












the front of the globular FtsZ domain, corresponding to the

outside of a microtubule. When the tether is switched to

the N-terminus it is anchored to the back, approximately

180 degrees away. To explain the concave and convex

bending of the membrane, we propose that the FtsZ proto-

filament has a preferential bend, with the C-terminal tether

attachment on the convex side (Figure 6A). If the mts

extends from the convex side of the protofilament, it will

generate a concave depression in the membrane, and if

it extends from the concave side of the protofilament it

will generate a convex protrusion (Figure 6B). An implicit

assumption is that the tether–mts binds the membrane on

the face to which it is anchored, rather than looping around

the protofilament.

There is now evidence for at least two curved conforma-

tions of FtsZ protofilaments, discussed in more detail by

Erickson (2009). A highly curved conformation with a

22-degree bend between subunits produces mini-rings on

cationic lipid monolayers and helical tubes in DEAE dextran,

both measuring B24 nm in outside diameter. An intermedi-

ate curved conformation with a 2.5-degree bend produces a

circular form of B200 nm in diameter. The concave depres-

sions and convex protrusions of the membranes are on the

order of 1000 nm in diameter. This is similar to the diameter

of an undivided bacterium, and much less curved than either

curved protofilament conformation. We therefore suggest

that, in the liposome system, the protofilaments are only

able to bend the membranes a fraction of the way towards

their preferred curvature. (We also note that the relation

of these curved conformations to GTP hydrolysis is more

complex than the earlier proposal, and is not yet understood;

Erickson, 2009.)

One problem raised by the curved protofilament model

in Figure 6 is that its direction of curvature is opposite of

what we expect by analogy to tubulin rings. Tubulin rings are

curved perpendicular to the wall of the microtubule, leaving

the outside, kinesin-binding face of the microtubule on the

inside of the ring (Wang and Nogales, 2005; Moores and

Milligan, 2008; Tan et al, 2008). In order for FtsZ-mts to make

concave depressions on the membrane, we had to put the

corresponding face on the outside of the ring (Figure 6A).

One possibility is that the membrane bending is not produced

by the highly curved, mini-ring conformation, but by the

intermediate curved conformation. We have no information

about the direction of this curvature, and it could be in the

opposite direction to the highly curved.

Another consideration is the structure of the supposedly

flexible tether linking the globular domains to the membrane.

A tether of 50 aa’s would be 17 nm long if fully extended.

It would seem that a flexible tether this long would easily

permit the protofilament to roll over on its side and bend in

the plane of the membrane, without generating any bending

force on the membrane. However, a chain of unstructured

aa’s behaves as a worm-like chain and tends to collapse on

itself. The average end-to-end length of a 50-aa peptide is

B4 nm (Ohashi et al, 2007). The worm-like chain will behave

as an entropic spring that will generate a force if its ends

are extended. Bustamante et al (1994) provide a formula

that calculates a force of 10 pN to be needed to stretch

the end-to-end distance to one-half of its contour length

(a persistence length 0.5 nm was used for this calculation).

Lan et al (2007) estimated that a force of B8 pN would be

needed to divide cells. The force of this entropic spring is

similar in magnitude and may be sufficient to keep the front

face of the protofilament facing the membrane.

The concave depressions and the convex bulges are

incomplete arcs of membrane, which provides another

argument that the force is generated by bending proto-

filaments. Mechanisms where contraction is produced by

sliding of protofilaments (Horger et al, 2008; Lan et al,

2009) would not be able to generate concavities, since the

filaments are only tethered to the fluid bilayer and would be

free to slide without generating force.

The concave depressions are the first membrane distor-

tions formed, and in most conditions they are followed by

tubules extruding from the vertices of the concavities. The

extrusion of tubules is probably related to the bending that

forms concave depressions, but the mechanism is not yet

clear. Our preliminary assumption is that the vertices of the

concavities are surrounded by FtsZ protofilaments or sheets

aligned parallel to the axis of the initial tubule, all trying

to bend the membrane outward. However, because they are

balanced on all sides, the net result may be to pull membrane

from the liposome into the growing tubule. We should note

also that FtsZ with the mts on the N-terminus also produced

tubules, but much fewer than with the C-terminal mts (data

not shown). It is not clear how tubulation could be generated

by bending forces in these opposite directions.

We now have two in vitro reconstitution systems for

investigating how FtsZ interacts with the membrane and

generates force on it. The Z rings inside tubular liposomes

appear to be an excellent mimic of the Z rings in bacterial

cells, but so far they are only found in multi-lamellar tubular

liposomes, which are not frequent. The concave depressions

and tubulation reaction are much easier to achieve, and the

majority of liposomes on the slide show the same response.

This system has already provided new evidence that proto-

filament bending is the basis of the constriction force. It will

be a new tool to explore the mechanisms of Z-ring assembly

and force generation.

Materials and methods

Expression and purification of membrane-targeted FtsZ
FtsZ-YFP-mts is a chimeric protein composed of FtsZ truncated
after aa 366 (eliminating the FtsA-binding peptide), followed
by YFP (Venus; Nagai et al, 2002) and a mts, the amphipathic
helix from E. coli MinD. The mts we used included aa’s 255–270
(IEEEKKGFLKRLFGG, although the actual amphipathic helix
includes aa’s 261–268; Szeto et al, 2003). FtsZ-YFP-mts and
FtsZ-mts (without YFP) were initially constructed in plasmid pJSB2
(Redick et al, 2005) by conventional recombination techniques.
To obtain protein for in vitro studies, we used PCR to transfer
these constructs to the pET11b expression vector (Invitrogen),
at the NdeI/BamHI sites. The final amino-acid sequences are FtsZ
(1–366)—pprpaggr—YFP—ggr—mts for FtsZ-YFP-mts and FtsZ
(1–366)—pprpaggr—mts for FtsZ-mts, where the lowercase
indicates aa’s added in cloning. We also fused the mts to the
N-terminus of FtsZ-YFP (mts-FtsZ-YFP). To create the mts-FtsZ-YFP,
first FtsZ-YFP was cloned into pET15b at the NdeI/BamHI sites,
which fused a His tag to the N-terminus. Then mts was substituted
for the His tag region using the NcoI/NdeI sites. We made two kinds
of mts-FtsZ-YFP. One has a single aa (His) and another has a 43-aa
insertion between the mts and FtsZ. The final sequence is mggr—
mts—hmtsgatglgefgthmtsgatglgefgthmtsgatglgefgth (or just h for
the 1-aa insertion)—FtsZ—gst—YFP for the 43-aa insertion. The
expression vectors were transformed into in E. coli strain C41
(Miroux and Walker, 1996) and protein expression was induced
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at 201C by addition of 0.5 mM IPTG. FtsZ-mts was a relatively
well-behaved expression protein that was recovered mostly in
the soluble fraction from the lysed bacteria. It was purified
by precipitation with 30% saturated ammonium sulphate and
chromatography on a Source Q (GE Healthcare) column. The
purified protein was dialysed into HMK350 buffer (50 mM HEPES/
KOH, pH 7.7, 5 mM MgAc, 350 mM KAc) and stored at �801C. Some
experiments used HMK100, in which KAc was 100 mM.

For the experiments reported here, FtsZ-YFP-mts was prepared
by denaturation in guanidine–HCl and renaturation, as described
previously (Osawa et al, 2008). We used the more complex
renaturation protocol because an early preparation of soluble
native protein had no activity. However, we have recently found
that the native FtsZ-YFP-mts, purified as described above for
FtsZ-mts, had full activity and was indistinguishable from renatured
FtsZ-YFP-mts in both Z-ring formation inside tubular liposomes
and in the liposome tubulation assay. We now prefer the native
preparation for its simplicity and high yield.

Renatured FtsZ-YFP-mts is sensitive to buffer conditions. For
tubulation experiments, protein in column buffer was diluted 10�
or more into HMK100/350. Dialysing renatured FtsZ-YFP-mts into
HMK350 led to aggregation of the protein and loss of activity.
We later found that this could be avoided if we kept 10% glycerol
and 50 mM chloride in the dialysis buffer. We now use HMKCG
buffer (50 mM HEPES/KOH, pH 7.7, 5 mM MgAc, 300 mM KAc,
50 mM KCl, 10% glycerol) for dialysis or long-term experiments.
This precaution was needed for the renatured FtsZ-YFP-mts, but
seems not necessary for native FtsZ-YFP-mts, FtsZ-mts or FtsZ.
Once diluted into HMK350, however, the tubulation activity of
renatured FtsZ-YFP-mts was stable for at least 24 h. For short term
experiments, we used HMK100/350.

Liposome preparation
DOPG, egg PC and E. coli Polar Lipid Extract were purchased from
Avanti. For some experiments, large multi-lamellar vesicles were
prepared from a mixture of DOPG and PC at a 20:80 ratio (w/w).
The lipids were dissolved in methanol, dried in a 1.5-ml Eppendorf
tube and resuspended in water at 10 mg/ml by vigorous vortexing.
A 250-ml volume of this suspension was placed in the form of many
small (5ml) drops on a 3.7-cm diameter Teflon disc. The drops were
completely dried by air current and then hydrated by putting the
disc in a small beaker and covering with 5 ml HMK100/350 buffer or
HMKCG. Large liposomes (B5mm diameter) were formed during
incubation at 371C for 6 h. We collected the white, cloudy solu-
tion near the disk, which had the most concentrated liposomes.

The liposomes prepared with HMK100 were usually diluted 1/10.
Multi-lamellar liposomes prepared with HMK350 were at a lower
concentration and were not diluted. For a typical tubulation
experiment, 4 mM FtsZ-YFP-mts and 400 mM GTP were added to
the liposome suspension in HMK100/350 or HMKCG.

Alternatively, small unilamellar liposomes were prepared using
a membrane extruder (Avanti; Higgins and McMahon, 2005)
equipped with a polycarbonate filter (Whatman, pore size 0.8mm).
A 10 mg/ml suspension of lipid in HMK350 was processed with the
extruder and was later diluted before use. This method was used for
all experiments where the lipid was quantitated.

Light microscopy
A Zeiss Axiophot with � 100 magnification and 1.3 NA objective
was used for differential interference contrast and fluorescence
microscopy. A filter cube optimized for YFP was used for fluorescence
microscopy. Images were acquired with a Coolsnap HQ charge-
coupled device camera (Roper Scientific). Liposomes were observed
after applying a coverslip to a small drop of the suspension.

FRAP assay
FRAP assays were performed with a Zeiss LSM Live DuoScan
confocal microscope with a dedicated bleaching laser. The data
were converted to stacked TIFF files using ImageJ (NIH) and
fluorescence intensities in the specific areas were analysed with
Metamorph (Molecular Devices). Each recovery curve was fitted
to a single-exponential equation and recovery half-times were deter-
mined as previously described (Anderson et al, 2004).

Electron microscopy
Tubulating liposomes with FtsZ-YFP-mts were observed by conven-
tional negative staining methods. A 10-ml volume of reaction
mixture was applied to a carbon-coated grid and stained with two
drops of 2% aqueous uranyl acetate. Images were recorded photo-
graphically at a magnification of � 50 000.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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