expression (Table 3). The complementing

FIG 3 Overexpression of ZapD interferes with FtsZ ring assembly. (A and B)
Phase and fluorescent images of pCA24N vector alone in wild-type cells. Me-
dial FtsZ rings are detected by indirect immunofluorescence with an anti-FtsZ
antibody in GF73 cells. (C and D) Leaky expression from pCA24N-zapD con-
struct leads to formation of long nonseptate filaments with aberrant FtsZ as-
semblies in wild-type cells. Loose helices and long rod-shaped patches of FtsZ
are seen in JD381 cells overexpressing ZapD. Bar, 5 um.
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A dilution factor

0 -1 -2 -3 -4

FIG 4 Synthetic sick phenotype of ftsZ84 (Ts) cells in the absence of zapD. (A)
Overnight cultures of wild-type (wt; TB28), zapD (JD310), ftsZ84 (Ts)
(EC307), and ftsZ84 (Ts) zapD (JD330) cells grown in LB at 30°C were nor-
malized to an ODg, of 2.0 and serially diluted, and 6-pl aliquots were spotted
on LB no-salt agar plates and incubated overnight at 30°C. The relative plating
efficiencies were determined by comparison with control strains. (B and C)
Phase images of ftsZ84 (Ts) (EC307) and ftsZ84 (Ts) zapD (JD330) cells. Over-
night cultures grown in LB at 30°C were subcultured at 1:100 to an ODy, 0f 0.6
to 0.8. Samples were immobilized on agarose pads and visualized by micros-
copy. Bar, 5 wm.

vector alone did not rescue the zapA zapD phenotype in trans
(data not shown). These results indicate that ZapD shares a func-
tional role with ZapA in FtsZ bundling during the early stages of
division. Introduction of a zapB allele did not affect the cell lengths
significantly (data not shown). Interestingly, cells lacking zapC
and zapD did not display a significant increase in cell length be-
yond that of cells lacking zapC alone (Table 3). However, removal
of both zapC and zapD in the absence of ZapA resulted in very
poor viability, increased filamentation, and a wider distribution of
cell lengths across the cell population, indicating an overlapping
function for ZapD in enhancing Z-ring stability (Table 3).

Purified ZapD is dimeric in solution. The genetics and cell
biological data are consistent with a role for ZapD in promoting
FtsZ assembly in E. coli. To test this possibility in vitro, we purified
both proteins to conduct sedimentation, electron microscopy,
and GTPase assays. To avoid tag-related artifacts in determining
FtsZ-ZapD interactions, we purified tag-free ZapD to =95% pu-
rity (see Fig. S3A in the supplemental material). Gel filtration data
show that a majority of purified ZapD eluted at ~44 = 6 kDa (see
Fig. S3B in the supplemental material). Based on the predicted
molecular mass of ZapD, these data suggest that purified ZapD is
likely to be mostly dimeric in solution, with some higher-order
oligomers also being present.

ZapD interacts directly with FtsZ and promotes FtsZ assem-
bly in vitro. In order to determine whether ZapD and FtsZ inter-
act directly, we conducted an FtsZ sedimentation assay. To obtain
approximate cellular levels of ZapD for comparison with levels of
FtsZ, we determined the intracellular concentrations of ZapD by
the use of quantitative Western blotting with an anti-ZapD poly-
clonal antibody. Approximately 500 to 800 molecules of ZapD
were calculated to be present per cell during the logarithmic phase,
indicating that ZapD is a low-abundance protein and that its cel-
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lular concentration is approximately one-fifth of previously pub-
lished FtsZ cellular concentrations (35, 47).

Purified FtsZ (5 uM) and ZapD (1 or 5 M) were incubated in
the presence of GDP or GTP in polymerization reactions. In con-
trol reactions in the absence of ZapD and in the presence of GDP,
FtsZ was mostly present in the supernatant (Fig. 5). Upon addi-
tion of GTP, polymeric FtsZ was present in the pellet (Fig. 5).
However, in the presence of GTP and either 1 or 5 uM ZapD,
~5.5- or 13-fold-more FtsZ was present in the pellet, respectively
(Fig. 5A and B) and ZapD copelleted with FtsZ (Fig. 5A). In the
absence of FtsZ, ZapD (5 wM) alone was present, mostly in the
supernatant, with either GTP or GDP (Fig. 5). These sedimenta-
tion results are consistent with the yeast protein-protein interac-
tion data and indicate that ZapD directly binds and pellets FtsZ.

To ascertain the morphology of the polymeric state of FtsZ in
the sedimentation assays, reactions were further visualized by
transmission electron microscopy. Characteristic protofilaments
of FtsZ were visualized upon addition of GTP (Fig. 6A), and no
polymers were visualized in the presence of GDP (data not
shown). Addition of substoichiometric amounts of ZapD to FtsZ
in the presence of GTP did not significantly alter the morphology
of the FtsZ protofilaments (see Fig. S4 in the supplemental mate-
rial). However, upon addition of equimolar ZapD to FtsZ in reac-
tion mixtures containing GTP, extensive bundling of FtsZ proto-
filaments was seen by electron microscopy (Fig. 6B). Taken
together, these data indicate that ZapD promotes FtsZ bundling
through specific stabilizing interactions.

The intrinsic GTPase activity of FtsZ is reduced due to ZapD-
mediated FtsZ bundling. Bundling of FtsZ leads to a decrease in
the rate of GTP hydrolysis compared to the rate seen with FtsZ
protofilaments alone (38, 40). To examine whether ZapD-medi-
ated FtsZ bundling led to changes in the intrinsic GTPase activity
of FtsZ polymers, we measured the GTP hydrolysis rate of FtsZ in
the presence and absence of ZapD by the use of a spectrophoto-
metric method for quantifying free inorganic phosphate (22). The
GTP hydrolysis rate of 5 uM FtsZ under the conditions tested was
~2 GTP per FtsZ per min (Fig. 7). We suspect that the slightly
lower FtsZ GTP hydrolysis rate determined in this study com-

TABLE 3 Synergism of zapD with known Z-associated (Zap) proteins

Cell length No. of cells
Genotype” (pm = SD) measured”
Wild type 34+ 1.1 604
zapA 40+ 19 605
zapC 39*1.6 601
zapD 32+09 601
zapA zapD 52 %37 602
zapA zapD pNG162-zapD* 42*2.1 640
zapC zapD 42*+13 618
zapA zapC 6.2 £52 545
zapA zapC zapD 7.0 £6.3 625

@ The wild-type strain was TB28, and isogenic single (zapA = JD257; zapC = JD317;
zapD = JD310)-, double (zapA zapC = JD305; zapA zapD = JD315; zapC zapD =
JD345)-, and triple (zapA zapC zapD = JD360)-mutant strains were constructed by P1
transduction.

b Data represent total numbers of cells measured for length using Object] (NTH). Cells
were grown in LB broth at 30°C to an ODy, of 0.6 to 0.8, at which point samples were
immobilized on agarose pads and visualized by phase microscopy.

¢ Strain AJ18-79 was subcultured at a dilution of 1:100 in LB with IPTG added to reach
a 50 uM final concentration at 30°C and grown to an ODg, of 0.6 to 0.8, at which
point cells were visualized by phase microscopy.
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FIG 5 ZapD interacts directly with FtsZ in vitro and pellets FtsZ. (A) Sedi-
mentation reaction mixtures of FtsZ and ZapD in buffer containing MOPS
(pH 6.5), 50 mM KCl, and 2.5 mM MgCl, with 1 mM GTP or GDP were spun,
and equivalent aliquots of supernatant and pellet fractions were separated on
an SDS-PAGE gel and visualized by staining. Where present, FtsZ was at 5 uM
and ZapD at 1 or 5 pM. (B) Amounts of FtsZ present in pellets in reaction
mixtures with and without ZapD in the presence of GDP or GTP are shown as
averages of the results of 3 independent experiments. The percentage of FtsZ in
each pellet was quantified based on band intensities of total FtsZ present in the
pellet and supernatant fractions.

pared to those reported by others (7) can in part be attributed to
differences in the temperatures at which the assays were con-
ducted. Addition of 1 uM ZapD to the reaction did not alter the
FtsZ GTPase rates significantly (data not shown). However, addi-
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FIG 7 ZapD reduces FtsZ GTPase activity. The GTPase activity of FtsZ was
measured using a spectrophotometric method to quantify the amount of re-
leased phosphate. Experimental data are represented as the GTPase activity of
5 wM FtsZ in buffer containing MOPS (pH 6.5), 50 mM KCl, and 2.5 mM
MgCl, in the absence of ZapD (filled circles) and in the presence of 5 WM ZapD
(filled squares) and as the GTPase activity of 5 uM ZapD in the absence of FtsZ
(filled triangles). Data were collected at room temperature every 10 s for a total
of 30 min. The fully linear part of the curve was determined as the part with a
constant first derivative in time. All curves were found to be essentially linear
until approximately 6 min. The data for the first 30 s were discarded for stabi-
lization, and data points from 0.5 to 5.5 min were used in a linear fit to deter-
mine the GTPase activity. The straight lines represent linear fits to the experi-
mental data. In all reaction mixtures, GTP was at 1 mM and FtsZ was added
last. Standard curves with known concentrations of phosphate were used to
convert the A, readings to phosphate production data. In this representative
curve, the GTPase activity of FtsZ alone is 2.02 = 0.02 GTP/FtsZ/min and FtsZ
in the presence of ZapD at a 1:1 ratio is 0.85 = 0.01 GTP/FtsZ/min.

tion of 5 uM ZapD to the reaction led to a reduction in the GTP
hydrolysis rate of FtsZ of ~60% (Fig. 7), consistent with the ability
of ZapD to promote lateral bundling of FtsZ. ZapD alone did not
exhibit measurable GTPase activity (Fig. 7). These data indicate
that ZapD-mediated FtsZ bundling lowers the GTP hydrolysis
rate of FtsZ.

i SR =

FIG 6 ZapD promotes FtsZ-polymer bundling. (A) Negative stained TEM images of FtsZ (5 wM) in buffer containing MOPS (pH 6.5), 50 mM KCl, and 2.5 mM
MgCl, in the presence of 1 mM GTP show characteristic single protofilaments. (B) Upon addition of ZapD (5 uM), large bundled FtsZ protofilaments were

visualized. Bar, 200 nm.
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DISCUSSION

ZapD is a cell division protein that enhances FtsZ assembly in E.
coli. This study provides evidence that ZapD is a bona fide com-
ponent of the midcell division apparatus in E. coli. ZapD requires
FtsZ to be recruited to midcell, where it directly binds and bundles
FtsZ polymers. Overexpression of ZapD leads to aberrant FtsZ
assemblies and formation of long nonseptate filaments. Although
the removal of ZapD does not present any discernible phenotype
in terms of cell division or viability in wild-type cells, in cells con-
taining ftsZ84, a heat-sensitive allele with weak GTPase and po-
lymerization activities, removal of ZapD causes division and
growth defects similar to those observed in ftsZ84 (Ts) zapA cells
(18). These results, coupled with division defects seen in zapA
zapD double mutants and zapA zapC zapD triple mutants, indi-
cate that ZapD-mediated FtsZ assembly plays a positive role in
maintaining the integrity of the FtsZ ring in the cell.

The ZapD docking site on FtsZ overlaps the FtsZ interaction
site of other FtsZ-modulatory proteins, namely, FtsA, ZipA,
MinC, and ClpX (8, 26, 32, 50). However, some of the FtsZ resi-
dues implicated as being important for FtsZ-FtsA and FtsZ-ZipA
interactions are dispensable for ZapD binding. This result indi-
cates that FtsA and ZipA, which have other critical roles in addi-
tion to promoting FtsZ-ring stability, and ZapD, whose sole ap-
parent function appears to be in enhancing FtsZ assembly, have
different modes of binding the C-terminal tail of FtsZ (26, 32).

Protein-protein interaction data and the properties of purified
ZapD in solution (as well as the presence of two molecules in the
asymmetric unit for the putative structural homolog from V.
parahemolyticus) suggest self-interaction among ZapD molecules.
The simplest interpretation of oligomerization of ZapD is that two
molecules of ZapD interact with adjacent FtsZ protofilaments,
enhancing their lateral association at midcell. However, at this
point we cannot exclude the possibility that ZapD dimers pro-
mote Z-ring stability by also enhancing the longitudinal interac-
tions in an individual FtsZ protofilament.

Z-associated proteins may promote FtsZ bundling via dis-
tinct molecular mechanisms. Precisely how the Z-associated pro-
teins, which share no primary sequence homology, perform the
same overall function of promoting FtsZ bundling is not com-
pletely understood. Both ZapC and ZapD share overlapping func-
tions with ZapA in stabilizing the FtsZ-ring structure, and yet
zapC zapD double mutants do not exhibit marked changes in cell
lengths compared to cells lacking zapC alone. These data therefore
suggest that ZapC and ZapD do not have completely redundant
roles in stabilizing the FtsZ ring. While the widely conserved ZapA
has been shown to promote both cross-linking and bundling of
FtsZ protofilaments (11), roles for ZapC and ZapD in cross-link-
ing of FtsZ protofilaments remain to be explored. Additionally,
while ZapC and ZapD both bind and bundle FtsZ in vitro, the FtsZ
GTPase activity is markedly reduced in ZapC-mediated bundles in
contrast to ZapD-mediated FtsZ bundles at substoichiometric ra-
tios (25). This difference in FtsZ GTPase activities can be due to a
first-order effect where ZapC directly reduces the GTPase activity
of FtsZ or due to a second-order effect where the decrease in
GTPase activity can be attributed to ZapC being a more robust
FtsZ bundler than ZapD. Taken together, the genetics and bun-
dling data suggest that ZapC and ZapD may employ distinct mo-
lecular mechanisms in achieving FtsZ-ring stability. While the
precise ZapC docking site in FtsZ has not yet been determined,
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results suggest that it is not likely to be in the conserved C-terminal
tail of FtsZ (S. Chaudhry and A. Janakiraman, unpublished re-
sults). Hence, it may be hypothesized that since ZapC and ZapD
appear to bind different regions of FtsZ, they are also likely to be
distinct in the precise molecular mechanisms by which they
achieve FtsZ bundling. Such variations in modulating the estab-
lishment of a stable FtsZ ring, a critical step during division, likely
serve as “fail-safe” mechanisms for the host in the natural envi-
ronment.

Roles for Zap-mediated FtsZ bundling. Similarly to FtsZ sta-
bilizers ZipA, ZapB, and ZapC in E. coli, ZapD is largely restricted
to the Gammaproteobacteria class of Gram-negative bacteria.
With the characterization of ZapD as a division factor, the number
of proteins that have been shown to interact directly with FtsZ and
enhance FtsZ assembly in E. coli division has risen to five. Why E.
coli would retain so many proteins with a similar apparent func-
tion of promoting FtsZ bundling is not clear. Perhaps, one lead in
answering this question comes from a recent study that proposes a
new role for the FtsZ C-terminal tail in mediating stabilizing lat-
eral interactions among FtsZ protofilaments independent of FtsZ-
associated proteins such as ZapA (7). Species-specific differences
inresidues at the very end of the FtsZ conserved C-terminal tail are
proposed to enhance the innate bundling capacity of B. subtilis
FtsZ compared to that of E. coli FtsZ (7). In light of these findings
and prior studies (10, 36), which support a critical role for FtsZ
lateral interactions in vivo, we suggest that perhaps the abundance
of FtsZ bundlers in E. coli compensates for a relatively weak inher-
ent bundling capacity of E. coli FtsZ and thereby affords greater
division efficiency in vivo.

Furthermore, an interesting possibility is that Z-associated
proteins such as ZapD enhance FtsZ-ring stability under specific
environmental conditions where the fitness of the established di-
vision apparatus becomes especially critical to the host. While
FtsZ appears to be regulated at the level of assembly/disassembly,
little is known of whether and, if so, how Zap proteins may them-
selves be regulated under various environmental conditions.
While each of the Z-associated proteins ZapA, ZapB, and ZapC is
located as a single gene unit on the E. coli chromosome, the gene
arrangement of zapD in the coaE-zapD and perhaps in the yacG
operon presents an intriguing scenario where zapD may itself be
regulated by an as-yet-unknown mechanism.

Ultimately, the identification and characterization of ZapD
underscore the diversity in regulatory proteins that modulate FtsZ
assembly and should aid in developing a more comprehensive
understanding of FtsZ structure and dynamics during the early
stages of cell division.
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