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Summary

The bacterial tubulin homologue FtsZ forms a ring-
like structure called the Z ring that drives cytokinesis.
We showed previously that FtsZ–YFP–mts, which has
a short amphipathic helix (mts) on its C terminus that
inserts into the membrane, can assemble contractile
Z rings in tubular liposomes without any other
protein. Here we study mts–FtsZ–YFP, where the
membrane tether is switched to the opposite side of
the protofilament. This assembled ‘inside-out’ Z rings
that wrapped around the outside surface of tubular
liposomes. The inside-out Z rings were highly
dynamic, and generated a constriction force that
squeezed the tubular liposomes from outside. This is
consistent with models where the constriction force
is generated by curved protofilaments bending the
membrane. We used this system to test how GTP
hydrolysis by FtsZ is involved in Z-ring constriction.
Without GTP hydrolysis, Z rings could still assemble
and generate an initial constriction. However, the con-
striction quickly stopped, suggesting that Z rings
became rigidly stabilized in the absence of GTP
hydrolysis. We propose that remodelling of the Z ring,
mediated by GTP hydrolysis and exchange of sub-
units, is necessary for the continuous constriction.

Introduction

FtsZ, a tubulin homologue, is the major cell division mol-
ecule in most bacteria and many archaea (Vaughan et al.,
2004). FtsZ polymerizes into short one-stranded protofila-
ments in the presence of GTP, and these undergo a
constant disassembly and reassembly as long as GTP is
present. In vivo the protofilaments associate further to
make the Z ring, which is about 2–4 protofilaments thick
on average in several species. The protofilaments are
tethered to the cytoplasmic membrane through mem-

brane proteins FtsA and ZipA. This tether involves a
50-amino-acid (aa) flexible spacer on the C terminus of
FtsZ, tipped by a 17 aa highly conserved peptide that
binds to either FtsA or ZipA. See Erickson et al. (2010) for
a recent review of many aspects of FtsZ, and Adams and
Errington (2009) for a review of the regulating proteins
that interact with FtsZ.

We have recently reconstituted Z ring assembly in vitro
in a liposome system (Osawa et al., 2008). For this we
constructed a membrane targeted FtsZ (FtsZ–YFP–mts),
in which we replaced the 17 aa FtsA-binding peptide with
YFP followed by an amphipathic helix (mts = membrane
targeted sequence). FtsZ–YFP–mts protofilaments can
tether themselves directly to the membrane. We produced
multi-lamellar tubular liposomes, which were frequently
leaky to proteins (Osawa and Erickson, 2009). When
incorporated inside these tubular liposomes, FtsZ–YFP–
mts plus GTP assembled numerous Z rings and helical
variants. Moreover, the Z rings generated a constriction
force on the membrane. This demonstrates that FtsZ can
assemble Z rings and generate a constriction force
without any other cell division proteins.

Several possible mechanisms have been proposed for
how FtsZ might generate a constriction force, reviewed
and discussed in (Erickson, 2009). One postulates a con-
tinuous Z ring that encircles the cell, with overlapping
ends that form lateral bonds. If the overlapping ends could
slide, constriction would be favoured by increasing the
number of lateral bonds (Lan et al., 2009; Horger et al.,
2010). A very different mechanism is based on the obser-
vation that FtsZ protofilaments can adopt a curved con-
formation, and when tethered to the membrane they could
impose a bending force on the membrane (Lu and Erick-
son, 1999, Erickson, 1997, Erickson and Stoffler, 1996; Li
et al., 2007; Allard and Cytrynbaum, 2009).

We have previously reported that membrane targeted
FtsZ can deform liposomes in two directions. The results
are summarized in Fig. 1 (Osawa et al., 2008; 2009).
When FtsZ–YFP–mts was externally applied to large thin
(or unilamellar) spherical liposomes, it distributed as
patches that bent the membrane into concave depres-
sions (Fig. 1B). This bending direction is the same as the
Z ring constriction (Fig. 1A and D). Increasing the concen-
tration of FtsZ–YFP–mts caused liposomes to extrude
thin tubes, which appear to arise from the vertices
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between the concave depressions (Fig. 1C). (These tubes
have patches of protofilaments aligned parallel to the axis
of the tube. The curvature of these tubes is therefore
perpendicular to the bending direction of the protofila-
ments, and is probably due to a balance of geometrical
forces not yet understood.) The most important observa-
tion was that when FtsZ–YFP–mts was incorporated inside
multi-lamellar tubular liposomes, it assembled Z rings that
generated constriction force (Fig. 1D).

The opposite direction of bending was obtained by
switching the membrane attachment to the opposite side
of the FtsZ subunit (Osawa et al., 2009). The normal
C-terminal attachment is on the ‘front’ face of FtsZ, corre-
sponding to the outside of a microtubule. The N-terminus is
on the ‘back’ face, approximately 180 degrees away. When
the switched construct, mts–FtsZ–YFP, was applied to the
outside of spherical liposomes it produced convex protru-
sions (Fig. 1F), the opposite of the concave depressions
produced by FtsZ–YFP–mts. This is consistent with the
model that the constriction force is generated by a curved

conformation of FtsZ protofilaments, with the ‘front’ C-
terminal attachment on the outside of the curve. The
bending of the membrane depends on which side the mts
is attached to (Fig. 1A, B, E and F).

We have now extended these observations to show that
the N-terminal membrane-targeted FtsZ can also form
Z rings, but these wrap around the outside of tubular
liposomes. The constriction force generated by these Z
rings confirms the model that the force is generated by
curved protofilaments bending the membrane. These
inside-out Z rings are much easer to find than those inside
liposomes, and this has allowed us to explore the ability of
FtsZ to generate constriction forces with and without GTP
hydrolysis.

Results

Inside-out Z rings

In our previous study of mts–FtsZ–YFP (Osawa et al.,
2009) we first tested a construct that had a 1 aa insert

Fig. 1. Schematic summary of membrane deformation by FtsZ.
A. FtsZ–YFP–mts subunits assembled into a curved protofilament, with the C-terminal membrane tether on the outside of the curve.
B. FtsZ–YFP–mts applied to the outside of thin, spherical liposomes, generated concave depressions on the membrane surface.
C. Formation of thin phospholipid tubes. When the concentration of FtsZ–YFP–mts was more than 4 mM, many thin lipid tubes appeared.
These tubes were covered by FtsZ filaments which aligned parallel to the long axis of tubes. The curvature of these thin tubes in not easily
related to that of the bending protofilaments.
D. Z rings formed on the inside of a tubular liposome by FtsZ–YFP–mts. When FtsZ–YFP–mts was taken up by multi-lamellar tubular
liposomes, it formed Z rings that generated a constriction force.
E. The membrane tether of mts–FtsZ–YFP is switched to the N-terminal D10, which is on the opposite side of the subunit. This membrane
attachment is on the inside of the curved protofilament.
F. On thin spherical liposomes, it generates convex protrusions of the membrane surface.
G. The present study shows that when mts–FtsZ–YFP is applied to the outside of multi-lamellar tubular liposomes, it assembles inside-out Z
rings that wrap around the outside and generate a constriction force by squeezing.
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between the mts and the N-terminus of FtsZ. This gave
convex protrusions on the outside of spherical liposomes,
but produced no structures on tubular liposomes, either
inside or outside. We then tested a 43 aa insert (a
sequence predicted to be unstructured) and found that
it produced similar convex protrusions on spherical
liposomes. Only later did we test this 43 aa construct
with tubular liposomes. We found that it assembled abun-
dant Z rings wrapping around the outside of the lipo-
somes; when incorporated inside tubular liposomes no
structures were found. We later tested a 15 aa insert
(HMGAELTQASGTTSH) and found that it gave even
more rings on the outside (Fig. 2A). All the studies
reported here used the 15 aa insert. It should be noted
that the first 9 aa’s of the E. coli FtsZ are apparently
unstructured, so the actual link between the mts and the
globular domain of FtsZ is 24 aa’s, with a contour length

of 8.2 nm. We can therefore conclude that a flexible tether
of 10 aa’s between the globular domain of FtsZ and the
mts is sufficient to form convex protrusions on the outside
of spherical liposomes. A tether of 24 aa’s also supports
these patches of convex protrusions, and additionally
supports assembly of Z rings around the outside of tubular
liposomes.

Figure 2A shows an example of Z-rings assembled by
mts–FtsZ–YFP wrapping around the outside of tubular
liposomes. We call these ‘inside-out’ Z rings to distinguish
them from the normal Z rings on the inside of cells or
liposomes. It is important to keep in mind that the curva-
ture of the protofilaments is the same, and the term
‘inside-out’ refers to the site of tethering to the membrane,
as shown in Fig. 1A and E. The diameter of the inside-out
Z rings corresponds to the outer diameter of the thick-
walled multi-lamellar liposomes, placing them clearly on
the outside. They bear a striking resemblance to normal Z
rings, typically appearing as two bright dots on each side
of the Z ring (this is due to the extra brightness when
viewing the ring down the edges). In addition, the rings
frequently separate into short helical structures, seen
when one of the dots separates into two closely spaced
dots. Helical structures were especially prominent on
large diameter tubular liposomes (# in Fig. 2).

The tubular liposomes in Fig. 2A appeared to be
attached to the glass over most of their length. These
showed no movements of the liposome itself, and Z rings
on it showed restricted movements. However, we could
also find tubular liposomes that appeared to be attached
only at one or both ends, to either the glass or another
liposome. These showed movements of the whole lipo-
some around the attachment site, and importantly showed
rapid back and forth movements of the Z rings. This sug-
gests that the structure of Z ring is not highly discontinu-
ous, because fixing one part of the Z ring to the glass
surface arrests the movement of the whole ring. To see
the free movement of Z rings, we focused our studies on
these lightly tethered liposomes.

The inside-out Z rings generated constriction forces that
squeezed the liposomes in narrow zones. As shown in
Fig. 2B and Movie S1, liposomes initially had smooth
walls with Z rings scattered somewhat randomly. Over a
period of about ten min the Z-rings moved laterally over
the outer surface of tubular liposomes and coalesced into
clusters. As these clusters became denser they appeared
to constrict the liposome. Between these constrictions the
liposome developed prominent bulges. Once constric-
tions developed, the Z rings appeared trapped there and
remained concentrated (Fig. S1, Movie S2). This process
is very similar to the Z rings formed inside tubular lipo-
somes (Osawa et al., 2008).

New Z rings could be seen forming over the bulges
between the constrictions. They are conspicuous here

Fig. 2. Inside-out Z rings on tubular liposomes.
A. Tubular liposomes with typical inside-out Z rings. These
liposomes appeared to be attached to the glass slide along most of
their length, although most later images show liposomes that are
more lightly attached. The ‘#’ symbols indicate spiral structures.
The bottom panel shows the liposomes in DIC.
B. Inside-out Z rings constrict the tubular liposomes. The upper two
frames (fluorescence and DIC) were taken about 5 min after the
FtsZ was added to the liposomes, and show gentle constrictions.
The lower frames were 12 min later, and show deep constrictions.
Movie S1 shows the full 12 min period.
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because these bulges were mostly devoid of Z rings
(Fig. S1 and Movie S2). There appears to be two ways to
form a new Z ring. In one pathway the new Z ring appears
to initiate as a dot on one side of the tubular liposome
(Fig. S1, 238 s) and grow to the other side (Fig. S1,
245 s). It took less than 10 s for the Z ring to grow from the
initial dot to uniformly encircle the liposome. In the second
pathway a small filamentous fragment seemed to sepa-
rate from a mature Z ring (Fig. S1, 266–294 s).

In either case, the Z rings appear to form primarily at the
centre of the bulge where the liposome wall has minimal
slope. Once the Z ring has grown to partially or fully
surround the bulge, it may be stable enough to constrict
as it slides down the slope.

Z-ring assembly and constriction does not require
GTP hydrolysis

GTP hydrolysis appears to be unnecessary for Z-ring
assembly and cell division in vivo. This was originally
suggested from the FtsZ mutant D212G, which was deter-
mined to have less than 0.5% of the hydrolysis activity of
wild-type FtsZ (Trusca et al., 1998). We have confirmed
that the GTPase activity of D212G is 0.3% of wild-type
(D.E. Anderson and H.P.E., unpubl. results). However, this

mutation is not lethal, and cells can divide using only
FtsZ–D212G (Mukherjee et al., 2001; Dajkovic and
Lutkenhaus, 2006; Osawa and Erickson, 2006). We dis-
covered that these surviving cells need a suppressor
mutation somewhere in the genome (Osawa and Erick-
son, 2006), which has not yet been identified. Neverthe-
less, the surprising conclusion is that this GTPase-dead
mutant can assemble Z rings and function for cell division
in vivo (Mukherjee et al., 2001; Dajkovic and Lutkenhaus,
2006; Osawa and Erickson, 2006). The mutant FtsZ84,
which has only 10–30% of wild-type GTPase, functions
normally for division at the permissive temperature.
Another mutant, FtsZ(L68D), which hydrolyses GTP at
3% the rate of wild-type FtsZ, could complement the FtsZ
null strain (Redick et al., 2005). Although the colonies
grew very slowly, they probably did not require a suppres-
sor mutation. This suggests that GTP hydrolysis may not
be essential for cell division itself in vivo.

We have shown previously that GMPCPP, a slowly
hydrolysable GTP analogue [the hydrolysis rate is about
2% that of GTP for wild-type FtsZ (Sontag et al., 2009)],
can support assembly of Z rings inside tubular liposomes
(Osawa et al., 2008). In the present study we looked
for assembly of Z rings inside tubular liposomes
using FtsZ(D212G)–YFP–mts. Figure 3A shows a clear

Fig. 3. Z rings without GTP hydrolysis, inside and outside tubular liposomes.
A. GTPase dead FtsZ(D212G)–YFP–mts assembled Z rings inside tubular liposomes. FtsZ of 8 mM was mixed with liposomes and 1 mM GTP,
followed by the application of a coverslip. Z rings are located at constriction sites.
B. The mutant mts–FtsZ(D212G)–YFP (N-terminal mts), assembled inside-out Z rings on the outside of tubular liposomes. Again Z rings are
seen at sites of constriction.
C. Inside-out Z rings were assembled with 8 mM mts–FtsZ–YFP plus 1 mM GMPCPP. The inside-out Z rings were observed at sites of
constriction. The rings assembled in GMPCPP showed small rocking movements but were much more static than rings assembled in GTP
(Movie S3).
D. Another example of inside-out Z rings assembled from mts–FtsZ–YFP plus 1 mM GMPCPP. This liposome is densely coated with inside-out
Z rings at the top and bottom, but devoid of Z rings in the slightly bulged middle segment. The arrows indicate the appearance of new rings
(as small dots on one side of the bulge), which slide down to the narrower regions. Movie S4 shows the initiation of new Z rings more clearly.
Bars indicate 5 mm.
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example of a tubular liposome with Z rings assembled
inside; moreover the Z rings appear to be generating
prominent constrictions. We also created mts–
FtsZ(D212G)–YFP, and showed that this GTPase-dead
mutant assembled inside-out Z rings. Figure 3B shows
that these Z rings generated constrictions.

The experiments with Z rings inside liposomes were
technically difficult because Z rings inside liposomes,
without GTP hydrolysis, were very rare. To extend these
results we used the system of the inside-out Z rings,
which gives a much higher frequency of Z rings. We used
the wild-type mts–FtsZ–YFP with GMPCPP, which gave
essentially the same results as the GTPase-dead mutant
D212G but produced more Z rings on the tubular
liposomes. Figure 3C shows that this formed typical
inside-out Z rings with GMPCPP, and they generated
constrictions. The major difference compared with GTP
rings was that the GMPCPP rings were almost static.
Whereas GTP rings showed vigorous sliding movements
along the liposome, with new ones appearing on the bulge
and sliding toward the constrictions (Movies S1 and S2),
the GMPCPP rings rocked back and forth but showed
negligible lateral motion (Movie S3). For example, the
double ring at the far right in Movie S3 remained sepa-
rated at a distance of ~ 400 nm, and did not coalesce. The
double ring on the left started at the same separation, and
the rings then approached each other. However in the last
frame the upper dot appears to separate, as if this is still
two separate rings rocking back and forth.

Whereas inside-out Z rings in GTP are frequently seen
further constricting the liposome, we have not been able to
see GMPCPP rings in the act of further constricting the
membrane. When first found they mostly appear localized
at sites of constriction (Fig. 3C) but the constrictions were
never seen to advance. Figure 3D and Movie S4 show a
liposome with long segments of packed Z rings at the top
and bottom, separated by a gap. The packed Z rings
correspond to constricted segments, and the gap is a bulge
between them. One can occasionally see new Z rings
initiated (as a dot on one side, 252 and 254 s; newly formed
Z rings and helices are better seen in Movie S4), but they
are mostly too dim to see. However the gap is almost
completely filled in at 400 s showing that many new Z rings
have formed, slid down the bulge and piled up on the
constricted segments (Movie S4). This sliding toward the
smaller diameter involves a constriction of the Z ring, even
if it does not decrease the diameter of the membrane. This
sliding would be produced by the same constriction force,
but instead of constricting the membrane, a Z ring on a
sloping wall just slides to the smaller diameter.

The initiation of new Z rings in GMPCPP is seen much
better in Movie S5 (Fig. S2 shows isolated frames). These
persist as partial Z rings, with a dot on one side only, and
show restricted sliding toward the constrictions, perhaps

because this liposome is stuck to the glass. Over time the
bulges, initially devoid of Z rings, are mostly covered with
Z rings.

Subunit turnover in inside-out Z rings with and without
GTP hydrolysis.

We used FRAP (fluorescence recovery after photobleach-
ing) assays to determine the rate at which FtsZ subunits
are exchanging between inside-out Z rings and the
solution. With GTP the Z rings were exchanging subunits
rapidly, with a recovery half time of about 30 s (Fig. 4A). In
contrast, with GMPCPP there was no recovery over 9 min
(Fig. 4B). Both of these results are similar to our previous
study of subunit exchange of FtsZ–YFP–mts on tubular
projections on the outside of liposomes (Osawa et al.,
2009).

While existing Z rings showed no exchange in
GMPCPP, we did find that new Z rings could be initiated
and accumulate along the sides of the existing Z rings, as
shown in Fig. 3D and Movie S4. Figure 4C shows a
tubular liposome with a dense accumulation of Z rings on
its constricted ends, and a relatively bare bulge in the
middle. When this liposome was bleached entirely, the
dense FtsZ on the ends did not recover, but new FtsZ
began accumulating at the edges of the bare bulge. After
ten min the bare zone had narrowed considerably as the
newly initiated Z rings built up along the borders. The
newly initiated Z rings did not mix with the older
(bleached) Z rings at the constricted ends, but piled up

Fig. 4. Subunit exchange in inside-out Z rings with or without
GTP hydrolysis. FRAP assays of inside-out Z rings with GTP (A) or
GMPCPP (B and C). The bleached areas are indicated by a white
rectangle (A) or circles (B). The recovery half time was about 30 s
for (A); there was essentially no recovery during 9 min for (B). In
the case of (C), the whole area of the image was bleached. There
was no recovery over the constricted ends, but new Z rings piled
up adjacent to the constrictions. The first image of (C) is a DIC
image and the rest of them are fluorescence images.
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beside them to fill in the bare zone. This is essentially the
same scenario seen in Fig. 3D and Movie S4.

Discussion

We have demonstrated that FtsZ–YFP–mts forms Z rings
only on the inside of tubular liposomes (Osawa et al.,
2008), and mts–FtsZ–YFP forms structurally similar Z
rings only on the outside. The constriction force of the
normal inside Z rings pulls the concave membrane to a
smaller diameter, while the inside-out Z rings squeeze the
convex membrane into similar narrow constrictions. We
conclude that FtsZ filaments have a unidirectional curva-
ture, and constriction force is generated by bending the
membrane.

There are two possible reasons why mts–FtsZ–YFP
prefers to form Z rings on tubular liposomes instead of the
convex bulge previously described on spherical lipo-
somes (Osawa et al., 2009). First, the tubular liposomes
have thick, multi-lamellar walls, while the spherical lipo-
somes were selected for thin walls. The rigidity of the thick
wall may prevent the rising of convex protrusions.
Second, the geometry of the tubular liposome may be
essential to stabilize FtsZ filaments as the ring structure.
If a ring formed on a spherical liposome, constriction
would cause it to slide down the wall and collapse into a
patch. The cylindrical geometry traps the ring structure at
the site of constriction, or at most permits it to slide back
and forth without constriction.

FtsZ protofilaments have at least two curved conforma-
tions – highly curved (24 nm diameter) and intermediate
curved (200 nm diameter) (Erickson et al., 2010). The
highly curved conformation is linked to GTP hydrolysis
(Erickson 1997), although the linkage is not as straight-
forward as originally thought (Erickson et al., 2010). The
intermediate curvature can occur without GTP hydrolysis.
Our observation of Z-ring assembly and constriction in the
absence of GTP hydrolysis suggests that the intermediate
curved conformation may be the most important for force
generation, because this bent conformation definitely
does not require GTP hydrolysis (Erickson et al., 2010).

Z rings that are hydrolysing GTP show a constant turn-
over of subunits with a half time of 30 s, and these Z rings
have been visualized in the process of constricting the
membrane. Z rings assembled in GMPCPP are static, that
is, their subunits are not exchanging. These Z rings are
typically located at sites of constriction when first found, but
we have not found them progressing to smaller constric-
tions. This suggests that they generated a constriction as
they were initially forming, but once stabilized in a cluster
they are not able to constrict further. We have observed
that new Z rings that formed over a bulge were able to slide
down to the constriction (Movie S4), demonstrating that the
Z ring itself can constrict to a smaller diameter without GTP

hydrolysis. These new Z rings mostly appear to be incom-
plete, as indicated by a dot on only one side of the liposome
(Movie S4).

While the basic architectural unit of the Z ring seems to
be the short protofilament, annealing might be favoured
when protofilaments are concentrated in the Z ring (Surovt-
sev et al., 2008; Erickson et al., 2010). This would lead to a
long filament, and eventually a closed circle. This seems
inconsistent with fast subunit exchange rate in Z rings
(Stricker et al., 2002; Anderson et al., 2004), but we will
suggest below that the subunit exchange may be a mecha-
nism for creating gaps. Alternatively, the Z ring may be
assembled from shorter protofilaments associated by
lateral connections to form a ribbon a few protofilaments
wide. At least one example of apparent lateral association
has been seen by EM of sheets of protofilaments
assembled on the membrane of liposomes (Osawa et al.,
2009).

The observation that Z rings appear to arrest their con-
striction in the absence of GTP hydrolysis leads us to
speculate that Z rings can only constrict when they have a
gap. The Z ring illustrated in Fig. 5A can constrict until the
ends come together. In Fig. 5C the protofilaments have
formed closed circles, which block further constriction.
Figure 5B shows an intermediate case, where gaps in
different protofilaments may permit constriction if the
lateral connections between protofilaments are weak
enough to permit sliding. We suggest that in the absence of
GTP hydrolysis the newly formed Z rings can constrict as

Fig. 5. A model of the Z ring as three protofilaments in some kind
of loose lateral contact. The ring in (A) has a gap, and the bending
force of the protofilaments can constrict it until the gap is closed. In
(B) the gaps are at different locations on the three protofilaments.
This ring might also constrict if the lateral connections are loose
enough to permit sliding of protofilaments relative to each other. In
(C) the gaps have all closed, and this Z ring cannot constrict further
until subunit exchange opens new gaps.
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long as they have gaps, or perhaps as long as they have a
helical structure where the ends do not connect. Eventu-
ally, however, if the ends meet and seal, the closed circles
will block further constriction (Fig. 5C).

In the normal Z ring, hydrolysing GTP, there is constant
exchange of subunits, and this must generate openings in
the circle. (How subunits could dissociate from the middle
of a protofilament is a question for the future.) Once open,
the circle can constrict further until it closes again. The
exchange may produce gaps across the entire Z ring
(three protofilaments in Fig. 5A), or multiple gaps in indi-
vidual protofilaments (Fig. 5B). Little is known about the
possible lateral connections (Erickson et al., 2010), but
this mechanism would suggest that they are weak enough
to permit dissociation of subunits and also sliding of
protofilaments relative to each other. In the absence of
GTP hydrolysis the initial arcs can generate a constriction,
but once the circle is closed they cannot constrict further
(Fig. 5C). This model is consistent with several examples
showing constriction force generated by arcs of FtsZ in
mutant bacteria and cyanelles (Addinall and Lutkenhaus,
1996; Bendezu et al., 2009; Sato et al., 2009; reviewed in
Erickson et al., 2010).

How can the GTPase-dead mutant D212G function for
cell division in the suppressor strains (Mukherjee et al.,
2001; Dajkovic and Lutkenhaus, 2006; Osawa and Erick-
son, 2006)? One possibility is that Z-ring regulators in the
cell may contribute to subunit turnover, lateral contacts of
FtsZ filaments, membrane association of FtsZ filaments
and opening of the ring. Alternatively, the Z ring may only
need to generate a partial constriction, with division being
completed by growth of the cell wall, or by fluctuations of
excess membrane, as discussed elsewhere (Erickson
and Osawa, 2010).

Other proteins have been well established to generate
bending forces on membranes. (i) BAR domain proteins
are banana-shaped proteins that insert into the mem-
brane and form helical arrays that extrude membrane
tubules of 50–200 nm diameter (Frost et al., 2009).
Normal BAR domains wrap around the outside of the
tubules, like inside-out Z rings, while members of the
inverse-BAR family constrict membrane tubules from the
inside. BAR domains do not hydrolyse nucleotides and
their membrane bending activity apparently operates
through their rigid curvature and reversible binding to
membranes. (ii) Dynamin forms helical rings around the
neck of invaginating vesicles, and scissions the neck to
release the vesicle (Pawlowski, 2010). Although dynamin
is a GTPase, GTP hydrolysis is not needed for it to wrap
around the membrane and squeeze it into tubules.
Hydrolysis is needed for the final scission event, in par-
ticular by driving disassembly of the dynamin helix. (iii)
The multi-protein ESCRT-III system mediates a variety of
membrane budding events. Its operation was spectacu-

larly demonstrated by an in vitro reconstitution with lipo-
somes (Wollert et al., 2009). When the proteins were
added to the outside of giant unilamellar vesicles, they
caused small membrane vesicles to invaginate to the
inside, and eventually pinch off. This is similar to the
concave depressions formed by FtsZ–YFP–mts on the
outside of spherical liposomes, which occasionally led to
vesicle invagination (Osawa et al., 2009). ATP hydrolysis
was not needed for one round of vesicle invagination,
but permitted new rounds, apparently by disassembling
membrane-bound complexes. A particular interest of
ESCRT-III is that a homologue of this eukaryotic system is
used for cell division in crenarchaea, which do not have
FtsZ (Lindas et al., 2008; Samson et al., 2008).

In light of these systems, it is perhaps not surprising
that FtsZ can constrict membranes and function for cell
division without GTP hydrolysis. The constriction force is
generated by the relatively rigid protofilaments striving
to achieve their curved conformation. The role of GTP
hydrolysis may be to recycle subunits, which would serve
two purposes. First, the constant remodelling may allow
the Z ring to stay optimally positioned and structured.
Second, the gaps generated by remodelling would
prevent the Z ring from forming a closed circle, which
cannot constrict. We suggest that the active constriction
force may be generated by the resulting open arcs, rather
than closed circles.

Experimental procedure

Reconstitution of inside-out Z rings on tubular liposomes

FtsZ–YFP–mts (C terminal membrane targeted FtsZ) and
mts–FtsZ–YFP (N-terminal membrane targeted FtsZ) were
expressed from pET11b vector in an E. coli strain C41
(Miroux and Walker, 1996), which is derived from BL21.
Detailed procedures of the protein expression and purifica-
tion were previously described (Osawa and Erickson, 2009).
The linker sequence of mts–FtsZ–YFP between mts and FtsZ
in this study is HMGAELTQASGTTSH, which is predicted to
be unstructured. The liposome preparation was also the
same as described before (Osawa and Erickson, 2009).
Briefly, a mixture of egg lecithin (Avanti) and DOPG {1,2-
dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (Avanti)} at
an 8-to-2 ratio was dried on the Teflon disk and was rehy-
drated with HMKCG buffer [50 mM HEPES/KOH, pH 7.7,
5 mM MgAc, 300 mM KAc, 50 mM KCl 10% (v/v) glycerol] for
12 hrs at 37°C. The thick-walled multi-lamellar liposomes
were floated off the Teflon disk after gentle agitation. These
multi-lamellar liposomes went to the surface of the HMKCG
solution after several hours and were collected from there. To
reconstitute Z rings inside or outside of tubular liposomes, we
mixed the multi-lamellar liposomes with 1–2 mM GTP and
6–12 mM of the appropriate membrane-targeted FtsZ. When
5–10 ml of the mixture was spread in the narrow space
between the slide and coverslip, some multi-lamellar lipo-
somes turned into a tubular shape, probably due to shear
forces as a result of the rapid spreading of solution.
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In our previous study of FtsZ on the outside of liposomes,
we focused on spherical liposomes, which showed either
concave depressions or convex protrusions, depending on
the orientation of the tether (Osawa et al., 2009). These
membrane-bending events were seen best on thinner-walled
liposomes, which were obtained in 100 mM KAc. The tubular
liposomes studied here were best obtained from thicker-
walled multi-lamellar vesicles, which are produced in 350 mM
KAc.

Microscopy

Differential interference contrast and fluorescence images of
liposomes were obtained with a Leica microscope DMI4000B
with a 100¥ lens (NA 1.4) and a CCD camera (CoolSNAP
HQ2, Roper). The YFP signal was captured through a YFP
filter cube (BP500/20 515 BP535/30). Some images were
obtained with a Zeiss Axiophot microscope with 100¥ lens
(NA 1.3) and a CCD camera (CoolSNAP HQ, Roper). A Zeiss
LSM Live DuoScan confocal microscope with a dedicated
bleaching laser was used for the FRAP assay in Fig. 4A and
B. In the case of Fig. 4C, we used a Leica microscope
DMI4000B and globally bleached the YFP fluorescence by
illumination with intensified YFP excitation light through the
BP500/20 filter for 20 s.
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Supporting Information 
Fig. S1 The formation of new Z rings.  Frame 238 s shows a Z ring in the process of 
formation, indicated by a dot on the bottom side.  By 245 s this has grown into a 
complete ring, with a dot on both the bottom and top. Frame 266 s shows a Z ring which 
starts forming a helix.  By 294 s the helix has completely separated and formed a new Z 
ring.  Time 0 was 10 min after mixing FtsZ and liposomes. Supporting Information 
Movie S2 shows the full time period. 
 
Fig. S2 Inside-out Z rings assembled in GMPCPP.  In this example there are more empty 
spaces, and especially at later times the Z rings are more separated.  There is less 
movement of Z rings toward constrictions, probably because this liposome is stuck to the 
glass along its whole length.  One can find several examples where a new Z ring is 
initiated as a dot on one side, persisting tens of seconds before reaching the other side.  
The contrast was changed between 0 and 4 min and between 7 and 12 min. Supporting 
Information Movie 5 is very informative in showing newly initiated arcs and their growth 
into rings. Bars indicate 10 µm. 
 
Movie S1. Inside-out Z rings constrict the tubular liposomes.  This movie corresponds to 
Fig. 2b.   It started at 10 min after the reaction was initiated.  Interval is 2 s.  The time 
indicates min:s in all movies. 
 
Movie S2. Dynamics (formation) of inside- out Z rings on tubular liposomes.   This 
movie corresponds to Fig. S1.  It started at 10 min after the reaction was initiated.  
Interval is 7 s.  
 
Movie S3.  Static Z rings inside tubular liposomes, without GTP hydrolysis.  This movie 
corresponds to Fig. 3c.  It started at 10 min after the reaction was initiated.  Interval is 7 s.  
 
Movie S4.  Z ring formation inside tubular liposomes, without GTP hydrolysis.  This 
movie corresponds to Fig. 3d.  It started at 10 min after the reaction was initiated.  
Interval is 2 s.  
 
Movie S5.  Inside-out Z ring formation in GMPCPP.  This movie corresponds to Fig. S2.  
It started 30 min after the reaction was initiated.  Interval is 2 s.  This is a very 
informative series where the initiation of new Z rings happens relatively slowly.  This 
liposome appears to be stuck to the glass along most of its length, and this seems to retard 
the closure of the Z ring.  One can see several examples where a Z ring is initiated as a 
dot on only one side of the liposome, and does not appear as a dot on the other side for 
tens of seconds.  Initially the two dots may oscillate back and forth from each other 
suggesting that they are connected by a single helical strand, perhaps across the top of the 
liposome.  Some show a wide helical structure with two dots on one side and one dot 
between them on the other.  Eventually most of these partial Z rings appear to close, 
showing two dots of relatively equal intensity on both sides, and with much more 



 2 

restricted lateral excursions.  This suggested that the Z rings are able to grow around the 
liposome where it is attached to the glass, but growth there is slowed, leaving partial Z 
rings to persist for a longer time.  
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