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ABSTRACT

Bacterial cell division is an essential and highly coordinated process. It requires the polymerization of the tubulin homologue
FtsZ to form a dynamic ring (Z-ring) at midcell. Z-ring formation relies on a group of FtsZ-associated proteins (Zap) for stability
throughout the process of division. In Escherichia coli, there are currently five Zap proteins (ZapA through ZapE), of which four
(ZapA, ZapB, ZapC, and ZapD) are small soluble proteins that act to bind and bundle FtsZ filaments. In particular, ZapD forms
a functional dimer and interacts with the C-terminal tail of FtsZ, but little is known about its structure and mechanism of action.
Here, we present the crystal structure of Escherichia coli ZapD and show it forms a symmetrical dimer with centrally located
�-helices flanked by �-sheet domains. Based on the structure of ZapD and its chemical cross-linking to FtsZ, we targeted nine
charged ZapD residues for modification by site-directed mutagenesis. Using in vitro FtsZ sedimentation assays, we show that
residues R56, R221, and R225 are important for bundling FtsZ filaments, while transmission electron microscopy revealed that
altering these residues results in different FtsZ bundle morphology compared to those of filaments bundled with wild-type
ZapD. ZapD residue R116 also showed altered FtsZ bundle morphology but levels of FtsZ bundling similar to that of wild-type
ZapD. Together, these results reveal that ZapD residues R116, R221, and R225 likely participate in forming a positively charged
binding pocket that is critical for bundling FtsZ filaments.

IMPORTANCE

Z-ring assembly underpins the formation of the essential cell division complex known as the divisome and is required for re-
cruitment of downstream cell division proteins. ZapD is one of several proteins in E. coli that associates with the Z-ring to pro-
mote FtsZ bundling and aids in the overall fitness of the division process. In the present study, we describe the dimeric structure
of E. coli ZapD and identify residues that are critical for FtsZ bundling. Together, these results advance our understanding about
the formation and dynamics of the Z-ring prior to bacterial cell division.

Bacterial cell division is an essential and complex process that
requires the coordinated assembly of a multiprotein molecu-

lar machine termed the divisome. The divisome is responsible for
constriction of the inner and outer membranes, synthesis of septal
peptidoglycan, and subsequent septum formation. In Escherichia
coli, divisome proteins are recruited in a hierarchical manner and
can be divided into three main groups based on their order of
assembly: (i) the proto-ring, (ii) early divisome proteins, and (iii)
late divisome proteins (1, 2). The successful assembly of the divi-
some depends on the initial formation of the Z-ring, which is
comprised of the 40-kDa bacterial tubulin homologue FtsZ. FtsZ
assembles into filaments in a GTP-dependent manner and a head-
to-tail fashion (3–6). The filaments are then tethered to the mem-
brane, forming the Z-ring. They act as the scaffold for divisome
assembly and provide the driving force for cell constriction (7–
10). Although the localization of FtsZ filaments and the require-
ment for recruiting other divisome proteins is well established, the
organization and dynamics of the Z-ring have yet to be fully de-
scribed.

FtsZ filaments are highly dynamic in vivo and in vitro, con-
stantly undergoing polymerization, GTP hydrolysis, and depoly-
merization (11–16). As such, modulating the stability of the Z-
ring is important for the successful formation and disassembly of
the divisome. In E. coli, this process is mediated by FtsZ-associated
proteins (Zap proteins). The first Zap proteins recruited during
divisome assembly are ZapA, ZapB, ZapC, and ZapD and are pre-
dicted to have overlapping functions (17–21). These Zap proteins

stabilize FtsZ filaments prior to cell division by slowing depoly-
merization, thereby inhibiting GTPase activity (17, 19, 21, 22). It
has recently been shown that a fifth Zap protein, ZapE, also func-
tions during division; however, it is thought to have a function
opposing that of ZapA, ZapB, ZapC, and ZapD, as it binds to and
causes the dissociation of FtsZ filaments (23). Although individu-
ally Zap proteins are not essential for divisome assembly, it is
thought that the collective role they play in stabilizing FtsZ fila-
ments prior to cell division is critical. In vitro ZapA, ZapC, and
ZapD bundle FtsZ filaments by increasing the lateral interactions
between individual filaments (17–19, 21). Interactions between
these Zap proteins and FtsZ also result in much longer filaments
because they inhibit the GTPase activity of FtsZ in vitro (17, 18,
24). ZapB does not interact directly with FtsZ but rather interacts
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with ZapA to cross-link FtsZ-bound ZapA, providing another
level of filament bundling (22, 25, 26).

Studies of ZapA from E. coli (EcZapA) revealed that its X-ray
crystallographic structure is significantly different from the previ-
ously solved Pseudomonas aeruginosa ZapA (PaZapA) structure.
The orientation of the protomers within the tetrameric ZapA
structure was different between EcZapA and PaZapA, which re-
vealed a possible difference in function between the two proteins
(27). ZapA specifically bundles FtsZ filaments by binding the C-
terminal tail of FtsZ (25). This binding inhibits the GTPase activ-
ity of FtsZ through a charged �-helix located on each of the four
protomers within the functional tetramer (25, 27). ZapD is
thought to bundle FtsZ filaments in a similar manner by binding
to the C-terminal tail of FtsZ and inhibiting GTPase activity.
However, ZapD is observed to form dimers in solution, in contrast
to tetrameric ZapA (18). Identification of specific sites of interac-
tion between FtsZ and ZapD will provide important information
about the function of ZapD and its possible overlapping role with
ZapA.

Here, we present the crystal structure of ZapD from E. coli
(EcZapD). The structure of EcZapD reveals a series of charged,
surface-exposed residues that are candidates for involvement in
FtsZ-ZapD interactions. Chemical cross-linking of FtsZ and ZapD
followed by liquid chromatography-mass spectrometry (LC-MS)
revealed that these two proteins associate via a series of ZapD
arginine residues. Based on the EcZapD structure and the cross-
linking results, nine site-directed ZapD variants were generated.
Comparison of FtsZ filament sedimentation and bundling with
these ZapD variants revealed specific residues that influence FtsZ
bundling in vitro compared to FtsZ bundled with wild-type (WT)
ZapD. Based on these results, we suggest that ZapD contains an
FtsZ binding pocket that is comprised of several charged residues
at the interface between the �-helical bundle and �-sandwich do-
mains.

MATERIALS AND METHODS
Cloning, site-directed mutagenesis, and construction of the zapD dele-
tion strain. The zapD gene (corresponding to NCBI accession number
BAB96671) was amplified from E. coli W3110 genomic DNA using the
PCR primers 311F (TTCATAGAGAATTCATGCATCATCATCATCATC
ATAGCATCGAAGGTCGAAGTGGTATGCAGACCCAGGTCCTTT
TTG) and 311R (TTACCTTCGTGAAGCTTTTAGCAACAGGCCAGTT
CGAAATCCAGACGTTCCGGTACCT); this DNA fragment was then di-
gested using EcoRI and HindIII (cut sites are underlined) and ligated into
the corresponding cut sites of pBAD24 to generate pEJR031, which ex-
presses ZapD with an N-terminal His6 tag. Site-directed mutagenesis was
performed with the QuikChange lightning site-directed mutagenesis kit
(Stratagene) using the primers listed in Table 1. The �zapD strain was
made using the � red deletion system as described previously (28, 29). The
zapD gene was replaced in its entirety by the cat gene from pKD3. Gene
replacement was mediated by gene products from pSIM6 when expressed
in a temperature-dependent manner in E. coli W3110. Construction of the
ftsZ-containing plasmid was described previously (27).

Protein expression and purification. FtsZ was expressed and purified
as described previously (27). Purified, concentrated FtsZ was stored at 4°C
for no longer than 4 days in PEM-KOH buffer [50 mM piperazine-N,N=-
bis(ethanesulfonic acid)–KOH, 1 mM EDTA, 5 mM MgCl2, pH 6.5].
His6-ZapD was expressed in E. coli BL21(DE3)pLysS cells carrying the
pEJR031 plasmid (Table 1). An overnight culture was diluted 1/100 into
lysogeny broth (LB) medium supplemented with 150 �g/ml ampicillin
and 0.2% (wt/vol) glucose. Growth continued for 3 h, and then cells were
pelleted and resuspended in LB medium containing 150 �g/ml ampicillin

and 0.2% (wt/vol) L-arabinose (Sigma) for induction. Expression pro-
ceeded for 1 h, after which cells were collected by centrifugation at 5,000 �
g for 8 min (JA 10.1 rotor). Cell pellets were resuspended in A2 buffer (20
mM Tris-HCl, 100 mM KCl, 20 mM imidazole, 1 mM EDTA, 10% glyc-
erol, pH 8.0) and lysed by French press. Cell debris was removed by low-
speed centrifugation at 8,000 � g for 15 min (JA 10.1 rotor), and mem-
branes were removed by high-speed centrifugation at 100,000 � g for 1 h
(Ti70 rotor). His6-ZapD was purified by immobilized metal affinity chro-
matography as described previously for His6-ZapA (27). His6-ZapD was
stable for 8 weeks at 4°C in A2 buffer.

Crystallization, data collection, structure determination, and anal-
ysis of ZapD. ZapD crystals were grown by sitting-drop vapor diffusion.
ZapD (1 �l of a 15 mg/ml solution) was mixed with an equal volume of a
solution of 1.2 M ammonium sulfate, 100 mM HEPES, pH 7.5, and 10%
polyethylene glycol (PEG) 600 and then was equilibrated against the same
solution. Crystals grew as hexagonal prisms up to 300 �m in length. Crys-
tals were frozen in liquid nitrogen after surface water was removed by
immersion in Paratone-N oil. Data were collected at the Canadian Light
Source, beamline 08ID. Crystals were highly variable in quality, with the
best of the dozen tested diffracting to 2.4 Å; even the best crystals showed
signs of lattice disorder. Data were processed in XDS and scaled in
XSCALE (30). Crystals were of the hexagonal space group P6422. The
structure was determined by molecular replacement using PHASER in
PHENIX (31, 32), with the structural genomics-derived Vibrio parahae-
molyticus ZapD (VpZapD) structure (Protein Data Bank [PDB] entry
2OEZ) serving as a model. The structure was rebuilt in Coot (33) and
refined in PHENIX. Structure figures were prepared in PyMol.

In vitro protein cross-linking, in-gel digestion, and mass spectrom-
etry analysis. Reaction mixtures were prepared containing FtsZ (4.8 �M),
ZapD (4.8 �M), and the chemical cross-linker glutaraldehyde (0.05%
[vol/vol]) and incubated at room temperature for 5, 10, and 15 min. At
each time interval, cross-linking was stopped by mixing with 5� SDS
sample buffer (250 mM Tris-HCl, pH 6.8, 10% [wt/vol] SDS, 30% [vol/
vol] glycerol, 5% [vol/vol] �-mercaptoethanol, 0.02% [wt/vol] bro-
mophenol blue) and stored at �20°C for analysis. Conditions were opti-
mized to use the lowest percentage of glutaraldehyde and the shortest
incubation time that showed significant numbers of cross-linked proteins
by Coomassie staining (SimplyBlue SafeStain; Invitrogen). Control reac-
tions in which FtsZ was cross-linked without ZapD and ZapD was cross-
linked without FtsZ were also performed. Samples from optimized reac-
tions were then run on 4 to 20% precast gels (Bio-Rad) and stained with
Invitrogen SimplyBlue SafeStain. Gel fragments containing apparent
cross-linked FtsZ-ZapD, as detected by anti-His Western blotting (de-
scribed previously [27]), were excised using a clean razor blade, and in-gel
digestion was performed. Briefly, the gel slice was destained with 50 mM
ammonium bicarbonate in 50% (vol/vol) acetonitrile, and cysteine resi-
dues were then reduced with 100 mM dithiothreitol (DTT) and alkylated
with 55 mM iodoacetamide. After vacuum centrifugation, the gel slice was
subjected to protease digestion using 20 �l of a sequencing-grade modi-
fied trypsin solution (20 �g/ml in 100 mM ammonium bicarbonate; Pro-
mega) at 37°C for 12 h. The resulting tryptic peptides were extracted from
the gel slices by one aqueous wash (50 �l) followed by 2 washes (75 �l)
with 5% (vol/vol) formic acid in 50% (vol/vol) acetonitrile, and the com-
bined solution was concentrated to 10 �l using vacuum centrifugation
(34).

LC-MS analyses were performed on an Agilent 1260 high-perfor-
mance liquid chromatography (HPLC) system interfaced with an Agilent
UHD 6530 quadruple time-of-flight (Q-TOF) mass spectrometer at the
Mass Spectrometry Facility of the Advanced Analysis Centre, University
of Guelph. A C18 column (100 mm by 2.1 mm by 2.7 �m; Agilent Ad-
vanceBio Peptide Map) was used for chromatographic separation with the
following solvents: water with 0.1% (vol/vol) formic acid for A and ace-
tonitrile with 0.1% (vol/vol) formic acid for B. The following mobile-
phase gradient procedure was used: initial conditions, 2% B increasing to
45% B in 40 min and then to 55% B in 10 more minutes, followed by a
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column wash at 95% B and 10 min of reequilibration. The first 2 and last
5 min of the gradient process were sent to waste and not the spectrometer.
The flow rate was maintained at 0.2 ml/min. The mass spectrometer elec-
trospray capillary voltage was maintained at 4.0 kV and the drying gas
temperature at 350°C with a flow rate of 13 liters/min. The nebulizer
pressure was 40 lb/in2, and the fragmentor was set to 150 V. Nitrogen was
used both as the nebulizing and drying gas and as the collision-induced
gas. The mass-to-charge ratio was scanned across the m/z range of 300 to
2,000 m/z in 4-GHz (extended dynamic range) positive-ion auto MS/MS
mode. Three precursor ions per cycle were selected for fragmentation. The
instrument was externally calibrated with the ESI TuneMix (Agilent). The
sample injection volume was 100 �l (35).

FtsZ sedimentation assays. FtsZ sedimentation assays were per-
formed as described previously for FtsZ and ZapA (27). Briefly, FtsZ and
ZapD were mixed together in PEM-KOH buffer and equilibrated at 30°C
for 5 min, followed by GTP addition to a final concentration of 1 mM.
Reaction mixtures were incubated for 5 min at 30°C to allow for bundling,
and the soluble and pelleted fractions were then separated, as described
previously (27). For the sedimentation assays, soluble protein fractions
were collected from the supernatant of sedimented reactions, while pellet
fractions were the result of resuspension of sedimented material in an

equal volume of PEM-KOH buffer. All fractions were mixed with 5� SDS
sample buffer for analysis by SDS-PAGE and Coomassie staining
(SimplyBlue SafeStain; Invitrogen). Densitometric analysis was per-
formed using ImageLab Software (Bio-Rad) to determine the amount of
FtsZ sedimented relative to the total FtsZ from each reaction. Negative
controls were run with each sedimentation assay containing FtsZ and the
ZapD variant without GTP. The amount of sedimented FtsZ in this reac-
tion was then subtracted from all other pellet fractions to account for FtsZ
coming out of solution without bundling.

In vivo characterization and complementation. For the in vivo char-
acterization of ZapD variants, electrocompetent E. coli W3110 cells were
transformed with each pBAD24 vector containing a zapD variant. In each
experiment a single colony was inoculated into liquid LB medium con-
taining 150 �g/ml ampicillin and 0.2% (wt/vol) glucose and grown over-
night at 37°C. Cells were then washed in 1� phosphate-buffered saline
(PBS) and resuspended at a 1/100 dilution in LB medium supplemented
with ampicillin, 0.1% (vol/vol) glucose, and 0.2% (vol/vol) arabinose.
After 2 h of growth, samples were taken both for analysis by SDS-PAGE/
Western immunoblotting and for cell measurements. For SDS-PAGE and
immunoblotting, cells were mixed with 5� SDS sample buffer and gels
were loaded normalized to optical density at 600 nm (OD600). Gels were

TABLE 1 Strains, plasmids, and primers used in this study

Strain, plasmid, or primer Description/genome/sequence (5=-3=) Reference or source

E. coli strains
DH5� F� endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 	80dlacZ�M15 �(lacZYA-argF)U169

hsdR17(rK
� mK


) ��

Invitrogen

BL21 F� ompT gal dcm lon hsdSB(rB
� mB

�) � (DE3)pLysS (Cmr)a New England Biolabs
W3110 rph-1 IN(rrnD-rrnE) Coli Genetic Stock Centre
EJR02 W3110 �zapD This work

Plasmids
pEJR005b pET28A with WT ftsZ from E. coli 27
pEJR031 pBAD24 with WT His6-zapD from E. coli This work
pEJR031_R16A pBAD24 with R16A His6-zapD from E. coli This work
pEJR031_R20A pBAD24 with R20A His6-zapD from E. coli This work
pEJR031_R56A pBAD24 with R56A His6-zapD from E. coli This work
pEJR031_E114A pBAD24 with E114A His6-zapD from E. coli This work
pEJR031_R116A pBAD24 with R116A His6-zapD from E. coli This work
pEJR031_R124A pBAD24 with R124A His6-zapD from E. coli This work
pEJR031_R176A pBAD24 with R176A His6-zapD from E. coli This work
pEJR031_R221A pBAD24 with R221A His6-zapD from E. coli This work
pEJR031_R225A pBAD24 with R225A His6-zapD from E. coli This work

Primers for mutagenesis
R16A_F CAATGCGCAGCCATGTAGCCATTTTTTCATTTAGTGGATGTTCA This work
R16A_R TGAACATCCACTAAATGAAAAAATGGCTACATGGCTGCGCATTG This work
R20A_F TGCTGAATCAAAAACTCAATGGCCAGCCATGTACGCATTTTTTC This work
R20A_R GAAAAAATGCGTACATGGCTGGCCATTGAGTTTTTGATTCAGCA This work
R56A_F GTGCGGACTTCGCCGGCCTCGAAAACATCCAG This work
R56A_R CTGGATGTTTTCGAGGCCGGCGAAGTCCGCAC This work
E114A_F GAGCAATCAAACGATCTGCACGCAGAAATTGCCCG This work
E114A_R CGGGCAATTTCTGCGTGCAGATCGTTTGATTGCTC This work
R116A_F ACGCACCAGAGCAATCAAAGCATCTTCACGCAGAAATTGC This work
R116A_R GCAATTTCTGCGTGAAGATGCTTTGATTGCTCTGGTGCGT This work
R124A_F CTGGGATGCTCAGTGCCTGACGCACCAGAG This work
R124A_R CTCTGGTGCGTCAGGCACTGAGCATCCCAG This work
R176A_F GGGCCGACTGGGCAATTAAATCCAGCACCATGGT This work
R176A_R ACCATGGTGCTGGATTTAATTGCCCAGTCGGCCC This work
R221A_F GGCATAAAACGAATGGCAAAAGCGCTCTTATGTCCGGAAATTTG This work
R221A_R CAAATTTCCGGACATAAGAGCGCTTTTGCCATTCGTTTTATGCC This work
R225A_F GTGTCCAGCGGCATAAAAGCAATGGCAAAACGGCTCTT This work
R225A_R AAGAGCCGTTTTGCCATTGCTTTTATGCCGCTGGACAC This work

a Cmr, chloramphenicol resistance.
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transferred to nitrocellulose membranes and blocked with 2% (wt/vol)
bovine serum albumin (BSA). Membranes were incubated with a mouse
anti-His6 antibody (Clontech) per the manufacturer’s guidelines. Mem-
branes were then incubated with a goat anti-mouse IgG antibody conju-
gated to alkaline phosphatase (Sigma) diluted 1:20,000. Washes were per-
formed using 1� Tris-buffered saline containing 0.05% (vol/vol) Tween
20 (TBST) between all steps. Cells also were imaged using a Leica DM2000
LED light microscope equipped with a ProgRes CT3 camera (Jenoptik
AG). Cell length measurements were determined using ImageJ (36), mea-
suring �100 cells per sample.

TEM. For imaging FtsZ filaments and FtsZ-ZapD bundles, samples
were adhered to plasma-cleaned 200-mesh copper grids for 45 s. After
wicking away excess sample, grids were washed once in PEM-KOH to
remove excess unbound protein, washed in double-distilled water to re-
move reactive salts, and then stained for 30 s with 2% (wt/vol) uranyl
acetate. Grids were imaged using an FEI Tecnai G2 F20 microscope oper-
ated at 120 kV. Transmission electron microscopy (TEM) micrographs
were analyzed, and the mean numbers of filaments per bundle (obtained
from �10 fields of view per sample; n � 50 bundles per ZapD variant)
were plotted for each ZapD variant.

Gel filtration chromatography. Gel filtration was performed using
the Biologic Duoflow chromatography system (Bio-Rad) equipped with a
Superdex 200 column (GE Healthcare). Purified His6-ZapD variants (500
�l of protein at 2.0 to 6.0 mg/ml) were loaded onto the column and
washed with 2 column volumes of A2 buffer. Fractions containing dimeric
ZapD were collected and saved for analysis by SDS-PAGE and Western
immunoblotting.

Protein structure accession number. The EcZapD structure has been
deposited at the RCSB Protein Data Bank (PDB) under reference number
5DKO.

RESULTS
Structure of Escherichia coli ZapD. The structure of EcZapD was
determined by molecular replacement at 2.4-Å resolution and re-
fined to an Rfree of 0.288 (Table 2). The structure has a single
molecule in the asymmetric unit, and despite high overall atomic
displacement parameters, all residues are ordered except residues
1 and 2. The EcZapD protomer has a central �-helical domain that
can be loosely described as a pair of three helical bundles with a
distinct kink between them (Fig. 1A). The C terminus forms a
seven-stranded jellyroll-like �-sandwich domain, with one
�-strand contributed from the N terminus. This sandwich has
topology 1, 4, 7, 2 on one sheet and 3, 6, 5 on the other. EcZapD
forms a tight dimer in the crystal, with the �-helical domains
interacting primarily through helices 1 and 2, and strands of the
�-sandwich domain packing on helix 7 (Fig. 1B). Analysis by PISA
indicates that this interface buries 1,871 Å2 per protomer with a
dissociation free energy of �28.1 kCal/mol, indicating a stable
biological interface. EcZapD dimers are further organized into
large fiber-like arrangements in the crystal, with a diameter of 110
Å (Fig. 1C). However, the contacts between dimers are not strong
enough to be unambiguously biologically relevant, the interfaces
are poorly conserved, and we have not observed ZapD alone to
form filaments by centrifugation or electron microscopy. It would
therefore seem that this phenomenon is simply a crystal packing
artifact.

Searching the RCSB PDB with DALI (37) reveals PDB entry
2OEZ as the only protein with strong similarity to EcZapD, with a
Z score of 27.1 and root mean square deviation (RMSD) of 1.7 Å
over 243 residues (Fig. 1D). This protein, the Vibrio parahaemo-
lyticus ZapD (VpZapD) ortholog, is 40% identical to EcZapD. Its
structure is labeled as a protein of unknown function (DUF1342)
and is unpublished. The EcZapD �-stranded domain resembles

little else in the PDB; the closest structural homologs are domains
of viral shell proteins, such as the adenovirus hexon protein (PDB
entry 3ZIF; Z score of 4.2; RMSD of 2.8 Å over 60 residues). The
helical subdomain does, however, have some partial resemblance
to various �-helical bundle proteins, by far the closest of which is
an integron cassette protein, VpC_cass2 (PDB entry 3JRT; Z score
of 8.5; RMSD of 3.3 Å over 119 residues), with �A, �B, �E, �F, and
�G having corresponding counterparts (38) (Fig. 1E). The Z
score, however, likely underestimates the relatedness, as this pro-
tein also dimerizes using a geometry very similar to that observed
in EcZapD, doubling the number of corresponding elements; this
broader resemblance suggests an intriguing evolutionary relation-
ship between the two proteins. In the absence of a functional un-
derstanding of Vpc_cass2, it is unclear whether there are any func-
tional similarities between the two proteins.

Mapping sequence conservation onto the surface of EcZapD
using ConSurf (39) reveals that the face on which �E and �F are
exposed is clearly more conserved than the opposite one (Fig. 1F).
This face is also noticeably more basic than the opposite, less con-
served face (Fig. 1G), with several key conserved arginine residues.
This face has two distinct clusters of conserved basic residues, with
each site spanning both protomers.

Chemical cross-linking of purified ZapD and FtsZ reveals
targets for site-directed mutagenesis. ZapD and FtsZ were over-
expressed, purified, and then chemically cross-linked using glu-
taraldehyde at a concentration of 0.05% (vol/vol) for 5, 10, and 15
min. Control reaction mixtures containing only ZapD and glutar-
aldehyde incubated for 15 min (Fig. 2A, lane 4) showed mono-

TABLE 2 Data collection, model refinement, and final structure
statistics

Parameter Value(s)

Crystallographic data collection statistics
Space group P6422
Cell dimensions

a � b 108.9
c 106.7

Wavelength (Å) 0.97888
Resolution (Å) 2.4
Unique reflections (no.) 26,464
Redundancy 7.9
Completeness (last shell)a 0.952 (0.961)
I/�(I)� (last shell)a 13.7 (2.3)
Rsym (last shell)a 0.078 (0.76)

X-ray structure refinement statistics
Rcryst 0.247
Rfree 0.288
Asymmetric unit contents (no.)

Protein chains 1
Water molecules 10

Other molecules 3 SO4

Avg ADPsb (Å2)
Protein 74.3
Water 61.1

RMSD bond lengths (Å) 0.003
RMSD bond angles (°) 0.0665
Ramachandran favored (%) 95.5
Ramachandran outliers (%) 0.8

a The last shell includes all reflections between 2.46 and 2.40 Å.
b ADPs, atomic displacement parameters.
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FIG 1 Structure of E. coli ZapD. (A) The structure of the ZapD protomer is colored by secondary structure progression from the N (blue) to the C terminus (red).
The ZapD structure is organized as a �-sandwich domain attached to an �-helical domain. Note that �C and �D protrude from the rest of the structure. (B)
Structure of the ZapD dimer. (C) ZapD packing in the crystal results in large hollow fibers 110 Å in diameter. However, we find no evidence that this organization
contributes to ZapD’s function in vivo. (D) Superposition of E. coli ZapD (cyan and white) and ZapD from V. parahaemolyticus (blue and white; PDB entry
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meric ZapD, while control reactions with only FtsZ plus glutaral-
dehyde showed several higher-molecular-mass bands (Fig. 2A,
lane 5). When both ZapD and FtsZ were incubated with glutaralde-
hyde, several additional high-molecular-mass bands were observed
that were not present in either control reaction. The higher-mol-

ecular-mass bands from these reactions (Fig. 2A, lane 3, num-
bered 1 to 5) were cut out, and an in-gel protein digestion was
performed prior to analysis by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) Q-TOF to detect and identify
peptides and cross-link sites. ZapD was found cross-linked to itself
and to FtsZ in these samples (Fig. 2 and Table 3). Residues R116
and R221 on ZapD, which cross-linked close to the C terminus of
FtsZ, were attractive targets for investigation because the C-termi-
nal tail of FtsZ was previously shown to be important for the
ZapD-FtsZ interaction (18). Residue R225, which cross-linked to
FtsZ in more than one sample, and surface-exposed charged res-
idues within the crystal structure of ZapD were also chosen for
further investigation (Table 3). In order to study the involvement
of these residues in FtsZ bundling, they were individually changed
to alanine by site-directed mutagenesis and the following ZapD
variants were created: ZapD R16A, R20A, R56A, E114A, R116A,
R124A, R176A, R221A, and R225A. ZapD variants were analyzed
by gel filtration and compared to WT ZapD to confirm that each
amino acid substitution did not disrupt the ZapD dimerization
interface. All ZapD variants eluted in a peak corresponding to 44
kDa, except ZapD R225A, which eluted slightly earlier (see Fig. S1
in the supplemental material). This change in elution profile shifts
the apparent molecular mass to �46 kDa. These results are con-
sistent with previous reports showing that WT ZapD elutes as a
dimer when analyzed by gel filtration (18).

Individual ZapD residue mutations affect FtsZ sedimenta-
tion. The ability of Zap proteins to bundle FtsZ filaments in vitro
has been previously measured using FtsZ sedimentation assays
(17, 19, 24, 27, 40, 41). The extent of FtsZ bundling can be deter-
mined by incubating a Zap protein with FtsZ and GTP for defined
durations and concentrations. The soluble and pellet fractions
then can be separated by centrifugation. The relative protein pro-
portions of each component in the soluble and pellet fractions are
determined by SDS-PAGE and Coomassie staining and compared
to the total protein input for each reaction. In the presence of
GTP, WT ZapD bundles FtsZ filaments to an increasing extent
until saturation is reached, as seen in representative Coomassie-
stained gels (Fig. 3A, top). Sedimentation appears to reach maxi-
mal levels between ZapD concentrations of 2.1 and 4.8 �M. If
ZapD variants have an altered capacity to bundle FtsZ filaments,
we would expect to see the effect in the sedimentation assay. Rep-
resentative Coomassie-stained gels for the ZapD R225A FtsZ sed-
imentation assay showed a marked decrease in FtsZ sedimenta-
tion at 2.1 and 4.8 �M compared to that of WT ZapD (Fig. 3A,
bottom). Sedimentation assays were performed for all ZapD vari-
ants in triplicate and analyzed by densitometry. A graph summa-
rizing the results from the densitometric analysis provides infor-
mation about the overall sedimentation profile and maximum
FtsZ sedimentation (Fig. 3B). In addition, 50% effective concen-
tration (EC50) values, which correspond to the concentration of
ZapD needed to sediment 50% of FtsZ filaments in each reaction,
were calculated (Table 4). For WT ZapD, bundling occurs even

2OEZ). A single protomer (blue/cyan) was superimposed by DALI, with the second protomer positioned as it maps to the dimer interface. Note that in the V.
parahaemolyticus ZapD structure, the �F-�G loop is largely disordered (small arrow). (E) Superposition of VpC_cass2 (PDB entry 3JRT; yellow/orange) dimer
on the E. coli ZapD structure (cyan/white). Note that the VpC_cass2 structure superposes well on the core of the ZapD helical domain. (F) E. coli ZapD colored
by sequence conservation score. A multiple-sequence alignment of ZapD homologs was mapped onto the ZapD structure using ConSurf. Highly conserved
residues are shown in magenta, poorly conserved residues are in cyan, and residues with intermediate conservation are shown in white. (G) Electrostatic
potentials are mapped onto the EcZapD surface. Blue indicates electropositive regions, and red indicates electronegative regions.

FIG 2 Chemical cross-linking of purified WT ZapD and FtsZ and gel filtration
of WT ZapD and ZapD variants. Reaction mixtures were prepared in the
presence (
) or absence (�) of purified FtsZ, ZapD, and/or the chemical
cross-linker glutaraldehyde (Glut) at a concentration of 0.05% (vol/vol). Ex-
perimental reaction mixtures containing all three components were incubated
for 5, 10, and 15 min, and control reaction mixtures were incubated for 15 min.
The legend at the top of the figure indicates the added components for each
reaction mixture, and representative images are shown below for a Coomassie-
stained SDS-PAGE gel (A) and an anti-His6 Western immunoblot detecting
His6-ZapD (B). Bands designated with a number were cut out for processing
and analysis.
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when ZapD is present at a low concentration relative to FtsZ (4.8
�M, subequimolar) (Fig. 3B). When present at equimolar con-
centrations (4.8 �M), FtsZ bundling by WT ZapD is at its maxi-
mum. Increasing the ZapD concentration beyond equimolar does
not increase the amount of FtsZ bundling, indicating the associa-
tion has reached saturation. All ZapD variants showed sedimen-
tation profiles similar to that of WT ZapD (Fig. 3B). The R20A,
E114A, R116A, R124A, and R176A variants had maximum FtsZ
sedimentation values and EC50s similar to those of the WT. Inter-
estingly, the R16A variant showed an increased maximum sedi-
mentation and a decreased EC50 compared to those of WT ZapD.
In contrast, three ZapD variants, the R56A, R221A, and R225A
variants, showed decreased maximum FtsZ sedimentation and in-
creased EC50s compared to those of the WT (Table 4).

ZapD-FtsZ bundle morphology. Previous studies have used
transmission electron microscopy to show that Zap protein vari-
ants with an altered ability to bind and bundle FtsZ filaments

change the bundle’s appearance in vitro (17, 27, 42). It has been
reported that altering even one residue involved in the protein-
protein interaction can significantly affect FtsZ bundling (17, 27).
Qualitatively, several ZapD variants showed altered FtsZ-bundle
morphology compared to FtsZ bundled with WT ZapD (Fig. 4).
ZapD R116A and R225A displayed FtsZ bundling that was dra-
matically different from that of WT ZapD. The negatively stained
micrographs showed little organized structure and curved bun-

TABLE 3 Chemical cross-linking of purified ZapD and FtsZ

Site on:

Scorea Sample no.bZapD FtsZ

R116 K380 44 1
R20 K14 61 3
R70 K155 60 3
R221 R319 55 4
R225 K51 42 4
R225 K73 42 4
a For the score from decoy analysis, �50 equals a 5% false detection rate.
b Sample number refers to the bands as labeled in Fig. 2A.

FIG 3 ZapD-mediated FtsZ sedimentation assays. (A) Representative Coomassie-stained gels showing the sedimentation profiles of FtsZ with WT ZapD and
FtsZ with ZapD R225A. All reactions were prepared with 4.8 �M FtsZ, and ZapD was added at the concentrations indicated. Fractions analyzed included the
following: I, the initial protein input to each reaction; S, the soluble portion after centrifugation; and P, the pellet portion. The lane designated -ve control
represents bundling assay with 4.8 �M FtsZ and ZapD in the absence of GTP. (B) Sedimentation profiles were assessed by densitometry for WT ZapD and all
ZapD variants in triplicate (�standard errors). The densitometric data were plotted as the percentage of FtsZ sedimented, relative to the initial input for each
reaction, versus the concentration of ZapD.

TABLE 4 Summary of results from FtsZ bundling and sedimentation by
ZapD variants

ZapD variant EC50
a (�M) Max sed.b (%)

No. of
filaments/bundlec

WT 1.86 79.5 12
R16A variant 1.26 96.5 11
R20A variant 2.49 73.6 12
R56A variant 5.92 53.9 7**
E114A variant 1.74 77.9 16*
R116A variant 2.77 73.8 NA
R124A variant 1.93 92.6 11
R176A variant 2.64 80.6 11
R221A variant 3.19 72.1 NA
R225A variant 9.08 49.2 NA
a EC50 corresponds to the concentration of ZapD required to sediment 50% of FtsZ in
solution.
b Max sed. is the maximum observed sedimentation of FtsZ in the triplicate FtsZ
sedimentation assays.
c The number of filaments per bundle was counted for each sample from TEM images
(n � 50). **, P value of 0.0001 compared to WT results; *, P value of 0.05
compared to WT results. NA, not applicable.
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dles, few close FtsZ filament associations, and no characteristic
striation pattern typically associated with the bundles (Fig. 4).
ZapD R56A produces noticeably thinner bundles. ZapD R221A
produced uncharacteristically elongated FtsZ bundles (see Fig. S2
in the supplemental material) that were highly variable compared
to WT ZapD-bundled filaments, with large areas of disorder (Fig.
4). The remaining ZapD variants tested produced FtsZ bundles
that were qualitatively comparable to WT ZapD-bundled FtsZ
filaments.

Bundling interactions between Zap proteins and FtsZ fila-
ments have also been previously characterized by reporting the
number of FtsZ filaments per bundle (27). Quantitatively, WT
ZapD-bundled FtsZ has an average of 12 filaments per bundle, as
measured from transmission electron micrographs (Fig. 5 and
Table 4). The thin bundles produced by ZapD R56A were esti-
mated to contain an average of 7 FtsZ filaments per bundle,
whereas FtsZ bundled by ZapD E114A averaged 16 filaments.
Bundles formed in the presence of ZapD R116A, R221A, and
R225A variants could not be quantified due to lack of close asso-
ciations. WT ZapD and ZapD R16A, R20A, R124A, and R176A
variants contained similar numbers of filaments per bundle (Fig. 5
and Table 4).

In vivo complementation of ZapD and its dominant-nega-
tive phenotype. Zap gene deletions in E. coli typically produce
very subtle phenotypes when observed by light microscopy. Dele-
tion of the zapA gene in E. coli results in a subtle cell elongation
phenotype (26, 27), whereas �zapD cells do not show an elonga-
tion phenotype relative to WT W3110 E. coli cells (see Fig. S3 in
the supplemental material), consistent with previous reports (18).
Upon complementation of the �zapD mutant with a plasmid en-
coding WT zapD, cells were elongated compared to W3110 cells
and the �zapD and �zapD plus empty pBAD24 mutants (see Fig.
S3A in the supplemental material). Expression of all ZapD vari-
ants in the �zapD background strain, with the exception of
R225A, caused significant changes in cell length compared to the
�zapD mutant expressing WT ZapD (P  0.05). To assess for a
dominant-negative phenotype, ZapD variants were expressed at
low levels in E. coli W3110 cells containing a functional chromo-

FIG 4 Qualitative assessment of FtsZ bundles in the presence of WT ZapD and
ZapD variants. Transmission electron micrographs of FtsZ (4.8 �M) alone
(top) and bundled in the presence of WT ZapD and ZapD variants (2.1 �M).
Bar, 100 nm.

FIG 5 Quantitative assessment of FtsZ bundles in the presence of WT ZapD
and ZapD variants. Shown is a histogram summarizing the mean number of
FtsZ filaments per bundle. TEM images were analyzed, and the mean numbers
of filaments per bundle � standard errors were plotted for each ZapD variant.
More than 10 fields of view per sample (n � 50 bundles per ZapD variant) were
used to calculate means. ***, P  0.0001; *, P  0.05 compared to WT ZapD.
The mean number of FtsZ filaments per bundle was not enumerated for ZapD
R116A, R221A, and R225A, as organized bundles were not observed.
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somal copy of zapD (see Fig. S3B in the supplemental material).
Here, WT ZapD-expressing cells were significantly longer than
W3110 and W3110 plus empty pBAD24. Only one ZapD variant
(the E114A variant) showed significant elongation (P � 0.0021
compared to the WT), while five variants (the R16A, R56A,
R124A, R176A, and R221A variants) showed a significant decrease
in cell length compared to cells expressing endogenous WT ZapD
(P  0.05). However, the significance of these results is unclear,
since in both experiments the mean cell length of the WT ZapD-
overexpressing cells was significantly different from that of con-
trol samples (P  0.001). Expression of ZapD variants from both
WT W3110 and �zapD mutant E. coli cells showed similar levels of
protein expression (see Fig. S3C in the supplemental material).

DISCUSSION

Zap proteins are proposed to stabilize FtsZ filaments, aiding in
Z-ring formation and positioning prior to bacterial cell division
(24–27, 40–42). Although ZapD, which is widely conserved across
proteobacteria, is not essential for cell division in E. coli, it is hy-
pothesized that collectively ZapA, ZapB, ZapC, and ZapD are re-
quired for FtsZ filament organization and dynamics (17–21, 27,
43). E. coli ZapD requires FtsZ to localize to midcell, where it
promotes Z-ring assembly via molecular mechanisms that overlap
ZapA (18). Here, we solved the X-ray crystallographic structure of
ZapD from E. coli in order to better understand its role in FtsZ
bundling. The EcZapD structure presented here (Fig. 1) is similar
to the ZapD structure from Vibrio parahaemolyticus that was pre-
viously determined as part of a structural genomics project (PDB
entry 2OEZ). However, neither the structure itself nor any analy-
ses of the implications for VpZapD function have been described
in the literature. After structure resolution and data analysis using
PISA software, we showed that EcZapD is a stable dimer consisting
of a central �-helical dimer interface domain and two �-sandwich
domains (Fig. 1). The dimeric state of our ZapD variants was
confirmed by gel filtration (see Fig. S1 in the supplemental mate-
rial) for WT ZapD and ZapD variants, suggesting that subtle dif-
ferences observed in elution profiles between the WT and variants
were not due to disrupting the dimerization interface. ZapD
R225A showed a slight shift in apparent molecular mass when
analyzed by gel filtration. This shift in size was not large enough to
account for a change in oligomeric state and is likely due to a
conformational change within the �-sheet domain upon muta-
tion of R225 (Fig. 1). Recently, Son and Lee described the protein
expression, purification, and crystallization of ZapD from E. coli
(44); however, the structure was not reported. In addition, our
crystallization conditions differ, as our crystals diffracted to a
higher resolution (2.40 Å versus 2.95 Å) and were in the space
group P6422 rather than P64 (44).

Further analysis of the EcZapD structure and ZapD-FtsZ cross-
linking suggested potential interacting residues. Residues R116
and R221 on ZapD were identified to cross-link near the C termi-
nus of FtsZ. This is consistent with previous results from work by
Durand-Heredia et al., where several FtsZ truncations were cre-
ated to test for interaction with full-length ZapD via a protein
interaction platform in Saccharomyces cerevisiae. Their results
suggest that ZapD interacts with the C-terminal tail of FtsZ (18).
Of the nine ZapD variants generated in this study, five showed
FtsZ bundle morphologies different from that of FtsZ bundled
with WT ZapD. While the differences in the number of filaments
per bundle observed for ZapD R56A and R114A variants were

significant compared to that of the WT (Fig. 5), these bundling
phenotypes were less severe than those of ZapD R116A, R221A,
and R225A variants (Fig. 4). We therefore suggest that residues
R116, R221, and R225 play a crucial role in FtsZ interactions and
are likely involved in FtsZ filament bundling in vivo.

The results from the FtsZ sedimentation, bundle characteriza-
tion, and cross-linking experiments are summarized in Fig. 6,
where residues are labeled according to their proposed involve-
ment in the FtsZ-ZapD interaction. Residues R116 and R225 are
located close to one another and therefore are proposed to be part
of a single binding pocket for FtsZ. In addition, residue R221,

FIG 6 Mutant phenotypes mapped onto the EcZapD dimer structure. Orien-
tation of the ZapD dimer as described for Fig. 1B, but here colored according
to the effect of point mutations at each residue. Residues are grouped based on
the results of sedimentation assays, bundle morphology, and cross-linking to
FtsZ. Residues R16, R20, R124, and R176 are labeled in green. Mutation of
these residues presented no significant deviations in EC50 or FtsZ bundle mor-
phology compared to those of WT ZapD, and none of the residues form iden-
tifiable cross-links with FtsZ. Residue E114 is labeled in yellow. Mutation of
E114 caused altered bundle morphology and a statistically significant increase
in the number of FtsZ filaments per bundle compared to WT ZapD (16 versus
12). However, mutation of this residue did not affect the EC50, which was
similar to that of WT ZapD (1.74 �M versus 1.86 �M), and E114 did not form
identifiable cross-links with FtsZ. Residues R56 and R116 are labeled in orange.
Mutation of R56 produced a statistically significant increase in EC50 (5.92 �M)
and a statistically significant decrease in the number of FtsZ filaments per
bundle compared to WT ZapD (7 versus 12), but R56 did not form identifiable
cross-links with FtsZ. Mutation of R116 also demonstrated an increase in EC50

(2.77 �M) but demonstrated ineffective bundling of FtsZ. R116 also formed
identifiable cross-links with FtsZ. Mutations in R221 and R225 are colored in
red. Mutation of these residues produced a considerable increase in EC50s
compared to that of WT ZapD (3.19 �M and 9.08 �M, respectively) and
ineffective bundling of FtsZ filaments. R221 and R225 formed multiple iden-
tifiable cross-links with FtsZ.
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which is located adjacent to the putative binding pocket, seems to
also be involved in FtsZ bundling. The sedimentation profile for
ZapD R221A exhibited only a small increase in EC50 compared to
that of WT ZapD (Table 4). However, electron micrographs of
FtsZ bundled by ZapD R221A showed drastic defects in bundle
morphology compared to that of WT ZapD (Fig. 4). Conse-
quently, this ZapD variant appears to still bind FtsZ filaments
efficiently but is unable to bundle filaments once bound. The
FtsZ-ZapD R221A bundles also demonstrated uncharacteristi-
cally long FtsZ filaments compared to that of WT ZapD (see Fig.
S2 in the supplemental material). Since ZapD is known to inhibit
the GTPase activity of FtsZ (18), we suggest that this ability is
retained or even enhanced in ZapD R221A. FtsZ filaments are
associated when bundled by ZapD R221A, albeit loosely, and this
is likely due to multiresidue interactions between these two pro-
teins.

FtsZ bundles formed through interactions with ZapD R56A
appear thinner when imaged by TEM and contain significantly
fewer FtsZ filaments per bundle than FtsZ-ZapD WT bundles
(Fig. 4 and 5). However, the overall organization of these bundles
resembles that of WT ZapD-bundled FtsZ. Residue R56 also is not
located close to the proposed FtsZ binding pocket on ZapD (Fig.
6). For these reasons, we conclude that while R56 is involved in
interactions with FtsZ, it plays a less integral role in FtsZ filament
bundling. We hypothesize that R56 is involved in recruiting small-
er-order bundles of FtsZ-ZapD. This would account for the WT
arrangement and appearance of the bundles and the decreased
number of FtsZ filaments per bundle. Mutation of R16 to alanine
results in significantly more FtsZ in the pellet fraction than in that
of WT ZapD (Fig. 3B). This result indicates that the R16A variant
exhibits a gain-of-function phenotype. However, there is no ap-
parent increase in the number of filaments per bundle, and mor-
phologically the R16A ZapD-bundled filaments resemble those
formed in the presence of WT ZapD.

Previous work by Durand-Heredia et al. indicates the cellular
levels of ZapD are relatively low, with approximately 500 to 800
molecules of ZapD per cell, and represent approximately 1/5 of
the known FtsZ cellular concentration (18). Using expression
conditions comparable to those of Durand-Heredia et al., our
results show that when WT ZapD is expressed for complementa-
tion or for overexpression at the lowest levels attainable, cells elon-
gate. It is possible that the expression of ZapD is under tight tem-
poral control during normal cell division, occurring only at the
onset of Z-ring assembly. This agrees with the model for Z-ring
formation by helical filament condensation, whereby FtsZ forms a
loose helical filament at midcell covering the circumference of the
cell several times (18, 25, 45, 46). When division begins, the helical
filament condenses via an as-yet unknown mechanism to form a
tight ring structure. In this model, ZapD would contribute to he-
lical filament condensation. Upon elevated expression during
complementation, we suggest that excess ZapD sequesters FtsZ
away from midcell and neither the helical filament nor the Z-ring
can form. This sequestering of FtsZ might also interfere with Z-
ring formation by inhibiting binding of other essential division
proteins within the C-terminal region of FtsZ. Without formation
of the Z-ring, cells are unable to divide and would lead to the cell
elongation phenotype seen when the �zapD mutant is comple-
mented with WT ZapD. Overall, our results suggest that ZapD
binds FtsZ through several charged residues located at the inter-
face between the �-helical domain of one ZapD protomer and the

�-sandwich domain of the other protomer. Taken together, these
results advance our understanding of the formation and stabiliza-
tion of the Z-ring prior to bacterial cell division.
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