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Cell division in most bacteria is mediated by the tubulin-like
FtsZ protein, which polymerizes in a GTP-dependent manner to
form the cytokinetic Z ring. A diverse repertoire of FtsZ-binding
proteins affects FtsZ localization and polymerization to ensure
correct Z ring formation. Many of these proteins bind the C-ter-
minal domain (CTD) of FtsZ, which serves as a hub for FtsZ
regulation. FtsZ ring-associated proteins, ZapA–D (Zaps), are
important FtsZ regulatory proteins that stabilize FtsZ assembly
and enhance Z ring formation by increasing lateral assembly of
FtsZ protofilaments, which then form the Z ring. There are no
structures of a Zap protein bound to FtsZ; therefore, how these
proteins affect FtsZ polymerization has been unclear. Recent
data showed ZapD binds specifically to the FtsZ CTD. Thus, to
obtain insight into the ZapD-CTD interaction and how it may
mediate FtsZ protofilament assembly, we determined the Esch-
erichia coli ZapD-FtsZ CTD structure to 2.67 Å resolution. The
structure shows that the CTD docks within a hydrophobic cleft
in the ZapD helical domain and adopts an unusual structure
composed of two turns of helix separated by a proline kink. FtsZ
CTD residue Phe-377 inserts into the ZapD pocket, anchoring
the CTD in place and permitting hydrophobic contacts between
FtsZ residues Ile-374, Pro-375, and Leu-378 with ZapD residues
Leu-74, Trp-77, Leu-91, and Leu-174. The structural findings
were supported by mutagenesis coupled with biochemical and
in vivo studies. The combined data suggest that ZapD acts as a
molecular cross-linking reagent between FtsZ protofilaments to
enhance FtsZ assembly.

FtsZ is a highly conserved prokaryotic tubulin homolog that
mediates cell division in most bacteria, chloroplasts, many
archaea, as well as the mitochondria of primitive eukaryotes
(1–38). It is composed of a short N-terminal region, a globular
core that binds GTP, a long and flexible linker of variable
sequence and length (ranging from �40 to 257 residues), and a
short C-terminal domain (CTD)3 of �14 residues. The FtsZ
CTD region can be further divided into an N-terminal con-
served region (CTC) and a short C-terminal variable region
(CTV) (19). GTP binding to the globular domains between dif-
ferent FtsZ protomers leads to the formation of linear protofila-
ments. The FtsZ protofilaments assemble at the cell center to
create the Z ring, which then serves as the platform for the
assembly of the divisome (9). There is still debate regarding the
organization of FtsZ protofilaments within the Z ring. Super-
resolution analyses on multiple bacteria indicate that the Z ring
is composed of dispersed protofilament assemblages (10 –15).
However, other data suggest that FtsZ protofilaments form a
continuous ring around the cell (18).

Although the specific organization of the Z ring is unclear,
data show that its assembly is effected by regulatory proteins
(19). Indeed, the intracellular levels of FtsZ in Escherichia coli
and most bacteria remain largely unchanged throughout the
cell cycle and exceed the critical concentration required to form
the Z ring (17). Therefore, the regulation of Z ring formation
occurs at the level of FtsZ filament assembly. FtsZ-interacting
proteins modulate FtsZ polymerization and thus play key roles
in this process (19 –38). An important family of positive FtsZ
regulatory factors is the FtsZ ring-associated proteins (Zap),
ZapA–D. These proteins facilitate Z ring formation by enhanc-
ing the formation of protofilament assemblages. ZapA–D are
recruited early during cytokinesis and have overlapping func-
tions in stabilizing Z ring formation at midcell (20 –24, 26 –29,
35–38). Indeed, although individual Zap proteins are not essen-
tial for the assembly of the divisome, it is suggested that their
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collective functions in the stabilization of FtsZ protofilaments
and their assembly is critical for optimal cell division.

The widely conserved ZapA interacts directly with FtsZ, and
a zapA knock-out leads to cell elongation (21). ZapB does not
bind FtsZ but enhances the role of ZapA in FtsZ bundling (22,
23). Like ZapA, both ZapC and ZapD interact directly with FtsZ
and also promote FtsZ protofilament assembly (20, 27, 28).
Structures have recently been obtained for all the Zap proteins
and show that, interestingly, despite their overlapping func-
tions, they are structurally distinct (22, 26, 35–38). ZapA and
ZapB are coiled-coil proteins that form dimeric or tetrameric
structures; ZapB consists almost entirely of an extended coiled
coil, whereas ZapA contains N-terminal globular domains in
addition to its coiled-coil region (22, 26). Binding studies
revealed that the ZapA globular domains mediate FtsZ binding
(26). ZapC is composed of an N-terminal �/� region and a
C-terminal twisted �-barrel-like domain (35, 36). Residues
located within two surface-exposed pockets of ZapC appear to
be involved in FtsZ binding (35). Multiple studies showed that
ZapC binds the FtsZ GTPase core (27, 28, 35). However, one
analysis suggested that ZapC might bind the FtsZ CTD, albeit
with low affinity (36). The ZapD protein contains a helical
domain and a �-strand domain and is dimeric (37, 38). Two
studies reporting on putative FtsZ-binding residues generated
conflicting results, and hence the FtsZ binding pocket in ZapD
remains unknown (37, 38).

Like the majority of FtsZ regulatory proteins, ZapD binds the
FtsZ CTD (19, 39 – 45). Thus, the CTD has been called the
regulatory hub of FtsZ (19). In addition to ZapD, proteins that
have been shown to interact with the FtsZ CTD in E. coli
include ZipA, FtsA, ClpX, SlmA, and the C-terminal domain of
MinC (39 – 45). To date, however, only three structures of FtsZ
regulatory protein-CTD complexes have been obtained; the
E. coli FtsZ binding domain of ZipA bound to the CTD, the
E. coli SlmA-DNA-CTD complex, and the Thermotoga mari-
tima FtsA-CTD structure (40 – 42). FtsA, which has an actin-
like structure, and ZipA, with a split ���-fold, both bind the
FtsZ CTD as a helix, whereas the TetR family member and
nucleoid occlusion protein, SlmA, binds the CTD as a fully
extended strand. FtsA and ZipA are both membrane-associated
proteins and function in tethering FtsZ to the membrane,
whereas the nucleoid occlusion factor SlmA acts as a negative
regulator of FtsZ assembly by preventing the Z ring from form-
ing through chromosomal DNA. Interestingly, FtsZ CTD bind-
ing proteins show weak interactions with a single CTD. Studies
from the Lutkenhaus laboratory provided an explanation for
these data as they revealed that for regulatory proteins to bind
the CTD with high affinity they must bind CTDs on an FtsZ
protofilament, which exposes them as a multivalent ligand (39).
Methods such as bio-layer interferometry and surface plasmon
resonance, which partially mimic the multivalency of the CTD
found in FtsZ protofilaments, have been used to obtain relative
Kd values for these proteins that are in the micromolar range
(38, 40, 41).

Although the ZipA, FtsA, and SlmA structures revealed how
tethering and negative FtsZ regulatory proteins interact with
the FtsZ CTD, to date there are no structures of FtsZ cytosolic
positive regulators, such as the Zaps, bound to FtsZ, leaving

unclear how these proteins may facilitate FtsZ protofilament
assembly. Thus, to gain insight into this question, we deter-
mined the structure of the E. coli ZapD-FtsZ CTD complex to
2.67 Å resolution. The structure reveals a pocket on the ZapD
surface that serves as a docking site for the CTD. The CTD
conforms optimally to this pocket by adopting an unusual con-
formation composed of two turns of helix separated by a pro-
line-induced kink. The sharp proline kink allows the deep inser-
tion into the ZapD pocket of Phe-377, which serves as an
anchoring residue. Complementary in vivo and in vitro studies
support this structural model. Collectively, the data provide
molecular insight into how ZapD may enhance FtsZ assembly.

Results

Structure Determination and Overall Structure of E. coli
ZapD-FtsZ CTD Complex—Crystals of the E. coli ZapD protein
bound to the E. coli FtsZ CTD peptide, DYLDIPAFLRKQAD,
were obtained, and the structure was solved by molecular
replacement using the apo E. coli ZapD structure as a search
model (Protein Data Bank code 5DKO). The structure was
refined to final Rwork/Rfree values of 23.0%/26.5% (Table 1) (46).
The structure contains a ZapD dimer in the crystallographic
asymmetric unit (ASU). Each ZapD protomer is composed of
two domains, a helical domain with eight �-helices (residues
12–179) and a �-strand domain with seven strands (residues
3–11; 180 –247). The structure has the following topology:
�1(residues 3–10)-�1(13–32)-�3(37–55)-�4(60 – 80)-�5(85–
105)-�6(109 –115) and �7(135–145)-�8(147–178)-�2(178 –
187)-�3(189 –194)-�4(200 –206)-�5(210 –218)-�6(221–228)-
�7(234 –246) (Fig. 1, a and b). Formation of the ZapD dimer
buries a considerable 1861 Å2 of protein surface from solvent,
consistent with it being a functional dimer (47). Indeed, the

TABLE 1
Data collection and refinement statistics for E. coli ZapD-FtsZ CTD
structure

Data collection
Space group P21
Cell constants (Å) a � 71.3, b � 51.9, c � 79.1

� � 90.7
Resolution (Å) 79.1–2.67
Rsym(%)a 7.5 (48.0)b

Rpim (%) 5.0 (40.9)
Overall I/�(I) 10.7 (1.6)
No. of unique reflections 15,706
No. of total reflections 47,044
% complete 94.1 (73.1)
CC(1/2) 0.997 (0.716)

Refinement statistics
Rwork/Rfree(%)c 23.0/26.5
MolProbity score 2.11
B-Factors (average) (Å2)

ZapD 48.4
CTD peptide 80.0/69.2d

Solvent 38.0
r.m.s.d.

Bond angles (°) 0.445
Bond lengths (Å) 0.002

Ramachandran analysis
Favored (%) 94.6
Disallowed (%) 0.0

a Rsym � ���Ihkl � Ihkl(j)�/�Ihkl, where Ihkl(j) is observed intensity and Ihkl is the
final average value of intensity.

b Values in parentheses are for the highest resolution shell.
c Rwork � ��Fobs� � �Fcalc�/��Fobs� and Rfree � ��Fobs� � �Fcalc�/��Fobs�, where all

reflections belong to a test set of 5% randomly selected data.
d B-factor (average) for all CTD residues/B-factor (average) for CTD residues mi-

nus disordered side chains of residues 270, 381.
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structures of apo E. coli and the apo Vibrio parahemeolyticus
ZapD homolog (2OEZ) revealed the identical dimer; no other
shared dimer or oligomer states were identified in these struc-
tures. Superimpositions of the dimer from the ZapD-FtsZ CTD
structure onto the apo E. coli ZapD and apo V. parahaemolyti-
cus ZapD dimers resulted in root mean squared deviations
(r.m.s.d.) of 1.4 and 1.5 Å, respectively.

After initial refinement of the ZapD dimer, clear density was
observed for residues 370 –381 of the FtsZ CTD peptide in one
subunit of the ZapD dimer (Fig. 1a). The structure shows that
the CTD peptide binds within a pocket composed of �3, �4, and
�8 located at the edge of the ZapD helical domain (Fig. 1c).
Formation of the ZapD-CTD complex buries a significant 462
Å2 of complex surface from solvent. The other subunit of the
ZapD dimer does not contain a bound peptide indicating that
FtsZ CTD binding by ZapD is not cooperative. Although over-
lays of apo-ZapD subunits result in r.m.s.d. of �0.5 Å, compar-
ison of the FtsZ CTD-bound ZapD subunit with the unbound
subunit resulted in an r.m.s.d. of 1.1 Å indicating modest struc-
tural alterations take place upon CTD binding. Indeed, analysis
of the overlaid structures revealed that ZapD residues 73– 86,
forming the �3-loop-�4 region of the CTD binding pocket,
move inward upon peptide binding (Fig. 1, c and d). This shift
removes Arg-86 from the pocket and orients hydrophobic res-
idues for CTD contact (Fig. 1d). By contrast, �8, which includes
the other edge of the CTD interaction pocket, is unchanged
upon peptide binding (Fig. 1, c and d).

ZapD-FtsZ CTD Interactions Are Mediated by an Unusual
CTD Conformation—The ZapD-FtsZ CTD structure reveals
that ZapD interacts with CTD residues 374 –381, where resi-
dues 374 –379 are part of the conserved CTC and residues 380 –
381 are from the CTV. This finding is consonant with previous
studies that showed that removal of N-terminal CTD residues
367–371 resulted in only a 2-fold reduction in ZapD binding
(38). Indeed, although CTD residues 370 –373 are visible in the
structure, only one residue in this region, Tyr-371, contacts
ZapD. In this interaction the phenyl ring atoms of the Tyr-371
side chain make van der Waals interactions with ZapD residue
Gly-82. The ZapD pocket bound by the FtsZ CTD is primarily
hydrophobic but is surrounded on its edges by acidic residues
(Fig. 1b). FtsZ residue Lys-380 makes electrostatic contacts to
ZapD residue Asp-84. This interaction along with hydrogen
bonds between the peptide backbone atoms of Lys-380 and
Gln-381 to ZapD residues 81– 83 anchor the CTD peptide onto
ZapD (Fig. 2a). Electron density is not visible for the Gln-381
side chain, consistent with the fact that only its peptide back-
bone makes contacts with ZapD. FtsZ CTV residues 380 –381
make key contacts with ZapD, which explains the in vivo data
showing that these residues are required for ZapD to localize
with FtsZ during cell division (45). Bio-layer interferometry
analyses also showed that truncating FtsZ to residue 379
reduced ZapD binding from 4 �M to �2 mM (38).

The anchoring contacts from FtsZ CTD residues 380 –381
permits docking of CTD residues 374 –379 deep into the ZapD

FIGURE 1. Crystal structure of E. coli ZapD-FtsZ CTD complex. a, ribbon diagram of the E. coli ZapD-FtsZ CTD complex. The ZapD subunits in the dimer are
colored green and cyan, and secondary structural elements are labeled for one subunit. The FtsZ CTD is shown as magenta sticks. Included in the structure is the
Fo � Fc map contoured at 4.0 � calculated after initial refinement of the structure, before the addition of the FtsZ CTD. This figure and Figs. 2, a and b, 4, and 7
were generated using PyMOL (51). b, electrostatic surface representation of the ZapD dimer shown in the same orientation as in a with the FtsZ CTD shown as
magenta sticks. Blue and red regions represent electropositive and -negative regions, respectively. Also labeled are CTD residues Phe-377, which inserts into the
ZapD hydrophobic cavity, and Lys-380, which interacts with electronegative regions of ZapD. c, comparison of apo ZapD subunit (red) and ZapD complexed
to the FtsZ CTD (cyan). The CTD peptide is shown as a magenta ribbon. The figure shows an overlay of the subunits, which reveals that except for the region
composed of ZapD residues 73– 86, which shift inward upon CTD binding, the rest of the structure remains unchanged. d, close-up of c revealing the
adjustment of key binding residue Trp-77 and the relocation of Arg-86 out of the pocket upon binding the CTD.
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pocket (Fig. 2a). When bound in the ZapD pocket, CTD resi-
dues 371–379 adopt an unusual structure consisting of two
turns of the helix separated by a proline-induced kink. CTD
residue Arg-379 stabilizes this unique conformation by
hydrogen bonding with the carbonyl oxygens located at the
C terminus of the first turn of the CTD helix (Fig. 2a). The
hydrophobic side of the CTD helix-kink-helix inserts into
the ZapD pocket. A key hydrophobic interaction is provided
by CTD residue Phe-377, which inserts deeply into the ZapD
crevice (Fig. 1b). This contact provides another anchor for
CTD binding. The inserted Phe-377 side chain interacts with
ZapD residues Leu-74, Leu-91, Leu-174, and the C� and C�
atoms of the Gln-177 side chain. The side chains of FtsZ
residues Leu-378 and Pro-375, which are also located on the
hydrophobic face of the CTD, interact with ZapD residues
Leu-74 and Trp-77. Finally, CTD residue Ile-374 makes van
der Waals contacts with Trp-77 as well as the side chains of
Val-80 and Val-83 (Fig. 2a).

In contrast to residues in the �3-loop-�4 region, which
undergo a conformational shift upon FtsZ binding, �8 located
at the other side of the binding pocket appears to serve as a rigid
scaffolding for the CTD interaction (Fig. 1, c and d). Some sup-
port for this notion comes from a recent study by Choi et al.
(38). Based on studies examining FtsZ CTD binding to the
ZapD mutants, E22R and H140R, Choi et al. (38) hypothesized
that Glu-22, Arg-176, Glu-8, and His-140� (where � indicates
other subunit of the dimer) may form a putative CTD binding
pocket in ZapD (Fig. 2b) (38). However, although the
ZapD(E22R) substitution led to a 15-fold reduction in CTD
binding, the His-140� had a negligible effect on CTD binding
(38). The ZapD-FtsZ CTD structure provides an explanation
for these data as the putative pocket containing His-140� and
Glu-22 is adjacent to the FtsZ CTD binding site revealed in the
ZapD-CTD complex (Fig. 2b). In the structure, Glu-22 makes

bifurcated hydrogen bonds with �8 residue Arg-176 that would
be predicted to stabilize this region (Fig. 2b). An E22R substi-
tution would not only abrogate this contact, but the proximal
placement of two arginine residues would also lead to signifi-
cant electrostatic repulsion.

As hydrophobic contacts are not specific, they do not
demand complete identity among homologs to retain contacts
to partner proteins. Multiple sequence alignments of ZapD
proteins show that CTD-interacting residues are either com-
pletely conserved, such as Trp-77, Val-83, Asp-84, and Leu-
174, or have conservative substitutions that would maintain the
interactions with the CTD (Fig. 3). Interestingly, the sequence
alignments reveal that several arginine residues on the face of
the ZapD dimer opposite the CTD binding site are also con-
served. The importance of these residues is currently unclear;
however, one possibility is that they could be involved in mak-
ing secondary interactions with the FtsZ core, which is highly
electronegative. The FtsZ-binding protein SlmA provides a
precedent for such binding. The FtsZ CTD interacts with SlmA
with high affinity and allows the formation of secondary inter-
actions to the FtsZ core (42). The possible function of these
secondary interactions is currently unclear, but it has been sug-
gested that it may be to effect lateral contacts between FtsZ
protofilaments. This could also be the case for positive regula-
tors of FtsZ assembly, such as ZapD. Indeed, this type of bind-
ing model could explain data from Roach et al. (37) that showed
cross-linking between ZapD and FtsZ core residues. Alterna-
tively, the results from these cross-linking experiments could
be due to nonspecific contacts between ZapD and FtsZ result-
ing from ZapD induced bundling and aggregation of FtsZ
molecules.

FtsZ CTD Can Adopt Multiple Structures When Binding FtsZ
Regulatory Proteins—The majority of FtsZ-binding proteins
that have been characterized to date bind the FtsZ CTD. As a
result, the FtsZ CTD has been called the FtsZ landing pad (19).
The consequences of these binding protein-CTD interactions
are varied. Some regulators enhance the formation of protofila-
ments by FtsZ and some prevent it, whereas others mediate
FtsZ recruitment (19, 25, 40 – 42). Structures that have been
solved of regulatory protein-CTD complexes include the E. coli
ZipA-CTD complex, the T. maritima FtsA-CTD complex, and
the E. coli SlmA-DNA-CTD complex. ZipA and FtsA both
function to recruit FtsZ to the membrane, whereas SlmA-DNA
antagonizes FtsZ protofilament formation and bundling (40 –
42). The structures of ZipA and FtsA bound to the CTD were
obtained first and revealed the CTD bound as helices, which led
to the suggestion that the CTD adopts a helical state when
complexed with binding proteins (40, 41). However, the helices
bound in the structures differed. Although both helices initi-
ated with the conserved CTD proline, the FtsA-bound helix is
distorted due to a glycine not present in the E. coli CTD, and
T. maritima FtsA contacts the last CTV C-terminal residue,
which is not found in the E. coli CTD. Indeed, the E. coli and
T. maritima CTD share only five residues in common, and the
T. maritima CTD contains a much longer CTV (T. maritima
CTD is PEGDIPAIYRYGLEGLL compared with the E. coli FtsZ
CTD, DYLDIPAFLRKQAD; conserved residues underlined).
Thus, differences in these helices might be due to the dissimi-

FIGURE 2. Interactions between ZapD and the FtsZ CTD. a, ribbon diagram
showing zoomed-in view of the contacts between the FtsZ CTD and ZapD.
The CTD binds to the ZapD helical domain between �3, �4, and �8. The inner
region of this pocket is hydrophobic, although the surrounding ledges of the
pocket are primarily electronegative. The CTD is colored magenta, and ZapD
is cyan. Interacting residues are shown as sticks. CTD residues Pro-375 and
Arg-379, labeled in black, play key roles in the formation of the unusual CTD
conformation that allows it to dock within the pocket. b, ribbon diagram of
the ZapD-CTD complex showing the relative locations of a putative pocket
identified by Choi et al. (38) and the CTD binding pocket shown in the struc-
ture. The pockets are outlined by dashed lines, which underscores that they
are adjacent to each other. Mutation of Glu-22 to an arginine impacted CTD
binding likely by destabilizing the CTD binding pocket revealed in the crystal
structure. One ZapD subunit is green, and the other is cyan. The CTD peptide
is colored magenta.
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larity in the E. coli and T. maritima CTD sequences. However,
when the E. coli SlmA-DNA-CTD structure was obtained with
the same CTD peptide as utilized in the ZipA-CTD structure, it
revealed a fully extended and non-helical conformation for the
CTD, demonstrating that at least the E. coli CTD is a flexible
region that can adopt multiple conformations that depend on

its binding partners. The ZapD-FtsZ CTD structure confirms
this supposition as it reveals yet a different conformation for the
E. coli CTD than those observed in the SlmA-CTD and ZipA-
CTD structures (Fig. 4). Thus, these data indicate that deducing
the binding mode of the E. coli FtsZ CTD by a given regulatory
protein will require structural information.

FIGURE 3. ZapD sequence alignments. Sequence alignments of ZapD proteins and the corresponding FtsZ CTD sequence from the same bacteria (E. coli
(ZapD/FtsZ accession code: NP_414644.1/AJF44961.1); Vibrio cholerae (APF68703.1/CSA82682.1); Aeromonas hydrophilia (WP_065475370.1/YP_858319.1);
Klebsiella pneumoniae (WP_004145941.1/CDI24806.1); Enterobacter cloacae (CQR78072.1/KGB11780.1); Shigella flexneri (WP_001194727.1/KFZ98273.1); Sal-
monella enterica (WP_000557441.1/EDZ24255.1); Serratia marcescens (WP_015670929.1/KFL05802.1); Yersinia pestis (KXF93325.1/KNX88873.1); and Vibrio
parahemeolyticus (KKZ07905.1/ESV67294.1). ZapD residues that make contact with the FtsZ CTD in the crystal structure are highlighted in cyan, and the
Glu-22–Arg-176 residues that make a salt bridge are highlighted in gray. Secondary structural elements of ZapD are indicated above the sequence alignments.
Residues in the FtsZ CTDs that are visible in the crystal structure are highlighted in magenta.

FIGURE 4. Comparison of E. coli FtsZ CTD complexes with regulatory proteins. Ribbon diagrams are shown for the E. coli regulatory proteins ZapD, ZipA,
and SlmA bound to the CTD. The regulatory proteins are colored light cyan and the CTDs are magenta. For reference, Phe-377 is shown in the same orientation,
which underscores the very different structures adopted by the CTD when bound to these proteins.
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Single Mutants of Potential FtsZ-interacting Residues on
ZapD Rescue Viability Defects and Filamentation—The ZapD-
FtsZ CTD structure is largely consistent with and explains pre-
vious biochemical data (35, 38). However, to further probe the
structural model, we next made mutations in ZapD residues
that the structure indicated are key for CTD binding. In partic-
ular, ZapD residues Trp-77, Asp-84, Leu-91, and Leu-174 were
mutated to alanines, and the effects of these substitutions were
analyzed (Tables 2–3). As described previously, increased
expression of wild type (WT) ZapD leads to lethal filamentation
and reduced cell viability (20). Therefore, we tested whether
overexpression of the constructed ZapD mutants displayed
altered viability and cell morphology phenotypes (Fig. 5a). In
contrast to WT ZapD, overexpression of ZapD single mutants
ZapD(W77A), ZapD(L91A), and ZapD(L174A) were viable and
displayed reduced cell elongation even at high concentrations
of the inducer (Fig. 5b and Table 4). The ZapD mutant D84A,
which makes long range electrostatic contacts to CTD residue
Lys-380, showed partially increased viability and a modest
reduction in cell elongation compared with WT ZapD and was
not used in further studies. Immunoblotting of FtsZ and ZapD
mutant proteins revealed that these phenotypes were not due to

changes in expression levels or instability of mutant proteins
(Fig. 5c).

Mutant ZapD Proteins Fail to Increase FtsZ Polymerization
in Vitro—To investigate the effects of the ZapD mutants,
W77A, L91A, and L174A, on FtsZ polymerization in vitro, we
purified the mutant proteins and examined FtsZ assembly in a
90° light scattering assay. We also visualized the effects of these
mutants on the morphological properties of FtsZ polymers by
TEM. All mutant ZapD proteins eluted with a near identical
profile (mostly dimeric) to the WT protein suggesting that the
mutants were likely folded (Fig. 6a). When incubated in the
presence of GTP alone, WT FtsZ showed an increase in light
scattering signal, and single protofilaments of FtsZ were visual-
ized by electron microscopy (Fig. 6, b and c). Upon addition of
ZapD, the light scattering signal was further enhanced, and
large bundled polymeric assemblies were observed by TEM
(Fig. 6, b and c). In contrast, the ZapD mutants either failed to
promote (W77A) or promoted moderate increases (L91A,
L174A) in light scattering signal followed by a rapid reduction in
the signal (Fig. 6b). Consistent with these data, visualization of
FtsZ polymerization in the presence of ZapD mutant proteins via
TEM showed single FtsZ protofilaments, or 2–3 protofilament

TABLE 2
Bacterial strains and plasmid used in this study

Strains and plasmids Relevant genotype Source or Ref.a

Strains
MG1655 F� �� ilvG rfb50 rph1 Laboratory collection
C41 (DE3) F� ompT hsdSB (rB

� mB
�) gal dcm (DE3) 49

KHH72 C41 (DE3) pET28b-h10-smt3-zapD
KHH441 MG1655 pTrc99a
KHH442 MG1655 pTrc99a-zapD
KHH443 MG1655 pTrc99a-zapD D84A
KHH445 MG1655 pTrc99a-zapD L91A
KHH448 MG1655 pTrc99a-zapD (W77A)
KHH478 MG1655 pTrc99a-zapD (L174A)
KHH488 C41 (DE3) pET28b-h10-smt3-zapD (L174A)
KHH490 C41 (DE3) pET21b-ftsZ
KHH491 C41 (DE3) pET28b-h10-smt3-zapD (W77A)
KHH492 C41/DE3 pET28b-h10-smt3-zapD (L91A)

Plasmids
pAM4 pTrc99a-zapD (L174A)
pET28b-his10-smt3-zapD pBR322 ori PT7 h10-smt3-zapD, KanR 20
pKHH45 pTrc99a zapD (W77A)
pKHH46 pTrc99a zapD (D84A)
pKHH47 pTrc99a zapD (L91A)
pKHH48 pET28b h10-smt3-zapD (L174A)
pKHH49 pET28b h10-smt3-zapD (L91A)
pKHH50 pET28b h10-smt3-zapD (W77A)
pTrc99a ColE1 ori Ptac AmpR Laboratory collection

a This work was used unless otherwise noted.

TABLE 3
Primers used in this study
F is forward, and R is reverse.

Name Sequence 5�–3� Plasmid

SUMO-5 YacF-BamHI CGCGGATCCATGCAGACCCAGGTCCTTTTTG pET28b-his10x-smt3-zapD
SUMO-3 YacF-HindIII CCCAAGCTTTTAGCAACAGGCCAGTTCGAA pET28b-his10	-smt3-zapD
ZapD-BamHI F GGTAGGATCCATGCAGACCCAGGTCCTTTTTGA pKHH48–50
ZapD-SalI R GGCGGTCGACTTAGCAACAGGCCAGTTCGAAAT pAM4, pKHH44–50
ZapD-W77A F GCTAAACTCCAGACCGCGATTGGCGTGCCTGG pKHH45
ZapD-W77A R CCAGGCACGCCAATCGCGGTCTGGAGTTTAGC pKHH45
ZapD-D84A F CGTGCCTGGCGTGGCCCAGAGCCGTATTGA pKHH46
ZapD-D84A R TCAATACGGCTCTGGGCCACGCCAGGCACG pKHH46
ZapD-L91A F CCGTATTGAAGCAGCAATTCAGCAGTTAAA pKHH47
ZapD-L91A R TTTAACTGCTGAATTGCAGCTTCAATACGG pKHH47
ZapD-L174A F CATGGTGCTGGATGCAATTCGCCAGTCGGC pAM4
ZapD-L174A R CGGCACTGGCGAATTGCATCCAGCTCCATG pAM4
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bundles, similar to WT FtsZ alone (Fig. 6c). Taken together, the in
vitro results are consistent with Trp-77, Leu-91, and Leu-174 res-
idues of ZapD mediating critical interactions with the FtsZ CTD.

Discussion

Bacterial cytokinesis is initiated by formation of an unstable
proto-ring by FtsZ. FtsZ regulatory factors such as the Zap pro-
teins contribute to the stabilization of the proto-ring into the Z
ring. Although the precise arrangement of FtsZ protofilaments
in the Z ring is unclear, studies have indicated that individual
FtsZ protofilaments in this structure are �60 –120 Å apart (12,
41, 48). Therefore, it is unlikely that there are tight contacts
between the FtsZ core regions of multiple protofilaments

assembled in the Z ring. Hence, regulatory factors such as the
Zap proteins may be involved in mediating FtsZ polymer
assembly. Indeed, studies indicate that ZapA, ZapC, and ZapD
greatly enhance FtsZ protofilament assembly (20–24, 26–29).
However, the molecular mechanisms utilized by these proteins to
facilitate FtsZ protofilament bundling is not clear as there have
been no structures reported of a Zap protein bound to FtsZ.

Data have clearly demonstrated that the ZapD protein binds
the FtsZ CTD (20). Thus, to gain insight into how a positive Zap
protein assembly factor may bind FtsZ and promote Z ring
formation, here we determined the structure of the ZapD-FtsZ
CTD complex. The ZapD structure reveals an elongated dimer,
and the FtsZ CTD was shown to bind at the end of a ZapD
subunit in a pocket formed by �3, �4, and �8. When bound to
ZapD, the FtsZ CTD adopts an unusual conformation com-
posed of two turns of helix separated by a proline kink. The
CTD Arg-379 side chain inserts between the helical turns to
hydrogen bond to the carbonyl oxygens of the first helical turn
and stabilize this unusual structure. The resulting CTD struc-
ture makes numerous hydrophobic contacts with ZapD.

Because ZapD is a dimer, two FtsZ CTDs could possibly bind
to each end of the dimer, although this remains to be demon-
strated. This would suggest a mechanism by which ZapD could
function as a molecular cross-linking reagent, aligning between
FtsZ polymers to stabilize the formation of laterally arranged
FtsZ protofilaments (Fig. 7). A similar cross-linking mechanism
may be at play for other Zaps. It is not clear how ZapA interacts

FIGURE 5. Cell viability and morphology phenotypes upon overexpression of WT ZapD or ZapD mutant variants. a, spot viability assays of wild type
(MG1655) strain bearing pTrc99a vector alone, WT ZapD, ZapD(W77A), ZapD(D84A), ZapD(L91A), or ZapD(L174A). The 10-fold dilutions of cells cultured as
described under “Experimental Procedures” were spotted on LB plates with ampicillin at the indicated concentrations of IPTG and grown at 37 °C for �16 h. The
experiment was repeated three times, and a representative image is shown. b, cell morphology phenotypes of wild type (MG1655) strain bearing pTrc99a
vector alone (panel i), WT ZapD (panel ii), ZapD(W77A) (panel iii), ZapD(D84A) (panel iv), ZapD(L91A) (panel v), or ZapD(L174A) (panel vi). Cells were grown and
imaged under conditions described under “Experimental Procedures.”. Bar, 3 �m. c, quantitative immunoblots of FtsZ, WT ZapD, and ZapD mutant protein
levels. Whole cell proteins were harvested from cells at mid-log grown under the same conditions described in the legend to b. Samples were normalized to
optical densities and separated by SDS-PAGE. Western analysis was conducted using anti-FtsZ rabbit polyclonal antibody (GenScript) at 1:10,000 and anti-
ZapD rabbit polyclonal antibody (GenScript) at 1:1000. Protein bands were normalized to total proteins (BLOT-FastStain, G-Biosciences) as loading and transfer
controls. Bands were visualized using a LI-COR Odyssey CLx imager, and intensities were measured using ImageStudio software (LI-COR). Three independent
experiments were conducted, and a representative blot with average band intensities 
 S.D. is shown. Std indicates molecular size standards, and na indicates
not available.

TABLE 4
Cell lengths of strains overexpressing either WT ZapD or a ZapD
mutant in trans

Plasmida Average � S.D.b Nc

�m
Vector 3.0 
 0.7 331
ZapD 46.6 
 17.9 71
W77A 6.4 
 3.3 278
D84A 21.2 
 13.7 102
L91A 7.0 
 4.8 252
L174A 3.4 
 1.1 374

a Wild type or ZapD mutant plasmids were expressed in trans in the pTrc99a vec-
tor backbone in a wild type strain (MG1655) background.

b Cell lengths reported are for cells sampled at OD � �0.6 – 0.8 grown in LB with
25 �M IPTG at 37 °C. S.D. � standard deviation.

c N represents the number of individual cells measured for each strain. In case of
filamentous strains, fewer numbers of cells were present within each field of
view.
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with FtsZ. However, data show that ZapA forms dimers and
tetramers (26). Hence, ZapA could interact with several FtsZ
molecules and provide proximal linkage of several protofila-
ments. Multiple studies indicate that ZapC is monomeric (27,

28, 35). However, recent analyses suggesting that one monomer
may harbor multiple FtsZ interacting pockets (35) indicate that
it too could function as a cross-linker by using these pockets to
link together FtsZ molecules from multiple protofilaments.

In a ZapD-FtsZ cross-linking model, the long linker connect-
ing the FtsZ GTPase core domain with the FtsZ CTD would
enable flexibility between the interacting proteins and allow
distances between ZapD-connected protofilaments on the
order of 60 –120 Å, which as noted is similar to the observed
distances between protofilaments in the Z ring (12, 41, 48,). In
one model of the Z ring, FtsZ protofilaments form continuous
bands around the cell and slide past each other (18). The prop-
erties of the ZapD-FtsZ CTD interaction, including non-coop-
erative, weak contacts with the FtsZ CTD, would facilitate such
a model as one ZapD subunit could release its CTD, whereas
the other subunit retained CTD binding, allowing the sliding of
adjacent protofilaments while maintaining their juxtaposed
organization. Possible secondary interactions between FtsZ
core regions to ZapD-conserved arginine residues could pro-
vide further stability in FtsZ assembly. However, a better under-
standing of the mechanism by which Zap proteins facilitate
FtsZ assembly necessitates a clearer picture of the organization
and the dynamics of FtsZ protofilaments within the Z ring.

Experimental Procedures

ZapD-FtsZ CTD Crystallization and Data Collection—The
ZapD protein was purified as described previously (20), and
the His10	-Smt3 tag was removed prior to crystallization. The

FIGURE 6. ZapD mutant derivatives do not support FtsZ assemblies in vitro. a, overlaid elution profiles of WT ZapD (red), ZapD(W77A) (purple), ZapD(L91A)
(blue), and ZapD(L174A) (green) are shown. Calculated molecular masses indicate that WT and mutant proteins elute mostly as dimers. A calibrated Super-
dex10-75 (10/300 GL) column was equilibrated in buffer (50 mM MOPS/KOH, pH 6.5, 50 mM KCl, 2.5 mM MgCl2, 0.2 mM DTT, and 0.2% glycerol), loaded with 500
�l of purified protein, and run at 0.5 ml/min with equilibration buffer. b, 90° light scattering data of FtsZ assembly alone (orange), in the presence of WT ZapD
(red), ZapD(W77A) (purple), ZapD(L91A) (blue), and ZapD(L174A) (green). Data from FtsZ (5 �M) and WT ZapD or ZapD mutant proteins (5 �M) are shown.
Reaction conditions are described under “Experimental Procedures.” c, electron micrographs of FtsZ assemblies in reaction conditions as described in
b legend. – � FtsZ alone. Arrows point to FtsZ bundles in the presence of WT ZapD. Bar, 300 nm.

FIGURE 7. Model of how ZapD dimers (with subunits colored magenta and
cyan) could function as cross-linking reagents between FtsZ protofila-
ments. The FtsZ protofilaments are shown as gray surfaces.
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purified protein was buffer exchanged into 25 mM Tris, pH 7.5,
150 mM NaCl, 5% glycerol, 1 mM dithiothreitol (DTT) for crys-
tallization. The ZapD protein was then concentrated to 20
mg/ml, and the 14-mer E. coli FtsZ CTD peptide (DYLDIPA-
FLRKQAD) (GenScript) was added to a final concentration of 2
mM. The ZapD-FtsZ CTD peptide solution was crystallized
using the hanging drop vapor diffusion method at room tem-
perature by mixing it 1:1 with a solution of 27% PEG 1500, 0.1 M

MES, pH 6.5. Crystals took 1–5 days to grow and were cryo-
preserved by dipping them in a solution consisting of the crys-
tallization reagent supplemented with 10% glycerol for 1–2 s
prior to placement in the cryo-stream.

Structure Determination and Refinement of the ZapD-FtsZ
CTD Structure—The ZapD-FtsZ CTD crystals take the space
group P21, with a � 71.3 Å, b � 51.9 Å, c � 79.1 Å and � � 90.7°.
X-ray intensity data were collected to 2.67 Å at Advanced Light
Source beamline 8.3.1, and the data were processed with MOS-
FLM. The structure was solved by molecular replacement using
the apo E. coli ZapD structure (5DKO) as a search model. This
apo ZapD structure contains one subunit in the crystallo-
graphic ASU. Hence a multisearch procedure in Phaser was
employed to find the two subunits in the ZapD-FtsZ-CTD ASU.
After initial refinement of the starting model, electron density
was observed for one FtsZ CTD. CTD peptide residues 370 –
381 and 62 solvent molecules were added at this point, and the
structure was refined to convergence using Phenix (46). CTD
residues 382–383 and the side chains of Asp-370 and Gln-381
were not visible, and only weak density was observed for the
Lys-380 side chain (Table 1). With the exception of Met-1, all
ZapD residues were visible and included in the model. The final
structure has a MolProbity score of 2.11, which places it in the
97th percentile range of crystal structures solved at a similar
resolution. Final X-ray data collection and refinement statistics
are presented in Table 1.

Strains and Growth Conditions—Bacterial strains were
grown in LB (0.5% NaCl) broth or agar plates with ampicillin at
100 �g/ml or kanamycin at 50 �g/ml at 37 °C unless noted
otherwise. All strains and plasmids are derivatives of MG1655.
Strains, plasmids, and primers used in the study are listed in
Tables 2 and 3.

Plasmid Construction—Plasmid pTrc99a expressing zapD
under the control of an isopropyl �-D-1-thiogalactopyranoside
(IPTG)-inducible promoter was constructed by amplifying
zapD using the ZapD-SacI forward and ZapD-SalI reverse
primers. The PCR product was digested by SacI and SalI endo-
nucleases and ligated into the same sites of the pTrc99a vector.
The resulting clones were verified by Sanger sequencing
(Genewiz). Plasmid pTrc99a-zapD was used to create the
zapD mutants by QuikChange mutagenesis (Agilent) using the
appropriate zapD mutant primer pairs. After the correct clones
were verified by sequencing, the mutagenized zapD region of
the plasmid was excised using a SacI/SalI digest, and the
resulting fragment was re-ligated into the same sites of
the pTrc99a parent vector. Plasmid pET28b-his10	-smt3
expressing zapD or a zapD mutant was constructed by ampli-
fying WT or mutant zapD fragments from pTrc99a-zapD or
zapD mutant clones using the ZapD-BamHI forward and
ZapD-HindIII (for WT) or ZapD-SalI (for mutants) reverse

primer pairs. The PCR product was digested by BamHI and
HindIII or SalI and ligated into the same sites of the pET28b-
his10	-smt3 vector. The resulting clones were verified by
Sanger sequencing (Genewiz).

Spot Viability Assays—For spot viability experiments, over-
night cultures of MG1655 expressing the vector alone, WT
ZapD, or ZapD mutant plasmids were grown in LB with ampi-
cillin at 37 °C, centrifuged, and then resuspended in LB con-
taining ampicillin. Cell suspensions were normalized to A600 �
1.0, serially diluted to 100,000-fold, and 3 �l from each dilution
were spotted on LB plates containing ampicillin and varying
concentrations of IPTG. The plates were incubated at 37 °C for
�16 h, at which point they were imaged (Syngene Gel-Doc
System).

Cell Length Measurements—Overnight cultures of MG1655
expressing vector alone, WT ZapD, or ZapD mutant plasmids
were grown at 37 °C in LB media with ampicillin and 0.2% glu-
cose. Cells were subcultured 1:100 and grown in LB ampicillin
until A600 � �0.1– 0.2, at which point IPTG at 25 �M was
added, and cells were sampled at A600 � �0.6 – 0.8. Cells were
imaged using a Nikon TiE microscope on 1% agarose pads on
glass slides. ObjectJ (National Institutes of Health) was used to
measure cell lengths from images as described (20).

Protein Purification—FtsZ, ZapD, and ZapD mutants were
purified as described previously and used in light scattering
assays and electron microscopy experiments (20, 45).

90° Light Scattering Assays—Light scattering assays were
done as described (50) using a DM-45 spectrofluorimeter
(Olis). Initial reaction mixtures contained 5 �M FtsZ in assem-
bly buffer (50 mM MOPS/KOH, pH 6.5, 50 mM KCl, 2.5 mM

MgCl2). Readings were taken every 0.25 s at room temperature,
and a baseline was established for 1 min prior to the addition of
1 mM GTP. WT or mutant variants of ZapD were added at 5 �M,
1 min after addition of 1 mM GTP. Data were collected by Spec-
tralWorks (Olis) for 10 min per reaction and exported into
Microsoft Excel for processing.

Electron Microscopy—To visualize the morphology of the
FtsZ polymers under similar conditions as those used for light
scattering assays, reaction mixtures were assembled as follows:
FtsZ and ZapD (at 5 �M each) were incubated in polymerization
buffer (50 mM MOPS/KOH, pH 6.5, 50 mM KCl, 2.5 mM MgCl2).
GTP was added to a final concentration of 1 mM to start FtsZ
polymerization, and the samples were incubated for 10 min at
room temperature. A 10-�l aliquot of each sample was applied
onto a glow-discharged 400 mesh carbon-coated copper grid,
incubated for 10 s, wicked with a filter paper, and negatively
stained using 2% uranyl acetate for 5–10 s. The grids were visu-
alized using a JEOL 2100 transmission electron microscope
operated at 200 kV with 30 pA/cm2 current density and
recorded on a 2k-by-2k CCD camera at 15,000 or 30,000
magnification.
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