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The cell division protein ZipA has an N-terminal transmembrane domain and a C-terminal globular domain
that binds FtsZ. Between them are a charged domain and a P/Q domain rich in proline and glutamine that has
been proposed to be an unfolded polypeptide. Here we provide evidence obtained by electron microscopy that
the P/Q domain is a flexible tether ranging in length from 8 to 20 nm and invisible in rotary shadowing electron
microscopy. We estimated a persistence length of 0.66 nm, which is similar to the persistence lengths of other
unfolded and unstructured polypeptides.

The protein FtsZ assembles into a ring at the center of
bacterial cells, and this Z ring constricts to effect cell division.
A number of accessory proteins localize to the Z ring after
FtsZ and are essential for cell division in Escherichia coli. One
accessory protein is ZipA (Z-interacting protein A), which has
been shown to bind directly to FtsZ (3, 5, 6, 8–11, 13). ZipA is
a membrane-anchored protein and consists of five parts: amino
acids (aa) 1 to 6 are a charged periplasmic domain; aa 7 to 28
are a transmembrane segment; aa 29 to 85 are a charged
domain that is rich in charged amino acids; aa 86 to 185 are
called the P/Q domain, which is rich in proline and glutamine;
and aa 186 to 328 are a globular domain. The globular domain
of ZipA has been shown to bind the conserved C-terminal
peptide of FtsZ (5, 6, 8–11), and its atomic structure has been
solved (10, 11). The P/Q domain has been proposed, on the
basis of its sequence, to be largely an unfolded polypeptide and
to serve as a flexible linker tethering FtsZ protofilaments to the
membrane (1, 3). RayChaudhuri (13), using the program
NNPREDICT, found no evidence for secondary structure in
the P/Q domain and only a small stretch of beta sheet and
alpha helix at the end of the charged domain. Finally, we
performed a sequence alignment of ZipA from six sequenced
genomes and found substantial sequence identity for N-termi-
nal residues 1 to 36 (of the E. coli sequence) and for the
C-terminal domain (aa 188 to 328). There was very low identity
for the intervening segment (aa 38 to 187), with the exception
of a few modestly conserved islands. This is consistent with this
segment not having a defined structure.

Purified ZipA derivatives (5) were subjected to sedimenta-
tion through a glycerol gradient and then examined by rotary
shadowing electron microscopy (EM) as previously described
(2). Figure 1a shows a micrograph of ZipA(23-328), which
contains the complete charged domain, the P/Q domain, and

the C-terminal globular domain of native ZipA (5). Figure 1b
shows ZipA(186-328), which comprises only the C-terminal
globular domain. These two constructs were described previ-
ously (4). The C-terminal domain appears as small globular
particles about 3.5 to 4 nm in diameter (the diameter was
estimated after subtracting 2 nm for the thickness of the plat-
inum shell), consistent with the size (2.5 by 3.5 by 5 nm) of the
C-terminal domain determined by X-ray crystallography (10)
and nuclear magnetic resonance analysis (11). ZipA(23-328)
showed globular particles that were indistinguishable from the
C-terminal domain alone. Occasionally, a very small globular
particle or a thin extension could be seen close to the main
globular particle but, for the most part, there was no visible
structure corresponding to the charged and P/Q domains in
ZipA(23-328). This suggested that the P/Q domain may be a
largely unfolded polypeptide and invisible in the rotary shad-
owed specimen, consistent with the previous prediction from
the sequence (3). We suggest that the charged domain may be
unstructured as well because, in our experience, a 60-aa glob-
ular domain should be visible in rotary shadowing. This is
supported by the lack of predicted secondary structure in the
charged domain (13).

To investigate the structure in more detail, we constructed a
ZipA variant [green fluorescent protein (GFP)-ZipA(39-328)]
in which a GFP domain was fused to the N terminus of
ZipA(39-328). EM of GFP-ZipA(39-328) showed globular
particles in closely spaced pairs (Fig. 1c). The larger globular
domain should correspond to the 238-aa GFP, and the smaller
one should correspond to the 140-aa ZipA C-terminal domain.
The charged-plus-P/Q domain is interpreted to form an invis-
ible link connecting the two globular domains.

An unfolded polypeptide can be modeled as a worm-like
chain characterized by a contour length L and a persistence
length p. Rivetti et al. (15) provided an elegant analysis of
DNA on mica, modeled as a worm-like chain, and concluded
that the molecules rearranged by diffusion on the two-dimen-
sional mica substrate. For our analysis, we assume that the
flexible polypeptide can also assume a random two-dimen-
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sional distribution on mica (see reference 15 for a detailed
discussion of the two-dimensional structure versus the three-
dimensional structure of the worm-like chain). The distribu-
tion of end-to-end lengths of the worm-like chains is given by
the formula �R2� � 4pL (for the case in which L �� p),
where R is the distance between the ends of the chain, �R2�
is the average value of R2, L is the contour length, and p is the
persistence length.

The R value needed for the above formula is the distance

between the ends of the flexible chain, but the best estimate we
can make is to measure the center-to-center distance between
the two globular domains. A histogram of center-to-center
distances is shown in Fig. 2. We considered subtracting 4 nm,
the sum of the predicted radii of the N- and C-terminal glob-
ular domains, from the measured center-to-center distance.
This correction would be appropriate if the exit points of the
polypeptide from the two globular domains were facing each
other (as illustrated in Fig. 3b, c, and e). However, it is also
possible that these exit points face away from each other and
the polypeptide crosses over or around the domains (as in Fig.
3d), in which case we should add 4 nm. If we assume that the
P/Q segment is quite flexible and the orientation of the glob-
ular domains is random, the simple center-to-center distance
seems to be the best estimate of the end-to-end length of the
charged-plus-P/Q segment. Note, however, that each measure-
ment includes an up to �5-nm error due to the unknown
orientation of the globular domains.

A histogram of the center-to-center distances reveals a wide
distribution, ranging from 7.8 to 19.5 nm, with an average of
12.4 nm (Fig. 2). The average value of R2 was determined from
the data in this histogram, giving �R2� � 159 nm2. The
presumed unstructured domain includes the 12-aa spacer fol-
lowed by the 146-aa charged-plus-P/Q domain (from R39 to
M185). This gives a predicted contour length L � 60 nm ([0.38
nm/aa] � 158 aa). The persistence length is now calculated to
be p � �R2�/4L � 0.66 nm. This is about twice the length of
a peptide bond and close to the values of 0.4 to 0.44 nm
estimated from atomic force microscope measurements for
unfolded polypeptides of titin and tenascin (12, 14). It is also
similar to the p � 0.95 nm calculated by the above equation for
the presumably unstructured PEVK domain of titin (7).

We also characterized the ZipA(23-328) and GFP-ZipA(39-
328) proteins by sedimentation analysis. Determination of sed-
imentation coefficients by analytical ultracentrifugation
(20,000 rpm in the ANL rotor, Beckman XLA analytical ultra-

FIG. 1. Rotary shadowing EM of ZipA(23-328) (a) and ZipA(186-
328) (b) (the C-terminal domain alone). Both samples show small
globular particles of similar sizes. The charged-plus-P/Q domain of
ZipA(23-328) is mostly invisible, although occasionally a faint projec-
tion or small domain may be discerned. (c) EM of GFP-ZipA. The
GFP-ZipA(39-328) fusion protein is visible as pairs of globular do-
mains; presumably, these domains are connected by the charged-plus-
P/Q domain, which is not visible. The middle panels show selected
pairs with two globular domains of similar sizes, and the bottom panels
show pairs with different-sized globular domains.

FIG. 2. Histogram of the center-to-center distance between the
globular particles in GFP-ZipA(39-328) used as an estimate of the
end-to-end length of the charged-plus-P/Q domain (see text for de-
tails). The histogram shows a broad distribution of distances, with an
average of 12 nm.
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centrifuge) yielded values of 2.2S for ZipA(23-328) and 3.2S
for GFP-ZipA(39-328). To estimate the shape of the proteins,
we calculated Smax/S, where Smax is the sedimentation coeffi-
cient of an unhydrated sphere of protein of the same mass.
Smax/S was calculated to be 1.73 for ZipA(23-328) and 1.75 for
GFP-ZipA(39-328). These values are indicative of moderately
elongated proteins (16) and are consistent with the EM studies
described above, suggesting that the P/Q domain of ZipA is
largely unfolded.

Figure 3 presents molecular models of the GFP-ZipA struc-
ture showing the charged-plus-P/Q domains as unstructured
polypeptide. Note that the GFP in our construct is at the
position of the transmembrane segment. We propose, on the

basis of our EM analyses, that the tether is flexible and can
span a maximum distance of 60 nm. In the more relaxed con-
formations, FtsZ subunits that are bound to the C-terminal
FtsZ binding domain of ZipA could be an average of 12 nm
from the membrane. Since the FtsZ protofilaments are only 3
to 4 nm thick, the tether is long enough to loop around and
bind the C terminus of FtsZ, even if it is facing away from the
membrane (see reference 1 for a diagram).
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FIG. 3. Molecular models of conformations of the unstructured
charged-plus-P/Q domain of ZipA. The GFP domain is shown at the N
terminus, which, in native ZipA, would be replaced by the transmem-
brane anchor. The maximally extended polypeptide is shown in panel
a. A single-loop (b) or winding-chain (c, d, and e) structure can bring
the termini closer together. The model was constructed from the
atomic structures of GFP and the ZipA C-terminal domain, obtained
from the protein database (1ema and 1F47). The extended polypeptide
was modeled on segments of beta strands.
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