Jruinof edshydoig

/10T ‘L[ JQCIO]Z)O 000—000 SQSE(I Q JQqLUnN c11 QUJHIOA

Volumell3

Biophysical .
Journal o

The Premier Journal of Quantitative Biology

f

Biophysical Society

BPJ_113_8.cLindd 1

Published by Cell Press
for the Biophysical Society

29-09-2017 03:47:23



f

Biophysical Journal
physical / Biophysical Society

Self-Organization of FtsZ Polymers in Solution
Reveals Spacer Role of the Disordered C-Terminal
Tail

Sonia Huecas,' Emey Ramirez-Aportela,” Albert Vergoids,' Rafael Nufiez-Ramirez,’ Oscar Llorca, "
J. Fernando Diaz,' David Juan-Rodriguez,’ Maria A. Oliva,' Patricia Castellen,”* and José M. Andreu’:

Centro de Investigaciones Bioldgicas and ?Instituto de Quimica Fisica Rocasolano, CSIC, Madrid, Spain; *Spanish National Cancer
Research Center, CNIO, Madrid, Spain; and “Department of Chemistry, State University of Ponta Grossa, Parana, Brazil

ABSTRACT FtsZ is a self-assembling GTPase that forms, below the inner membrane, the mid-cell Z-ring guiding bacterial di-
vision. FtsZ monomers polymerize head to tail forming tubulin-like dynamic protofilaments, whose organization in the Z-ring is an
unresolved problem. Rather than forming a well-defined structure, FtsZ protofilaments laterally associate in vitro into polymor-
phic condensates typically imaged on surfaces. We describe here nanoscale self-organizing properties of FtsZ assemblies in
solution that underlie Z-ring assembly, employing time-resolved x-ray scattering and cryo-electron microscopy. We find that
FtsZ forms bundles made of loosely bound filaments of variable length and curvature. Individual FtsZ protofilaments further
bend upon nucleotide hydrolysis, highlighted by the observation of some large circular structures with 2.5-5° curvature angles
between subunits, followed by disassembly end-products consisting of highly curved oligomers and 16-subunit —220 A diameter
mini-rings, here observed by cryo-electron microscopy. Neighbor FtsZ filaments in bundles are laterally spaced 70 A, leaving a
gap in between. In contrast, close contact between filament core structures (~50 A spacing) is observed in straight polymers of
FtsZ constructs lacking the C-terminal tail, which is known to provide a flexible tether essential for FtsZ functions in cell division.
Changing the length of the intrinsically disordered C-tail linker modifies the interfilament spacing. We propose that the linker pre-
vents dynamic FtsZ protofilaments in bundles from sticking to one another, holding them apart at a distance similar to the lateral
spacing observed by electron cryotomography in several bacteria and liposomes. According to this model, weak interactions
between curved polar FtsZ protofilaments through their the C-tails may facilitate the coherent treadmilling dynamics of mem-
brane-associated FtsZ bundles in reconstituted systems, as well as the recently discovered movement of FtsZ clusters around
bacterial Z-rings that is powered by GTP hydrolysis and guides correct septal cell wall synthesis and cell division.

INTRODUCTION

FtsZ is a tubulin-like polymerizing GTPase that directs the
cell division machinery in most bacteria. FtsZ forms the
mid-cell Z-ring (1), which is attached to the inner side of
the plasma membrane by tethering proteins including the
conserved actinlike FtsA. The Z-ring serves as a dynamic
scaffold that recruits the other divisomal proteins, including
cell wall synthesis and remodeling enzymes, and regulates
peptidoglycan metabolism. The Z-ring constricts during
cell division and contractile FtsZ rings have been reconsti-
tuted on liposomes. However, more substantial constriction
force appears to be provided by septal peptidoglycan syn-
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thesis in Escherichia coli, where the divisome is a multilay-
ered protein network, and FtsZ disassembles from the
division site before compartmentalization (2-5).

The nanoscale organization of the Z-ring in different bac-
teria has been studied with superresolution (SR) microscopy
methods (6—13) and with polarized fluorescence microscopy
(14) employing FtsZ-fluorescent protein fusions. These
studies support a discontinuous Z-ring made of loosely asso-
ciated, disordered FtsZ clusters. On the other hand, electron
cryotomography studies have identified a few FtsZ filaments
(15) or a continuous small band of filaments one-FtsZ-mole-
cule wide (16) that are 150 = 20 A below the plasma mem-
brane. FtsZ filaments were 93 A (15)or78 A (16) apart from
each other (center to center distance) in Caulobacter cres-
centus (Cc) and at 68 A in E. coli (Ec) cells. Filaments
were laterally spaced 78 A, on average, in reconstituted
rings made of Thermotoga maritima (Tm) FtsZ and FtsA
in liposomes (16).
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Circular assemblies of FtsZ filaments flexibly attached to
model membranes have been observed in several in vitro
reconstituted systems. Contractile rings in liposomes
(17,18) and protofilament ribbons on membrane tubules
(19) were assembled from EcFtsZ fused with a fluorescent
protein and a membrane-targeting sequence (FtsZ-Mts).
Polymers of FtsZ-Mts were preferentially oriented at an-
gles dependent on the curvature of supported membranes
(20). TmFtsZ and TmFtsA filaments formed spirals,
continuous rings, and domes inside liposomes, and the
rings in liposome constrictions were 300-900 A in diam-
eter; this electron cryo-tomography study (16) favored a
mechanism for membrane constriction involving FtsZ fila-
ment condensation and sliding (21). Strikingly, EcFtsZ
filaments attached via EcFtsA to flat membranes at a
high-protein density, self-organized, forming directionally
moving bundles and ~1.2-um-diameter vortices that ex-
hibited chiral rotation. Single filaments were observed at
low protein density. Filament head-to-tail polymerization
(treadmilling) and fragmentation, but no sliding, was
observed in these experiments in which single FtsZ mole-
cules were stationary (22), supporting an FtsZ polymer re-
cycling mechanism for Z-ring constriction (15). It has been
recently shown that FtsZ-Mts can also form 1 um chiral
vortices powered by GTP without FtsA, indicating that
the dynamic self-organization observed is an intrinsic
property of FtsZ polymers when supplemented with a
reversible membrane anchor (23).

Numerous physical models for the Z-ring have been pro-
posed in which opposing mechanisms were considered,
such as constriction involving filament bending upon GTP
hydrolysis, or filament sliding or filament recycling dy-
namics (24). Highly curved FtsZ filaments were observed
to form negatively stained mini-rings made of 16 subunits,
but an intermediately curved conformation was hypothe-
sized to generate constriction force (25). However, most
microscopy images of FtsZ circular assemblies were previ-
ously obtained from FtsZ adsorbed to lipid, carbon, or mica
surfaces, which may modify the filaments curvature with
respect to FtsZ filaments in solution or flexibly attached to
a membrane.

The FtsZ structure consists of two tubulin-like (N-termi-
nal) GTP-binding and GTPase-activating domains (26) fol-
lowed by a flexible C-terminal region of variable length
depending on the bacterial species. FtsZ monomers
assemble head to tail forming single-stranded protofila-
ments, in which the GTPase site is completed at a tight sub-
unit-subunit interface, represented by the crystal structure of
Staphylococcus aureus (Sa) FtsZ filaments (27,28). The
GTP v-phosphate and a coordinated Mg”" ions are key to
holding this longitudinal interface closed (29). GTP hydro-
lysis to GDP loosens the FtsZ-FtsZ interface, possibly by a
hinge-opening mechanism (29,30) and triggers disassembly,
which can be followed by monomers spontaneously reload-
ing with GTP. The monomers association is allosterically
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coupled to a structural change within each monomer.
Thus, single-stranded FtsZ filaments assemble coopera-
tively, involving monomers switching between low- and
high-association affinity conformations (31), in which the
side cleft between the protein domains is respectively closed
or open (27,29,32,33). This structural switch explains tread-
milling dynamics of FtsZ filaments (33). The antibacterial
inhibitor PC190723 (34) stabilizes FtsZ filaments (35) by
binding into the open cleft (27).

The flexible C-terminal tail, which is missing from FtsZ
crystal structures, is essential for FtsZ function. It consists
of a C-terminal linker (CTL) of variable length followed
by an 11-residue conserved sequence (CTC) and short C-ter-
minal variable sequences (CTV). The FtsZ CTC sequence is
essential for membrane tethering through FtsA and ZipA
and it is also a hub for interaction with modulatory proteins
(36). The six-residue basic CTV end of Bacillus subtilis FtsZ.
(BsFtsZ) ensures efficient division and mediates lateral elec-
trostatic interactions between filaments in bundles, whereas
the four-residue EcFtsZ CTV does not promote bundling
(36). The intrinsically disordered CTL linker is a noncon-
served peptide of quite variable length that functions as a
flexible tether between FtsZ filaments for proper assembly,
for interaction with cytoplasmic modulatory proteins, and
for membrane attachment (37), thus playing a critical role
in bacterial division (38). Moreover, the CTL is required
to guide robust cell wall cross-linking during division of
C. crescentus (39).

We have analyzed the low-resolution structures of FtsZ
polymers in solution, employing time-resolved small angle
x-ray scattering (SAXS), molecular models, and cryo-elec-
tron microscopy (cryo-EM); we used FtsZs from different
organisms under varying solution conditions. We have
found that 1) FtsZ forms loose bundles of protofilaments
of variable length and intrinsic curvature in solution, 2)
the disordered C-terminal tail provides a flexible ~70 A
spacer between FtsZ protofilaments in bundles, and 3)
FtsZ protofilaments bend upon GTP hydrolysis in solution
and form rings without requiring a support. These results
provide insight into the self-organizing properties of FtsZ
assemblies relevant for the organization and dynamics of
the Z-ring.

MATERIALS AND METHODS

FtsZ proteins and constructs (Table S1), purification, polymerization,
biochemical methods, SAXS experiments, FtsZ single filaments and bundle
SAXS models, and cryo-EM, are described in the Supporting Material.
Experimental conditions are as follows: BsFtsZ was assembled in 50 mM
Tris-HCI, 50 mM KCI, | mM EDTA pH 7.4, 25°C (Tris 50 buffer), with
10 mM MgCl, and 0.1 mM GMPCPP or | mM GTP. EcFtsZ assembly
was in 25 mM PIPES/KOH, 250 mM KCI, 1 mM EDTA, pH 7.5, 25°C
(PIPES 250 buffer), or in Tris 50 buffer for comparison, with 10 mM
MgCl, and 0.1 mM GMPCPP or 1 mM GTP, or a GTP regenerating system.
FtsZ from Methanocaldococcus jannaschii (MjFtsZ) assembled in 50 mM
Mes/KOH, 50 mM KCI, 1 mM EDTA, pH 6.5, 55°C (Mes50 buffer) with
10 mM MgCl, and 0.2 mM GMPCPP or 4 mM GTP.



RESULTS
X-ray solution scattering by BsFtsZ monomers

We first analyzed SAXS by BsFtsZ subunits as a reference
state for FtsZ polymers. BsFtsZ remains monomeric at rela-
tively high concentrations in the absence of magnesium
(40), unlike oligomer forming EcFtsZ (41) and MjFtsZ
(42). BsFtsZ behaved as a nonisometric particle with radius
of gyration Rg = 32.1 = 1.0 A and a maximal dimension
Dy ~ 120 A (Fig. 1 A, solid circles and lines). These
values are larger than calculated from the crystal structure
of the BsFtsZ globular core (Fig. 1 A, inset), which lacks
the first 11 N-terminal and last 67 C-terminal residues,
including the 51-residue intrinsically disordered linker
(36,37). An Rg value of ~20 A would be predicted for the
linker itself (43). Therefore, we mainly attributed the excess
scattering dimensions of BsFtsZ over the core crystal struc-
ture to the disordered C-terminal tail. This was supported by
SAXS measurements of tag-BsFtsZ-ACt, a construct lack-
ing the 67-residue C-terminal tail (GSHMAS-BsFtsZ
(1-315), with the 6 N-terminal extra residues remaining
from the affinity tag; Fig. 1 A, shaded circles and lines),
which gave reduced values of Rg = 249 + 1.3 A and
Dinax ~ 85 A. Sedimentation velocity analysis under iden-
tical solution conditions indicated hydrodynamic particles
with similar sy, values, 3.0 S (tag-BsFtsZ-ACt) and
3.2 S (BsFtsZ) corresponding to FtsZ monomers (40,41),
in which the excess mass of the full-length protein is in
good part compensated by the increased friction of the
disordered C-tail (Fig. 1 B).

Time-resolved x-ray scattering by BsFtsZ
polymers

We measured time-resolved SAXS by steady state and dis-
assembling BsFtsZ polymers, to determine their collective
structural features. BsFtsZ monomers assemble into fila-
mentous polymers upon addition of magnesium and guano-
sine triphosphate nucleotide, which is then hydrolyzed; this
is followed by polymer disassembly upon nucleotide
consumption (35). BsFtsZ (50 uM) assembled with GTP
has a steep lower angle scattering zone (¢ = 0.01 to
~0.02 A~"; central scattering), indicative of large polymers,
and a maximum at ¢ = 0.09 A corresponding to a dis-
tance d = 70 A in real space (d = 2m/q), hypothetically
arising from the lateral spacing between neighbor protofila-
ments in polymers (Fig. 2 A). We were initially surprised by
the smooth scattering profile above 0.10 Al lacking a clear
maximum at g = 0.14 A~!, which we expected from the
44 A spacing of monomers along FtsZ protofilaments
(27,35,44). In comparison, steady-state BsFtsZ polymers
assembled with the slowly hydrolysable analog GMPCPP
have a more marked 0.09 A~! maximum and an additional
low angle maximum at 0.05 Al corresponding to a spacing

FtsZ Polymers by SAXS and Cryo-EM

FIGURE 1 SAXS by monomers of full-length and truncated BsFtsZ. (A)
Given here are SAXS profiles of 50 uM BsFtsZ (solid circles) and BsFtsZ-
ACt lacking the disordered C-terminal tail (shaded circles), in Tris 50 buffer
with 1 mM GDP at 25°C. The lines are the respective regularized GNOM
fits. The R values were: BsFtsZ, 32.5 + 0.5 A (GNOM) and 31.8 + 1.3 A
(Guinier plot); tag-BsFtsZ-ACt, 25.1 + 0.1 A (GNOM) and 24.7 = 1.8 A
(Guinier). The inset shows the pair distribution functions of BsFtsZ (solid
line), tag-BsFtsZACt (shaded line), and the theoretical curve calculated
from the crystal structure of BsFtsZ lacking the first 11 and last 67 residues
(dashed line; PDB: 2VXY; Rg = 20.5 A, Dax = 60 A). (B) Given here are
sedimentation coefficient distributions of BsFtsZ (solid line) and tag-
BsFtsZ-ACt (shaded line) under identical conditions to SAXS determined
by analytical ultracentrifugation and SEDFIT processing (see Materials
and Methods). BSFtsZ: 559 = 3.2 S, estimated flfi,in =1.4, Mr ~ 44,600
(theoretical, 40,400) from the SEDFIT sedimentation-diffusion analysis.
tag-BsFtsZ-ACt: 559 = 3.0 S, estimated f/f,,;, = 1.3, Mr ~ 37,700 (theo-
retical, 33,200).

of 126 A (Fig. 2 A, red points). The central scattering by
BsFtsZ-GMPCPP polymers was steeper than with GTP,
indicating quite large scattering objects. These samples
were visually turbid when loaded into the SAXS cell and
turned transparent upon nucleotide consumption and disas-
sembly during measurements, whereas the GTP samples
were mostly clear. This indicated for the BsFtsZ-GMPCPP
polymers a size larger than the visible light wavelength,
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FIGURE 2 Time-resolved SAXS by full-length BsFtsZ, C-terminal truncated BsFtsZ, and computed SAXS profiles of selected FtsZ polymer models. (A)
Polymers were assembled from BsFtsZ (50 uM) in Tris 50 buffer with 10 mM MgCl, and 1 mM GTP (black profile on top, initial time frames) or 0.1 mM
GMPCPP (superposed color profiles) at 25°C. The red profile is an average measurement of the initial polymers, the green profile during depolymerization
upon GMPCPP hydrolysis, and the blue profile after depolymerization. The degree of polymerization was monitored by the central x-ray scattering along the
experiment in 15-s time frames (inset, where the zones averaged are indicated) and in preparatory off-line light scattering tests. The two lower profiles (in
black) are the scattering by polymers of truncated tag-BsFtsZ-ACt, with GTP and GMPCPP. The profiles are vertically shifted to facilitate comparisons. (B)
FtsZ polymer models were constructed based on the crystal filaments of homologous SaFtsZ and their solution scattering profiles were calculated (see main
text and Materials and Methods). Two polymer models among many others (Figs S2, S3, S4, and S5) are shown: one consists of three straight protofilaments,
each made of 60 monomers laterally spaced 48 A center to center (bottom, black scattering curve). The other is a loose bundle made of three equivalent
curved filaments laterally spaced 70 A, with a mean curvature angle of 3.4° per monomer (fop and red scattering curve; this model contains 40,400 atoms
and its end-to-end distance is 1400 A). The scattering profile corresponding to a triple ring obtained by circularly closing the curved model is also shown
(gray line). The computed x-ray scattering curves (Figs. S3 and S4) have been combined in each case with a 5% of unassembled BsFtsZ monomers to
generate the profiles shown here. The scattering by BsFtsZ monomers is indicated by the dashed line, which is the regularized scattering profile of BsFtsZ
(Fig. 1 A), scaled to the theoretical scattering profile of 180 SaFtsZ model monomers at zero angle. The model SAXS profiles should be qualitatively

compared with the experimental profiles in (A). To see this figure in color, go online.

precluding measurement of their longitudinal dimensions
(RG, Dmax) with our x-ray scattering setting (gmin
0.01 A™"). BsFtsZ polymers disassembly could be moni-
tored by the decrease in central scattering (Fig. 2 A, inset),
which was accompanied by the progressive disappearance
of the 0.05 and 0.09 A~' maxima. No other scattering fea-
tures were observed that would support the formation of
different intermediate polymer species during disassembly,
in sufficient abundance to be detected, except for FtsZ olig-
omers indicated by the residual lower angle scattering after
disassembly (Fig. 2 A, green points, mid-disassembly; blue
points, end-state. One sample with GDP gave a profile
similar to the end-state).

We examined the effects on SAXS of ligands that induce
or inhibit BsFtsZ assembly. The FtsZ polymer-stabilizing
compound PC190723 enhanced and slightly shifted the
BsFtsZ-GMPCPP polymer 0.05 and 0.10 Al scattering
maxima; it also enhanced the central scattering, the
0.08 A~! maximum in BsFtsZ-GTP polymers (Fig. S1),
and inhibited depolymerization; these observations are
compatible with the expected formation of PC190723-
induced filament bundles (35). When PC190723 was added
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to BsFtsZ-GMPCPP in the absence of Mg”", it only
enhanced the central scattering, as expected from the
ligand-induced formation of single protofilaments (35). On
the other hand, adding the assembly inhibitor UCMS53
(45) to BsFtsZ-GTP polymers decreased the central scat-
tering, indicating a reduction in the degree of polymeriza-
tion (Fig. S1). These results supported our SAXS analysis
of FtsZ assembly.

Distinct x-ray scattering by polymers of a BsFisZ
construct lacking the C-terminal tail

We observed in light scattering tests that tag-BsFtsZ-ACt
assembled better, had lower critical protein concentration
(Cr) for assembly, and its polymers lasted for longer than
those of native BsFtsZ, whereas full-length tag-BsFtsZ
(GSHMAS-BsFtsZ) assembled similarly to BsFtsZ (Mate-
rials and Methods). Tag-BsFtsZ-ACt polymers had reduced
GTPase activity. The GTP (2 mM) hydrolysis rates were:
BsFtsZ 1.12 = 0.09, tag-BsFtsZ-ACt 0.62 *= 0.08, tag-
BsFtsZ 0.95 = 0.05 min~'; the corresponding rates of
hydrolysis of GMPCPP (0.1 mM) were 0.19 = 0.02,



0.032 + 0.003 and 0.27 = 0.02 min ', respectively. We
determined the SAXS profile of tag-BsFtsZ-ACt polymers,
which showed several striking differences with respect to
the full-length protein. The 0.09 and 0.05 A~ maxima,
which we had attributed to 70 and 126 A lateral spacings be-
tween BsFtsZ protofilaments, were absent in the tag-
BsFtsZ-ACt polymers (Fig. 2 A). This indicated different
lateral interactions in the tail-less FtsZ protofilaments
(analyzed below). In addition, a marked bulge-shape
maximum was observed at 0.143 A~' with GMPCPP, as
would be expected from the 44 A axial spacing between
subunits in FtsZ protofilaments.

Model analysis of x-ray scattering by BsFtsZ and
tail-less filament bundles

To gain further insight into the solution structure of FtsZ
polymers, we constructed a comprehensive series of models
based on the filament crystal structure of SaFtsZ, seeking to
reproduce the experimental SAXS features of FtsZ poly-
mers, without any other initial information. SaFtsZ is a close
homolog of BsFtsZ, and the crystal structures of FtsZ mono-
mers from different species are all very similar (33). Notice
that at our ~30 A experimental resolution the more promi-
nent model scattering features are dominated by the
arrangement of subunits rather than by their internal struc-
ture. The disordered C-terminal extension (spanning
75-amino-acid residues in SaFtsZ) and the 11 first N-termi-
nal residues, which are absent from the crystal structure,
were not included in the FtsZ polymer models. We con-
structed single filament models with variable curvature
(Fig. S2) and length (Fig. S3), observing that the 0.14 At
peak disappears in curved filaments, then multiple straight
filaments (Fig. S4) and finally multiple nontouching curved
filaments (Fig. S5) that are required to simultaneously cap-
ture the ~0.05 A~! and ~0.09 A~! maxima and smooth
higher angle region of the BsFtsZ polymers experimental
profiles (see Supporting Material for a step-by-step descrip-
tion of model analysis of SAXS by FtsZ polymers). Models
were combined with a 5% fraction of a similar number of
unassembled FtsZ monomers, for better comparison with
experimental profiles (BsFtsZ Cr = 2.2 uM, 4.4%). These
models are exemplified by a triple filament, made of 70 A
laterally spaced off-plane curved filaments leaving a puz-
zling gap between them (Fig. 2 B; 3 x 60 monomers). Clos-
ing the curved models into rings generated evenly spaced
ripples that were not experimentally observed; and straight
filaments resemble less well the data. The central scattering
by the models is less steep than by BsFtsZ-GMPCPP poly-
mers, which indicates that the latter are still larger scattering
objects, as also indicated by their turbidity in white light.
We suggest that they form by aggregation or annealing of
curved filament bundles, similar to those described by the
models. We concluded from model analysis that the exper-
imental BsFtsZ polymer SAXS can be explained by loose
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bundles of >3 curved protofilaments of variable length,
laterally spaced 70 A, and their aggregates. In contrast,
the smooth scattering and the bulge at 0.143 A~! of the
tail-less tag-BsFtsZ-ACt-GMPCPP polymers are simulated
by straight bundles of >2 touching protofilaments, which
can be exemplified by a model made of three straight
touching filaments at a 48 A center-to-center distance
(Fig. 2 B). We attributed the different spacing in tag-
BsFtsZ-ACt to the deletion of the flexible C-terminal tail,
which would span the gap between filaments in full-length
BsFtsZ.

Time-resolved x-ray scattering by EcFtsZ and
MjFtsZ polymers

We extended SAXS assembly experiments to polymers of
different FtsZ proteins, Gram-negative bacterial EcFtsZ
and archaeal MjFtsZ (Fig. 3). The EcFtsZ profiles were
smoother, generally with fewer features than BsFtsZ. The
steep central scattering indicated the formation of large
polymers with GMPCPP, whose maximal dimensions
were beyond measurement with our time-resolved synchro-
tron SAXS setup that hardly distinguished filament lengths
above ~600 A (as well as the static SAXS measurements by
other authors using in house x-ray instrumentation (46)).
However, the intermediate angle scattering (¢ < 0.06 AN
was compatible with EcFtsZ forming long cylindrical rods
6070 A in diameter, according to linear modified Guinier
plots of In(g - I(g)) versus g* (47). There was an incipient
shoulder at ~0.10 A" possibly generated by protofilament
pairs, but a clear maximum at 0.05 A~! as for BsFtsZ was
not observed. On the other hand, increasing the EcFtsZ pro-
tein concentration to 125 uM permitted us to observe a
maximum at 0.145 A~! corresponding to a 43 A axial
monomer spacing along FtsZ protofilaments. Upon nucleo-
tide exhaustion, the central scattering went down (Fig. 3,
inset) without showing other prominent features. EcFtsZ
polymers assembled with GTP (containing 53% GTP, 47%
GDP) or with a GTP regenerating system (containing 80%
GTP, 20% GDP) gave fewer marked scattering features
than with GMPCPP, and a sample with GDP was similar
to depolymerized samples after GTP hydrolysis (data not
shown). The MjFtsZ polymer scattering was quite smooth,
without prominent maxima except for the steep central
scattering (Fig. 3). These characteristics suggested the for-
mation by both EcFtsZ and MjFtsZ of long, one-FtsZ-mole-
cule-wide filaments, with some lateral association between
them under the conditions employed.

Model analysis of x-ray scattering by EcFtsZ
protofilaments

We first constructed single filaments made of 140 FtsZ crys-
tallographic monomers with different curvature angles
(Fig. S2). Straight models have a sharp peak at 0.143 A~
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FIGURE 3 SAXS by EcFtsZ and MjFtsZ polymers and filament models.
Polymers were assembled from EcFtsZ (50 uM) in PIPES 250 buffer with
10 mM MgCl, and 0.1 mM GMPCPP at 25°C. The red circles profile is an
average of the initial time frames, the green one corresponds to disassem-
bling polymers, and the blue one to the solution after disassembly, as indi-
cated in the inset; an experiment using Tris 50 buffer gave similar results.
Also shown (upshifted) are the scattering by polymers of EcFtsZ
(125 puM) in PIPES 250 buffer and by MjFtsZ (50 uM) polymers in
Mes50 buffer with 10 mM MgCl, and 0.2 mM GMPCPP at 55°C. The scat-
tering profiles of representative models (from Figs S2 and S3), combined
with a 5% of FtsZ monomers, are shown as indicated in the lower part of
the figure. The scattering profile of unassembled FtsZ monomers is indi-
cated by the dashed line, similarly to Fig. 2 B. The straight protofilament
model (solid line) was made of 140 SaFtsZ monomers. The closed ring
mixture contains 30% of 100 monomer rings, 40% of 120 monomer rings,
and 30% of 140 monomer rings (dark shaded line). The mini-ring mixture
contains 30% of 14 monomer rings, 40% of 16 monomer rings, and 30% of
18 monomer rings (light shaded line). The shaded short dashed line below it
is a mixture of 20% FtsZ in mini-rings and 80% in S-shape filaments. The
S-shape model shown is made from two semicircles of 60 monomers each
with 3.5 and —3.5° bending angles between consecutive monomers (end-to-
end distance 3360 A), which was chosen to exemplify protofilaments of
variable curvature and length (Figs. S1 and S2). To see this figure in color,
go online.

that is reduced in curved models, and these have undulations
at higher angles that tend to cancel out by mixing models
with different curvatures. As the filaments curve beyond a
semicircle and approach ring closure, a series of sinusoidal
ripples with an ~0.003 Al period appear throughout the
model scattering profile, corresponding to the subsidiary
maxima of a Jy-like Bessel function arising from rings
with mean diameter ~2000 A, the period being inversely
proportional to the ring diameter (48). Combining rings of
close sizes (100, 120, and 140 monomers) hardly smoothed
the ripples, which are absent from the experimental data
(Fig. 3). Mini-rings made of 16 monomers (224 A diameter)
give a sinusoidal pattern with a longer period (~0.03 A,
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Combining mini-rings of close sizes (14, 16, and 18 mono-
mers) smoothed the model scattering profile in the middle
region, leaving some periodic features in the low- and
high-angle zones (Fig. S2). Varying the filament length at
constant curvature (Fig. S3) showed that the ~0.14 At
maximum is more marked in models covering circular
arches up to 80° and disappears in the longer models. These
have undulations and ripples that smooth out by combining
open filaments of close sizes, or in certain individual
S-shape models. The model filament scattering curves
were combined with 5% (EcFtsZ Cr = 2.2 uM, 4.4%) of
scattering by unassembled FtsZ monomers. This procedure
softens the 0.14 A~' maximum of straight models and the
higher angle undulations of curved models, making their
corresponding model mixtures qualitatively compatible
with the EcFtsZ polymers experimental data (Fig. 3); how-
ever, this is clearly not the case for ring model mixtures, in
which the characteristic oscillations remain at low and mid-
angles after mixing with FtsZ monomers. The amplitude of
these oscillations clearly exceeds experimental noise. For
example, the oscillations of ring model mixture scattering
intensity at 0.12 A" have a relative amplitude (*=26%)
five times larger than the normalized SD (5%) of the scat-
tering by the more concentrated EcFtsZ sample (Fig. 3).
We concluded from the model analysis that the experimental
EcFtsZ polymer SAXS is compatible with single filament
FtsZ models of variable curvature and length. Such
ensemble of FtsZ filament configurations may include
S-shapes, as in the model shown (Fig. 3), as well as less
curved S- and C-shapes, and multiple filaments should not
be excluded. However, a predominant population of large
rings of close sizes is incompatible with the EcFtsZ SAXS
data, although we could not rule out filament tangles.
A small proportion of FtsZ subunits forming mini-rings
(20%) among curved filaments (80%) would be qualita-
tively compatible with the results (Fig. 3).

Cryo-electron microscopy of full-length and tail-
less BsFtsZ polymers

After the SAXS analysis of the bulk structural features of
FtsZ polymers in solution, to obtain structural information
of individual FtsZ assemblies, we examined the polymers
formed by full-length and tail-less BsFtsZ constructs under
identical conditions (50 uM FtsZ) by cryo-EM of frozen hy-
drated samples without any support or stain. We found that
BsFtsZ with GMPCPP forms curved protofilaments (~40 A
wide) that frequently coalesce into spirals or toroids
(~1600 A in diameter), forming large aggregates (Fig. 4
A). The BsFtsZ toroids, previously observed in negative
stain (35), thus form in the solution rather than onto the car-
bon surface of the EM grids. The fact that the strong peri-
odic SAXS features characteristic of toroidal stacked FtsZ
ring models (Fig. S5) were not detected (Fig. 2) suggests
that the toroids are relatively disordered, formed by loosely
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FIGURE 4 Cryo-EM of BsFtsZ and BsFtsZ-ACt polymers. 50 uM BsFtsZ (A and C) and BsFtsZ-ACt (B and D) were assembled in Tris 50 buffer with
10 mM MgCl, and 0.1 mM GMPCPP at 25°C, in the absence or presence of 20 uM PC190723, and polymers formed were visualized by cryo-EM. Tag-
BsFtsZ (E) and tag-BsFtsZ-ACt polymers (F) were also examined. Arrows (D) and (F) indicate single filaments coming out from bundles. Bar, 1000 A.
The insets in each case are enlarged areas (bar, 500 A) and their computed diffractograms where the spacing of the main equatorial spots is indicated.

associated protofilaments. In striking contrast with the full-
length protein, untagged C-terminally truncated BsFtsZ-
ACt (BsFtsZ(1-318)) assembled weakly in light scattering
and sedimentation tests, forming single protofilaments
with variable curvature and circles (Fig. 4 B, ~1000 A in
diameter). Adding the FtsZ polymer-stabilizing ligand
PC190723 resulted in the formation of large BsFtsZ bundles
(Fig. 4 C and (35)) and more efficient assembly of BsFtsZ-
ACt forming straight bundles and single curved filaments
that frequently came out from the bundles (Fig. 4 D). Tag-
BsFtsZ assembled similarly to BsFtsZ (Fig. 4 E), whereas
tag-BsFtsZ-ACt formed straight protofilament bundles as
well as curved single filaments (~40 A wide) that frequently

came out from straight ends (Fig. 4 F); the bundles were
typically longer than the 1 um diameter of the cryo-EM
grids holes. We also observed similar long straight bundles
in negatively stained samples (Fig. S6). The cryo-EM results
thus support the SAXS model analysis of the distinct types
of polymers formed by BsFtsZ and tag-BsFtsZ-ACt (Fig. 2),
permitting the observation of the toroids and bundles,
respectively, with dimensions larger than measurable with
our SAXS setting. Assembly with GTP gave similar results
as with GMPCPP, curved filaments and toroids of BsFtsZ
and tag-BsFtsZ, and straight bundles with tag-BsFtsZ-ACt
(Fig. S7, A—C). We inferred from these results that the C-ter-
minal tail is required for efficient BsFtsZ assembly and
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bundling (compatible with some previous observations
(49)), which can be rescued in the tail-less proteins by the
known binding of PC190723 to FtsZ polymers (27,35), or
the by added N-terminal tag residues GSHMAS making
currently uncharacterized bundling interactions.

Interestingly, computed diffraction patterns from
apparently flat zones of full-length BsFtsZ toroids and
bundles showed an equatorial reflection corresponding to
a 65-67 A lateral spacing between protofilaments (Fig. 4,
A and C), whereas the tail-less BsFtsZ bundles showed a
main spot corresponding to 49-51 A and minor ones corre-
sponding to longer distances (Fig. 4, D and F, with
GMPCPP); measurements with GTP gave a similar
68.5 + 2.5 A distance for the full-length protein and 55 A
distance for the tail-less construct (Fig. S7, A and B). These
cryo-EM spacings, which were somewhat dependent on im-
age sampling (Fig. S7 D), are compatible with the 70 and
48 A distances between BsFtsZ and tag-BsFtsZ-ACt proto-
filaments, respectively, estimated by SAXS analysis.
Measuring center-to-center distances between neighbor pro-
tofilaments from density profiles resulted in clearly different
distributions (p < 0.01), with full-length BsFtsZ average
66-70 A and truncated protein average 55-58 A, with
GMPCPP and GTP (Fig. S7, E and F). These measurements
support the loose lateral association of the wild-type fila-
ments and a closer lateral contact of monomers from
neighbor filaments of the truncated protein. This may
explain why the wild-type filament bundles curve, but the
truncated protein filaments are held straight in bundles
and bend only when isolated.

Cryo-EM of disassembling BsFtsZ polymers upon
nucleotide consumption did not show any prominent inter-
mediate morphologies but revealed the formation of end
products consisting of highly curved oligomers and mini-
rings, also observed with GMPCP or GDP (Fig. S8); the
more abundant mini-rings formed by EcFtsZ are character-
ized below.

Effects of CTC-CTV deletion and varying CTL
length on BsFtsZ polymers

To dissect the roles of the C-terminal end (CTC-CTV) and the
long intrinsically disordered linker (CTL) on FtsZ polymers
architecture, we tested with cryo-EM six additional BsFtsZ
C-terminal constructs previously characterized in vitro and
invivo (36,49; Table S1). Several of these proteins assembled
more weakly than native BsFtsZ, but efficient assembly was
restored by PC190723. BsFtsZAC17 (BsFtsZ(1-365)), lack-
ing CTC and CTYV, rendered frequently associated curved
filaments, with a spacing between them of 65-67 A
(Fig.S9, A and B), similar to full-length BsFtsZ. We inter-
preted that the CTC-CTV is not an absolute requirement
for bundle formation under our high concentration conditions
and that the CTL spans the gap between the filament cores.
BsFtsZ-ACTL25 (adeletion of the last 25 CTL residues leav-
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ing the CTC-CTYV that supports cell division), gave 62—-65 A
spaced protofilaments (Fig. S9, C and D) with a similar
morphology to the native protein. In contrast, BsFtsZ-
ACTL50 (a nonfunctional deletion of the whole CTL leaving
CTC and CTV) assembly resulted in the formation of straight
bundles, similar to tag-BsFtsZACt, with a spacing of 55 A
(Fig. S9, E and F). We then examined the effects of replacing
the native CTL in BsFtsZ with three segments of increasing
length from the CTL from Agrobacterium tumefaciens
FtsZ. BsFtsZ-CTLAS0, which has a 50-residue linker (with
same length as the native BsFtsZ linker but different
sequence; functional in vivo) formed bundles of protofila-
ments spaced each 68 and 80 A (Fig. S10, A and B). Fittingly,
BsFtsZ-CTLA100 (100-residue linker; supporting cell divi-
sion) gave relatively looser bundles with spacings of
86 and 95 A (Fig. S10, C and D). Finally, BsFtsZ-
CTLA249 (249-residue linker; no longer functional in vivo)
formed quite disordered curved bundles that gave irregular
diffractograms in which some weak spots corresponding to
longer distances could still be observed (~100-145 A
Fig. S10, E and F). The cryo-EM results taken together sup-
port the notion that the C-terminal tail provides the spacing
between FtsZ filaments, in a proportion of 0.31-0.38 A per
amino-acid residue excluding BsFtsZ-CTLA249 (Fig S10,
G and H).

Cryo-electron microscopy reveals curvature of
disassembling EcFtsZ filaments

We also examined the morphology of EcFtsZ polymers by
cryo-EM under the same solution conditions as in the
SAXS measurements. EcFtsZ has less tendency to curve
and bundle than BsFtsZ. Steady-state EcFtsZ-GTP poly-
mers have been previously studied with cryo-EM (31,50)
and the formation of straight bundles of C-terminally trun-
cated EcFtsZ (1-320) was reported in an early study with
negative stain (51). Therefore, we mainly focus here on
the morphology of EcFtsZ filaments during disassembly,
revealing a sequence of progressively curved filaments in
cryo-EM that had not been detected by the bulk SAXS
measurements.

The assembly time course of EcFtsZ (50 uM, with 1 mM
GTP or 0.1 mM GMPCPP) was monitored by light scat-
tering (Fig. 5 A). Samples at times of maximal scattering
and during disassembly upon nucleotide consumption
were taken on holey grids and immediately vitrified.
Straight bundles, filament pairs, and some long single fila-
ments of variable curvature were observed at maximal scat-
tering with GTP. The EcFtsZ protofilaments in the bundles
were separated at variable distances, including 68 A
(Fig. 5 B), rather than in lateral contact. Our cryo-EM im-
ages are too crowded to estimate filament flexibilities
and discriminate between reported differences in flexibility
of EcFtsZ single filaments at low concentrations, with
persistence length values in the ranges of 1000 A (31) or
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FIGURE 5 Cryo-EM of disassembling EcFtsZ polymers. (A) Shown here are light scattering time courses of 50 uM EcFtsZ assembly in PIPES 250 buffer with
10 mM MgCl,, and 0.1 mM GMPCPP or 2 mM GTP; nucleotides were added at zero time. Samples were taken at different stages of polymerization and observed
by cryo-EM. (B) Shown here is EcFtsZ assembled with GTP at maximum light scattering; the inset shows an enlarged bundle and its corresponding diffractogram,
showing a main equatorial spot at 68 A. (C) Shown here is 30-10% light scattering. (D) Shown here is 5% light scattering. (E) Shown here is EcFtsZ with 1 mM
GDP. (F and G) Representative circular structures were observed during depolymerization with 0.1 mM GMPCPP (30-10% light scattering; these particular
samples were made at 4 uM EcFtsZ). (H) Shown here is EcFtsZ with 0.1 mM GMPCP. Bar, 1000 A. The inset shows an image (contrast inverted) of a predom-
inant mini-ring class average (220 A in diameter, 16 monomers; bar, 100 A) after classification of 2154 mini-ring particles with SCIPION (Materials and

Methods); the diameter was very similar in each class.

1.4 um (50). The proportion of curved filaments apparently
increased as scattering decreased to 30-10% (Fig. 5 C). At
5% of initial scattering C-shape oligomers and ~220 A
diameter mini-rings were frequently observed (Fig. 5 D).
Supporting mini-ring formation upon GTP hydrolysis,
similar objects formed from not previously assembled
EcFtsZ-GDP (Fig. 5 E).

Similar results were obtained with GMPCPP, but we also
observed at 30-10% scattering a small proportion of large
rings with diameter 1480 + 490 A (Fi 2.5 F), corresponding
to 106 = 35 FtsZ monomers. Their width in flat view was
~50 A, but side views showed 100-150 A widths fitting
with double/triple ring structures or flat helices (Fig. 5 G),
probably formed by curved filament annealing. These rings
had not been detected by SAXS during EcFtsZ disassembly,
possibly due to their low abundance. Mini-rings were
frequently observed upon GMPCPP consumption at 5% of
initial scattering, or directly with GMPCP (diameter was
similar to GDP mini-rings). Image analysis indicated rings
with mean diameter of 220 + 5 A, corresponding to 16
EcFtsZ subunits spaced each 43 + 1 A (Fig. 5 H). For com-
parison, we made similar experiments with negatively
stained samples on carbon-coated grids (Fig. S11, A and

B), and found more irregularly curved filaments, some of
them circular, in the disassembling EcFtsZ samples
(Fig. S11, C and D), suggesting large rings deformation
and opening by adsorption to the carbon support. Highly
curved C-shape objects and mini-rings were also observed
in negatively stained samples (Fig. S11 E).

The FtsZ mini-rings observation by cryo-EM but not by
SAXS may be explained by sample heterogeneity (mini-
ring mixture in Fig. 3). Cryo-EM observations reveal struc-
tural characteristics of existing objects in the sample, but
whose ratio may not represent their actual proportion in
the solution. Mini-rings images really represent a fraction
of the protein over a heterogeneous background of oligomers
of different sizes and curvatures (Fig. 5 H) that may further
obscure their periodic SAXS features. On the other hand, a
major potential artifact during cryo-EM sample vitrification
is the disassembly of macromolecular complexes, thought
to occur because of the forces between molecules confined
within a thin layer of vitrified ice, or by their interactions
with the air-water interface for the short period after blotting
but before vitrification. Nonetheless, the physics of the pro-
cess is poorly understood. In a typical experiment, a labile
macromolecular complex can produce several subcomplexes
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in the cryo-EM grids, which can be found in areas of thinner
ice, whereas thicker ice is more likely to contain the intact
assembly. Cryo-EM preparation is optimized for each sam-
ple to reduce these undesired effects, by tuning blotting
and buffer conditions. Also, new methodological approaches
are being explored to reduce disassembly of complexes in
cryo-EM (52). In our case, employing complementary
analytical ultracentrifugation experiments under identical
nonpolymerizing conditions with GDP or GMPCP, we
observed a series of increasing and abruptly ending sedimen-
tation velocity boundaries (~3 S, 4.5 S, 6 S, and 7S;
Fig. S12); this is expected from a fast reversible Mg**-
induced self-association of monomers with formation of
ring end-products, at intermediate protein concentrations
(53), which supports the cryo-EM mini-ring observations.

DISCUSSION

FtsZ filaments bending upon nucleotide
hydrolysis

Our cryo-EM results suggest that steady-state FtsZ filaments
have different intrinsic curvatures depending on the EcFtsZ
or BsFtsZ species, perhaps related to their different C-termi-
nal tails. Interestingly, FtsZ filaments further bend upon
nucleotide consumption, permitting the consecutive observa-
tion of a small fraction of large circles (1000-2000 A mean
diameter) and somewhat more abundant highly curved mini-
rings later on (220 A diameter), which had not been detected
by SAXS. We think that rings formation reflects FtsZ fila-
ment curvature in solution upon nucleotide hydrolysis, which
is shown here using solutions vitrified for cryo-EM observa-
tion. FtsZ filament curvature after GTP hydrolysis had been
reported in negatively stained samples (54.55); however,
adsorption to the carbon support of the EM grid can modify
the structure of the polymers; for example, CcFtsZ was re-
ported to form curved filaments that convert to larger straight
bundles in seconds after contact with the carbon surface (56).
Carbon surface effects on the structure and assembly of com-
plexes have been frequently observed and some methods
have been developed to try overcoming this problem, such
as a mild gradient fixation method, GraFix, that reduces
dissociation of particles during sample preparation (57).
Another well-known effect of carbon support films is that
they can have more affinity for certain complexes or confor-
mation in the sample, and thus, the ratio of species or confor-
mations on the EM grid does not necessarily represent the
ratio found in the original solution.

The curvature of the large circles that we have observed in
depolymerizing EcFtsZ (2.5-5° bending angle between
consecutive subunits) corresponds to the so-called interme-
diately curved filaments, which were hypothesized to
generate constriction force in dividing bacterial cells (25).
However, taking into account their relatively low abundance,
we find more likely that they form by limited end-to-end an-
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nealing of filaments that become more flexible upon partial
nucleotide hydrolysis along them. In our view, a possible
molecular mechanism for FtsZ filament bending, after
nucleotide hydrolysis and before disassembly, is the revers-
ible opening of the association interface between consecu-
tive subunits in the GDP-bound state; this state lacks a
stabilizing coordinated Mg>" ion, as observed in molecular
dynamics (MD) simulations of SaFtsZ filaments (29).

Several studies reported sharp fast sedimenting bound-
aries in polymerizing EcFtsZ solutions and proposed
the predominant formation of a narrow distribution of
large closed cyclic filaments (58-60), made of 80-120
FtsZ monomers with GTP and 140-180 monomers with
GMPCCP (61). However, our SAXS results practically
exclude a majority of large regular rings with a narrow
size distribution (Fig. 3); and a majority of such closed fila-
ments, being they rings or irregular tangles, would be at
odds with the predominantly elongated EcFtsZ filament
morphology observed in cryo-EM (Fig. 5; (31,50)), as
well as with FtsZ directional treadmilling (22,23). On the
other hand, AFM studies of EcFtsZ polymers directly ad-
sorbed on mica showed dynamic filaments forming bundles
and multiple intermediately curved rings (62). Depolyme-
rizing EcFtsZ filaments on a mica surface formed curved fil-
aments and closed rings made of 103 = 26 monomers with
GTP and 137 * 32 monomers with GMPCPP that were
quite stable and opened before rapidly depolymerizing
(63). However, the claimed similarity of these values to
the number of monomers estimated for FtsZ polymers in so-
lution (60) may be coincidental, because the mica surface
promotes FtsZ assembly (64). We think that mica adsorption
may favor formation of large curved FtsZ structures in a
process physically different from membrane-tethered FtsZ
assembly. We pursued observation of large cyclic EcFtsZ
polymers with SAXS and cryo-EM but did not find them
in steady-state FtsZ polymer solutions. Only in depolyme-
rizing EcFtsZ-GMPCPP samples, we observed cryo-EM
rings made of 106 + 35 monomers per turn (Fig. 5).

Assembly inactive FtsZ forms highly curved
association interfaces

FtsZ mini-rings have a high curvature (22.5° bending be-
tween subunits), which was thought not to spontaneously
take place but was observed in negative stain after adsorp-
tion onto cationic lipid monolayers (65) or in EcFtsZ tubes
formed with DEAE-dextran (54) and more recently with
ZipA and FtsA* (66). We have now observed EcFtsZ
mini-rings in vitrified solutions with cryo-EM, in depolyme-
rizing EcFtsZ and BsFtsZ samples, as well as with GDP or
GMPCP, using relatively high protein concentrations. We
suggest that highly curved oligomers and mini-rings are as-
sociation products of inactive nucleotide-diphosphate-
bound FtsZ proteins. The mini-rings curvature appears
striking, considering the crystal structure of straight



SaFtsZ-GDP filaments (28) and their limited bending in un-
restrained MD simulations (6.6 = 4.4° bending angle (29)).
Howeyver, in both cases, the subunits have their interdomain
clefts open and form tight association interfaces. In contrast,
very recent SaFtsZ monomer structures have shown the
inactive conformation, which has the interdomain cleft
closed and forms incomplete pseudo-interfaces that are
incompatible with straight filament assembly (33). Support-
ingly, Mycobacterium tuberculosis FtsZ (30) and MjFtsZ
(67) closed-cleft FtsZ structures were observed to form
open interfaces. We would thus expect the interdomain
clefts to be closed in mini-rings.

Filament curvature and the formation of ring structures
are recurrent themes in FtsZ and tubulin research
(48,65,66,68). We regard mini-rings as in vitro self-associa-
tion end-products of each inactive GDP-bound protein form
that provide mechanistic insight into their function, rather
than forming with a GTP excess in cells. Thus, FtsZ-GDP
forms 220 A single rings (this work), whereas tubulin- GDP
forms 380 A-diameter double rings, whose SAXS solution
structure (48) is equivalent to coiled protofilaments from
microtubules. Protofilament curling at depolymerizing
microtubule ends (69) relates to the tendency of tubulin sub-
units to adopt a curved conformation characteristic of their
relaxed assembly inactive state (48,70), which contributes to
microtubule dynamics (71). GDP-bound SaFtsZ filaments
curve with the C-termini toward the inside in MD simula-
tions (29), in a direction similar to curling tubulin protofila-
ments at microtubule ends. Thus, FtsZ and tubulin
protofilaments may curve, employing different mechanisms,
in roughly similar directions upon nucleotide hydrolysis.
Notice, however, that the intrinsic curvature of GTP-bound
SaFtsZ filaments has an opposite direction, with the C
termini outside in the MD simulations, which we think
may explain liposome constriction by FtsZ-Mts (17,72)
even without GTP hydrolysis (18) as well as the observation
of large C-terminal fusions outside FtsZ spiral tubes with
DEAE-dextran (73).

BsFtsZ f9rms loose bundles of curved filaments
held 70 A apart by the flexible C-terminal tails

We propose that the lateral center-to-center spacing
that we have observed with SAXS (70 1&) and cryo-EM
(68.5 £ 2.5 /QX) between curved BsFtsZ filaments forming
loose bundles is provided by the intrinsically disordered
CTL spanning the gap between protofilament cores. This
is supported by 1) the close contact (48-50 A spacing) be-
tween the FtsZ core structures from neighbor filaments in
two types of whole C-tail deleted BsFtsZ polymers; 2) the
spacing (6567 A) between filaments in bundles with CTL
but deleted CTC-CTV; 3) the spacings observed propor-
tional to the C-terminal length; and 4) the difficulty in
conceiving how any other part of FtsZ could span the gap
between filaments, which can be estimated as ~20 A for
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~50 A thick filaments. Parallel filaments of tail-less BsFtsZ
possibly stick to each other, generating the observed straight
bundles, whereas in the full-length BsFtsZ filament, curva-
ture is allowed by flexible lateral association. Comparison
with tubulin shows that whereas microtubules are made of
protofilaments in lateral contact forming an ordered lattice
with the C-terminal ends at the microtubule surface, FtsZ
forms bundles of protofilaments loosely bridged by their
disordered C-terminal linkers. Notice that the C-terminal
extension may reach distances comparable to the size of
the FtsZ structured core. Modeling the disordered
50-amino-acid C-terminal linker of EcFtsZ as a wormlike
chain predicted an entropic spring with an average end-to-
end distance of 44 A, whereas for the complete C-terminal
extension (72-amino-acid) a value of 52 A 0.72 A per
amino acid) was measured by Forster resonance energy
transfer, in the absence of any stretching or compression
force (37). The latter value could give, together with a
48 A filament thickness, a center-to-center spacing between
filaments of 100 A. This distance may be reduced by multi-
ple electrostatic interactions of the extreme C-termini from
each filament with the neighbor filaments in a bundle (36) or
at high protein concentrations as in BsFtsZ-AC17 (Fig. S9,
A and B). The spontaneous twist of FtsZ filaments, esti-
mated as an angle of —10.2° + 2.8° between consecutive
GTP-bound monomers from molecular dynamics simula-
tions (29), would prevent back-to-back protofilament
contact in solution. In contrast, close protofilament pairs
with the C tails likely pointing outwards were observed by
electron microscopy of artificial calcium-induced sheets of
His-tagged FtsZ (44) and also in negatively stained FtsZ
polymers (74), where it is possible that the C tails collapse
by adsorption to the carbon support or with the staining
agent, facilitating close protofilament association.

A role for the FtsZ disordered C-tail in the
structural dynamics of the Z-ring

The flexible FtsZ C-terminal tail plays a critical role in
bacterial cell division, mediating electrostatic interactions
between FtsZ filaments, interactions with membrane attach-
ment and regulatory proteins, and correct cell-wall cross-
linking during division (36—39). We propose that multiple
weak lateral interactions provided by the C-terminal tails,
reversibly connecting protofilaments in loose FtsZ bundles
(Fig. 6), underlie assembly of the dynamic Z-ring clusters
observed by SR fluorescence microscopy. EcFtsZ bundles
in vitro more weakly than BsFtsZ, but EcFtsZ filament
bundling in cells may be modulated by associated proteins
such as Zap (12). It is tempting to speculate that the 70 A
spacing that we observe between FtsZ protofilaments in so-
lution recapitulates the similar spacing between single FtsZ
filaments observed in different bacterial cells and in lipo-
somes by electron cryotomography (15,16). Hypothetical
protofilament sliding during Z-ring constriction was thought
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FIGURE 6 Illustrative model scheme for part of a FtsZ filament cluster.
An enlarged fragment of the curved triple filament model from Fig. 2 B is
shown after adding the C-terminal tails (Materials and Methods). Several of
the tails bridge protofilaments, whereas others point toward the back for
tethering to the membrane (shaded surface) or in other directions to bind
bundling proteins (omitted here for simplicity). The protein electrostatic
contact potential is displayed. Treadmilling is indicated by the arrow
with an arbitrary polarity. To see this figure in color, go online.

to require breaking all lateral bonds first, a very slow process
predicted not to take place within the timescale of bacterial
cell division (24); flexible tethering would solve this prob-
lem, permitting protofilaments to slide with respect to one
another without being released from a bundle. However,
short FtsZ filaments, rather than complete rings, can drive
asymmetric peptidoglycan synthesis and cell envelope
constriction at the onset of cytokinesis (75).

Recently, break-through fluorescent imaging, genetic ex-
periments, and biochemical experiments combined have
shown that cellular FtsZ assemblies exhibit treadmilling dy-
namics coupled to GTPase activity (rather than sliding),
moving in both directions around the division ring, which
guides septal cell wall synthesis and bacterial division in
E. coli (76) as well as in B. subtilis (77). The estimated
size distribution of dynamic FtsZ clusters in E. coli cells
averages to 683 *= 439 (mean * SD) FtsZ molecules
(76), suggesting multiple FtsZ filaments as in the smaller
clusters observed by SR imaging (12). In addition, the
chirality of clockwise-rotating vortices assembled from
FtsZ-Mts on flat supported membranes has been recently
explained by three orthogonal directions of filament polar
growth, membrane attachment, and curvature (23). Actually,
curved filaments moving along chiral circular paths on a
membrane are predicted to self-organize into vortex patterns
at intermediate particle densities (78). The intrinsic curva-
ture of FtsZ filaments thus appears to be an essential prop-
erty for treadmilling of membrane-attached FtsZ filament
bundles. The clockwise rotation of FtsZ vortexes in the re-
constituted systems is, however, in contrast with the bidirec-
tional movement of FtsZ clusters in cellular Z-rings. It is
conceivable that loose connections between curved FtsZ
protofilaments through the flexible C-tails (Fig. 6) may
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facilitate their directionally coherent treadmilling for the
movement of membrane-tethered assemblies (22,23,76).
Reversible association through the intrinsically disordered
C-terminal linker, filament curvature, and twist, possibly
prevent FtsZ filaments from rigidly sticking to each other
and ensure the required functional flexibility in bacterial
cells. In this type of model, steady-state FtsZ filaments
curve parallel to the inner membrane (23) and coalesce
into FtsZ clusters that treadmill to drive correct septal cell
wall synthesis (76,77), rather than curving perpendicular
to the membrane to generate constriction force. FtsZ fila-
ment bending by GTP hydrolysis, likely in an opposite
direction, might instead be involved in FtsZ filament turn-
over, cluster remodeling, and signal processing (79) during
bacterial cell division.

SUPPORTING MATERIAL

Supporting Materials and Methods, twelve figures, and one table are avail-
able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(17)
30969-4.
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MATERIALS AND METHODS

FtsZ proteins

Full-length untagged FtsZ from B. subtilis (BsFtsZ) was overexpressed in E. coli C41(DE3)
cells and purified by ammonium sulfate precipitation, ion exchange and hydrophobic
chromatography, with ~0.05 guanine nucleotide bound per FtsZ (1). Untagged truncated
BsFtsZ(1-318) (BsFtsZ-ACt) was obtained from a pHisl7 plasmid in which a truncated
version of the ftsZ gene (2) (from 1 to 954 bp, plus a TAA stop codon) was cloned into the
Ndel/BamHI sites. BsFtsZ-ACt was purified similarly to the full length protein, except
precipitation with 60% ammonium sulfate. His-tagged versions of full-length Bs-FtsZ and
truncated BsFtsZ(1-315) were obtained through the expression from pAB20 and pAT19
plasmids respectively. The pAB20 plasmid (3) has an ftsZ copy from B. subtilis integrated in
pET28a vector (Novagen) at Nhel and Notl sites and it was used to generate pAT19 by the
insertion of a stop codon at the 1316 position. The ftsZ gene constructs were confirmed by
complete open reading frame sequencing. The His-tagged proteins were overexpressed in E.
coli BL21(DE3) and purified using Ni-affinity chromatography in 50mM Tris-HCI, 50 mM
KCI, 10% glycerol, pH 8.0, with an imidazole gradient (50mM to 1M). His-tags were cleaved
with thrombin yielding proteins GSHMAS-BsFtsZ (tag-BsFtsZ) and GSHMAS-BsFtsZ(1-
315) (tag-BsFtsZ-ACt) respectively. The N-terminal residues were confirmed by Edman
sequencing purified tag-BsFtsZ-ACt with an Applied Biosystems Procise 494 sequencer. Two
additional chromatographic steps were used: anion exchange (HiTrapQ HP) in 50 mM Mes-
KOH, 5 mM MgCl,, 10% glycerol, pH 6.5, with a KCI gradient (50mM to 1M) and size
exclusion (Superdex 75) in 50mM Tris-HCI, 50 mM KCI, 1 mM EDTA, 10% glycerol, pH
7.5. These proteins contained ~0.8 guanine nucleotide bound.



The C-terminal constructs BsFtsZ-AC17 (4), BsFtsZ-ACTL25, BsFtsZ-ACTL50, BsFtsZ-
CTLAS0, BsFtsZ-CTLA100 and BsFtsZ CTLA249 (5) were expressed from their
corresponding plasmids (Table S1), kindly provided by the authors, in C41(DE3) cells and
purified as native untagged BsFtsZ, with minor modifications. BsFtsZ-AC17 and BsFtsZ-
ACTL25 were precipitated with 45% ammonium sulfate, BsFtsZ-ACTL50 with 65%,

BsFtsZ-CTLAS50 with 40%, BsFtsZ-CTLA100 and BsFtsZ-CTLA259 with 30% ammonium

sulfate. These proteins contained 0.03 to 0.08 guanine nucleotide bound per FtsZ.

FtsZ from E. coli (EcFtsZ) was overproduced in transformed E. coli BL21(DE3) cells and
purified by Ca”*-precipitation and anion-exchange, with ~0.8 guanine nucleotide bound (6).

Thermophilic FtsZ from M. jannaschii (MjFtsZ) was overexpressed in E. coli BL21(DE3)
pLyS cells, purified by ammonium sulfate precipitation, ion exchange and hydrophobic

chromatography, containing ~0.45 guanine nucleotide bound (7).

Polymerization conditions

BsFtsZ assembly experiments were performed in 50 mM Tris-HCI, 50 mM KCI, 1 mM
EDTA, 10 mM MgCl,, pH 7.4 (Tris50 buffer), at 25 °C. Polymerization was started by
addition of 0.1 mM GMPCPP or 1 mM GTP and it was monitored by right angle light
scattering at 350 nm (0.5 nm band-pass) using a Fluromax-4 spectrofluorometer. Aliquots of
the polymer solutions were adsorbed to carbon-coated grids, negatively stained with 2%

uranyl acetate and examined with a Jeol 1230 electron microscope operated at 100 kV.

EcFtsZ assembly experiments were performed in 25 mM Pipes/KOH, 250mM KCI, 1 mM
EDTA, 10 mM MgCl,, pH 7.5 (Pipes250 buffer) at 25 °C, or in Tris50 buffer as above for
comparison. Assembly was started by nucleotide addition: 0.1 mM GMPCPP, or 1 mM GTP,
or a GTP (1mM) regenerating system consisting of 1 U/mL acetate kinase and 7.5 mM acetyl

phosphate, or 1 mM GDP (negative control) or 0.1 mM GMPCP (negative control).

MjFtsZ was assembled in 50 mM Mes/KOH, 50 mM KCI, 1 mM EDTA, 10 mM MgCl,, pH
6.5 (Mes50 buffer) at 55 °C, with 0.2 mM GMPCPP or 4 mM GTP

FtsZ polymer formation was measured by isothermal pelleting and protein concentration
measurement (1). The Cr values of BsFtsZ and tag-BsFtsZ-ACt were 6.6 + 1.0 uM and 1.6 £
0.2 uM respectively with 2 mM GTP, 2.2 £ 0.4 uM and 1.0 £ 0.1 uM with 0.1 mM GMPCPP.
Tag-BsFtsZ(1-382) assembled with Cr values similar to BsFtsZ (5.8 + 1.4 uM with GTP and
1.5+ 0.8 uM with GMPCPP).



Biochemical methods

The hydrolysis of GTP (2mM) or GMPCPP (0.1 mM) was measured from the released
inorganic phosphate (1). The hydrolysis rate values given are referred to polymerized FtsZ,

that is, total FtsZ concentration (10 to 20 uM) minus the Cr.

To determine nucleotide content in FtsZ polymers, nucleotides were extracted from FtsZ
polymer pellets by the addition of HCIO, (7) and analyzed employing an anion exchange
column (VYDAC 3021C4.6, 10 um, 4.6 mm x 250 mm) with a gradient of 25 mM
NaH2P0O4/Na2HPO4, pH 2.8 to 125 mM NaH2P0O4/Na2HPO4, pH 2.9, detecting nucleotides
by absorbance at 254 nm, with an AKTAPurifier system (GE Healthcare).

Sedimentation velocity experiments with unpolymerized FtsZ were made employing a
Beckman XLI analytical ultracentrifuge with the interference optics (8) and analyzed with
SEDFIT (9). Sedimentation coefficients of FtsZ ring models were calculated with HYDRO++
(10) using the BsFtsZ monomers sedimentation coefficient, with HYDROPRO (11) from
SaFtsZ atomic model coordinates, and with HYDROMIC (12) from the electron microscopy

volume of EcFtsZ rings.

SAXS experiments

Time-resolved small angle synchrotron X-ray solution scattering measurements of FtsZ and
its polymers were performed at the ALBA BL11-NCD beam line. The camera length was 2.1
m and the X-ray energy 10 keV (A = 1.24 A). An ADSC Quantum 210r CCD detector (210 x
210 mm?; 4096 x 4096 pixel) was employed, with a 6 mm centered beam stop, which
provided a useful range of g = 0.01 to 0.22 A™. The scattering vector modulus q is defined as
g = 4= (sin 0) /A, where 20 is the angle of incident to scattered radiation and A the X-ray
wavelength. The g values were calibrated using the diffraction maxima of silver behenate.
Preliminary SAXS data were acquired at former ESRF Spanish BM16 with a similar g-range.
Comparative static measurements of truncated BsFtsZ-ACt and full length BsFtsZ were
subsequently made at the ESRF BMZ29-BioSAXS beam line using the capillary sample
changer robot and Pilatus 1M detector.

A vertical thermostated sample cell with mica windows and an optical path of 3 mm was
employed at ALBA BL11-NCD. The degassed samples (180 pL) were loaded from the
bottom with protein electrophoresis pipette tips (BioRad # 223-9915), which were introduced
through a channel at the top, avoiding bubble formation. The X-ray beam size was

3



approximately 600 um (horizontal) x 138 um (vertical). The protein solution was scanned,
irradiating during 0.5 s, each 15 s, in a series of 63 non-overlapping evenly spaced positions
within a 3mm (horizontal) x 7 mm (vertical) area, by automatically controlling the position of
the sample stage and the shutter. This procedure avoided radiation damage. The dead time

between sample loading and the first measurement was ~2 min.

The X-ray scattering data were integrated with the FIT2D  software
(http://www.esrf.eu/computing/scientific/FIT2D/), normalized for the incident intensity,
processed with PRIMUS (13) and analyzed with GMOM (14). For each protein sample, the
scattering by a carefully matched buffer reference was subtracted from the data. The time-

resolved data were subtracted frame by frame, employing a PerL script (E.R.A., unpublished).

The instrumental set-up was tested measuring the scattering profile of delipidated bovine
serum albumin (BSA, Sigma; 4.3, 2,2 and 1.1 g/L in Tris50 buffer, which afforded a radius of
gyration value Rg = 27.0 + 1.5 A and was superimposable within experimental error to a
standard scattering profile of BSA from the Small Angle Scattering Biological Data Bank
(SASBDB; entry SASDA32, 25.6 g/L BSA in 50 mM Hepes, 50 mM KCI; Rg = 29 A). To
test the instrument performance with large protein assemblies, we measured the scattering
profile of microtubules assembled from tubulin (120 uM) with docetaxel (130 uM) in 10 mM
sodium phosphate buffer, 6 mM MgCl,, 1 mM GTP, pH 6.7, at 37 °C. The position of the
scattering maxima (q, A™) was very close to our reference values (15): Jo1, 0.029 (ref. 0.031);
Joz2, 0.056 (ref. 0.057); Joz, 0.086 (ref. 0.086); J,, 0.118 (ref. 0.121); J3, 0.159 (ref. 0.160); Jn-3,
0.179 (ref. 0.177).

X-ray scattering by FtsZ polymer models

FtsZ polymer models were constructed FilaSitus program (http://situs.biomachina.org/fila/;
(16)), employing the filament crystal structure of Staphylococcus aureus FtsZ (SaFtsZ; PDB
entry 3vo8). Theoretical scattering curves were generated with CRYSOL (https://www.embl-
hamburg.de/biosaxs/crysol.html, (17)). Default parameters were used with the following
exceptions: maximum order of harmonics 30, order of Fibonacci grid 18, maximum g-value

0.30 and number of points 256 (except ring models that were calculated with 1024 points).

Model analysis of X-ray scatteri ng by Fts Z single filaments. For convenience in this
detailed description of model analysis, we will focus first on single filaments (Figure 4) and
the higher angle scattering and then proceed to multiple filaments (Figure 2B) and lower

angle scattering features. We constructed single filaments made of 140 FtsZ monomers with
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different curvature angles between consecutive monomers of 0° (straight, 6160 A long), 0.5,
1, 1.5, 2 and 2.57° (a closed 1960 A diameter ring) (Fig. S2). The direction of curvature
employed is similar to that of SaFtsZ-GTP filaments in molecular dynamics simulations,
which leaves the FtsZ C-terminal end on the outside, and the curvature angles are within the
range observed (18). The straight model has a sharp peak at q = 0.143 A™, corresponding to
the 44 A spacing between subunits along the filament. However, this peak could hardly be
appreciated in the experimental SAXS profiles, except in BsFtsZ-ACt (Figure 2A) and in the
more concentrated EcFtsZ polymer samples (Figure 3). The 0.14 A™ peak disappears in the
curved single filament models, but undulations appear in the higher angle region that have not
been experimentally observed. These undulations are out of phase in the different models and
tend to smooth out in linear combinations of SAXS profiles calculated for filaments with
different degrees of curvature, thus simulating filament flexibility (Fig. S2, dark grey line). As
the filaments curve beyond a semi-circle and approach ring closure, a series of periodic
ripples evenly spaced each ~0.003 A™ appear throughout the model scattering profile. These
ripples correspond to the subsidiary maxima of a Jo-like Bessel function arising from rings
with mean diameter ~2000 A and their spacing is inversely proportional to the ring diameter
(19). Combining rings of close sizes (100, 120 and 140 monomers) hardly smoothed the
model ripples (Fig. S2, light grey line); notice that these features are absent from the
experimental data (Figures 2 - 3). Mini-rings made of 16 monomers (224 A diameter) give a
sinusoidal pattern with a longer period (~0.03 A™). Reversing the direction of curvature to
have the FtsZ C-terminal end on the inside of the mini-rings (as in tubulin protofilaments
peeling outwards from disassembling microtubule ends) does not change their scattering
profile at our resolution. Combining mini-rings of close sizes (14, 16 and 18 monomers)
smoothed the model scattering profile in the middle region but left periodic features in the

low and high angle zones (Fig. S2) that have not been experimentally observed.

The effects of varying the filament length were examined with increasing number of
monomers at two different curvature angles (Fig. S3). The ~0.14 A™ maximum is more
marked in models covering circular arches up to 80° and disappears in the longer models,
which show undulations and ripples as above. However, the higher angle undulations smooth
by combining filaments of close sizes (100, 120 and 140 monomers) with 1° curvature angle
between consecutive monomers; similarly combining filaments (40, 60 and 80 monomers)
with 3.5° curvature angle cancels the ripples along the profile (Fig. S3, grey lines), and certain
individual S-shape models lack ripples (Fig. S3, models m and n). Thus, single filament

models of variable curvature and length (Figs. S2 and S3), rather than rings of close sizes or
5



straight filaments, are qualitatively compatible with the smooth higher angle zone of the

experimental EcFtsZ and BsFtsZ polymer SAXS.

In order to more closely modeling X-ray scattering by FtsZ polymer solutions it has to be
taken into account that these always contain a concentration of unassembled protein, the
critical protein concentration (Cr) required for assembly, which depends on the FtsZ species
and solution conditions (20, 21). We thus simulated the Cr effects on SAXS with linear
combinations of the model filaments scattering curves (Fig. S2 and S3) with a small
proportion (5%; exp. value Cr = 0.088 g/L) of the scattering by a similar number of
unassembled FtsZ monomers. This procedure softens the 0.14 A™ maximum of straight
models and the higher angle undulations of curved models, making their corresponding model
mixture qualitatively compatible with the EcFtsZ polymers experimental data (see Figure 3);
however, this is clearly not the case for ring model mixtures, in which characteristic
sinusoidal oscillations remain at low and mid angles after mixing with unassembled FtsZ
monomers. The amplitude of these oscillations clearly exceeds experimental noise: for
example, the oscillations of ring model mixture scattering intensity at 0.12 A™ have relative
amplitude (£ 26%) five times larger than the normalized standard deviation (5 %) of the
scattering by the concentrated EcFtsZ sample (Figure 3). Taking into account that FtsZ
filaments were not crystal-straight during molecular dynamics simulations (18) or in cryo-EM
(20, 22), we concluded from the model analysis that the smooth higher angle zone of the
experimental EcFtsZ polymers SAXS is compatible with single filament FtsZ models of
variable curvature and length. Such ensemble of FtsZ filament configurations may include S-
shapes, as the model shown in Figure 3, as well as less curved S- and C-shapes, and a
proportion of multiple filaments (analyzed below) should not be excluded. However, a
polymer population consisting of rings of close sizes (100-120-140 monomers) appears
incompatible with the EcFtsZ SAXS data; we cannot rule out annealed filament tangles of this
size. Mini-ring models (14-16-18 monomers) are also inconsistent with the data (Figure 3).
However, a 20% of FtsZ forming mini-rings and 80% in curved filaments would be
qualitatively compatible with the EcFtsZ SAXS data.

Model analysis of X-ray scattering by FtsZ filament bundles.

We next constructed multiple filament models, in order to capture the ~0.09 A and ~0.05 A™
maxima of the BsFtsZ experimental profiles (Figure 2A). For simplicity, we first analyze
straight filaments and the ~0.09 A maximum and then proceeded to multiple curved

filaments and the ~0.05 A™ maximum. Two parallel filaments with a 70 A center to center
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distance reproduce the 0.09 A™* maximum (Figure S4, models i and j). Importantly, these
model filaments do not touch each other, and touching filaments do not give rise to this
maximum (Figure S4, models f, g, h; 48 A center to center distance). A sharp monomer repeat
peak at 0.14 A appears in straight models (c, d, e, i) that is modulated into a characteristic
bulge by shifting one filament with respect to the other by half a monomer length (compare
models i and j). Rotating the in-phase filaments by 90° and making them closer (38 A center
to center) slightly softened this peak, whereas performing the same operation with the shifted
filament pair gave a different, wider maximum centered around 0.17 A™ (not shown). Of note,
the ~0.15 A bulge in multiple filament models resembles the 0.14 A experimental feature of
truncated BsFtsZ-ACt (Figure 2A), which lacks the 0.09 A maximum as the touching
filaments models (Figure S4, model f). This 0.09 A™* maximum becomes prominent in non-

touching filament ribbons upon increasing the number of strands (models i, k, ).

Nevertheless, straight models hardly reproduce the 0.05 A™* maximum, which corresponds to
a 126 A characteristic distance between filaments. This feature is better captured by triple
curved filaments (Figure S5, models a-d). Three concentric filaments, made of 65-60-55
subunits each, radially spaced 70 A display both an scattering maximum at 0.09 A and a
shoulder at 0.05 A™ (model a). But they also have a prominent minimum at 0.15 A™ and peak
at 0.18 A that are absent from the data; these unwanted model features can be suppressed by
introducing some disorder, which we simulated by displacing one (models b and c) or two of
the filaments (model d) by 36 A perpendicularly to the curvature plane, and readjusting to 70
A the distance between neighbor filaments. Model d, or a combination of models, resemble
better the ~0.05 A™ and ~0.09 A™* maxima together with the smooth higher angle scattering
by BsFtsZ polymers. It is conceivable that bundles of more than three curved, 70 A -spaced
filaments, can also reproduce the SAXS features. However, circularly closed triple ring
models (Figure S5, models e-h; mean diameter 1470 A) or their combination showed the
periodic maxima typical of rings, now modulated by inter-ring interference, which are absent
from the experimental profiles. Three stacked rings models or an equivalent flat helix show
reinforced ring maxima (Figure S5, model i).

Combining FtsZ triple filament models with a 5% of unassembled monomers as before
(BsFtsZ experimental Cr = 0.076 g/L), we found that triple curved filaments reproduce the
0.05 and 0.09 A scattering maxima and smooth higher angle region of the BsFtsZ-GMPCPP
polymer solutions. These models are exemplified in Figure 2B by an off-plane triple curved
filament, which is made of 65 + 60 + 55 crystallographic FtsZ monomers and has an end-to-
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end distance of 1430 A (note that length should actually be variable). Straight triple filaments
resemble less well the BsFtsZ experimental data whereas the triple ring models generate
ripples that are absent from the data. The lower angle scattering (q = 0.01 to ~ 0.02 A™) by the
models is not as steep as in BsFtsZ-GMPCPP polymers, which indicates that the later are still
larger scattering objects, as indicated by their turbidity in white light. We suggest that they
form by aggregation or annealing of curved filaments bundles similar to those described by
the models. We conclude from this model analysis that the experimental BsFtsZ-GMPCPP
polymer SAXS can be explained by loose bundles of > 3 curved protofilaments of variable
length, laterally spaced 70 A, and their aggregates. We found straight filament bundles less
likely and ordered circularly closed FtsZ rings incompatible with the SAXS profiles of
BsFtsZ. In contrast, the distinct scattering by the polymers of tail-less BsFtsZ-ACt-GMPCPP
can be explained by straight tight bundles of > 2 protofilaments, which is exemplified by a

triple filament in Figure 2B.

Scheme of a FtsZ bundle with C-terminal tails

The C-terminal tails connecting protofilaments were constructed as follows. The last 15 C-
terminal amino acid residues of SaFtsZ were initially predicted with the I-Tasser server (23)
to form a helical structure. Subsequently, potential binding sites for this segment in the FtsZ
subunit of the contiguous filament were searched using the Frodock 2.0 server (24), and one
of the 10 best solutions was selected. The rest of the peptide chain linking to the FtsZ core
was completed using the loops generation RCD+ server (25). Several C-tails were then re-

configured for Fig. 6, and the protein electrostatic contact potential displayed with PyMOL.

Cryo-electron microscopy

Samples were applied to holey carbon grids (Quantifoil) after glow-discharge and
immediately blotted and vitrified using a GATAN or FEI Vitrobot cryo-plunger.
Micrographs were taken at x40000 nominal magnification in a Jeol 1230 electron microscope
operated at 100 kV and equipped with a Gatan liquid nitrogen specimen holder for cryo-EM.
Cryo-EM images were taken from the hole areas, where the ice lacks any supporting film
underneath, under low dose conditions and different defocus, with a CMOS Tvips TemCam-
F416 camera, at 2.84 A per pixel. Image-J software was used for filament thickness
measurements and diffractogram calculations. Mini-ring images were picked and

subsequently aligned and classified using SCIPION package (http://scipion.cnb.csic.es; (26)).
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Table S1: FtsZ proteins and expression plasmids employed in this work

Protein name Protein sequence Plasmid description Reference
BsFtsZ Native BsFtsZ(1-382) pHis17-ftsZgs 1,2
tag-BsFtsZ GSHMAS-BsFtsZ(1-382) PET28a(+)-ftsZgs (pAB20) 3
BsFtsZ-ACt BsFtsZ(1-318) pHis17-ftsZACtgs This study
tag- BsFtsZ-ACt GSHMAS-BsFtsZ(1-315) PET28a(+)-ftsZ4Ctgs (PAT19) | This study
BsFtsZ-AC17 BsFtsZ(1-365) (ACTC, ACTV) PET21b(+)-ftsZAC17g 4
BsFtsZ-ACTL25 BsFtsZ, deletion of the last 25 CTL | pET21b(+)-ftsZACTL25g 5

residues
BsFtsZ-ACTL50 BsFtsZ, complete deletion of the CTL PET21b(+)-ftsZACTL50gs 5
BsFtsZ-CTLAS0 BsFtsZ, native CTL replacement by | pET21b(+)-ftsZCTLAS0 5

residues 322-367 from Agrobacterium

tumefaciens FtsZ
BsFtsZ-CTLA100 | BsFtsZ, native CTL replacement by | pET21b(+)-ftsZCTLA100 5

residues 322-417 from A. tumefaciens FtsZ
BsFtsZ-CTLA249 | BsFtsZ, native CTL replacement by | pET21b(+)-ftsZCTLA249 5

residues 322-566 from A. tumefaciens FtsZ
EcFtsZ Native EcFtsZ PET28a(+)-ftsZg. 6
MjFtsz Native MjFtsZ PHis17-ftsZy; 7
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SUPPLEMENTAL FIGURE LEGENDS

Figure S1. Effects o f s mall molecule modulators of FtsZ polymer assembly. Related to
main text and Figure 2. The scattering profiles of BsFtsZ (50 uM) assembled with GTP or
GMPCPP, plus the polymer stabilizer PC190723 (60 uM) or the inhibitor UCM53 (60 uM)
are shown as indicated. In each case, the grey tracing corresponds to a sample with nucleotide
and no modulator, whereas the black points are from a parallel sample to which the modulator
has been added.

Figure S2. X-ray scattering by Fts Z single filament models w ith varying curvature.

Related to main text and Figure 4. Models were built with head-to-tail associated SaFtsZ
monomers (indicated by the enlarged ribbon diagram: see Methods). Model a is a straight
protofilament made of 140 monomers with 0° bending angle per monomer, model b with 0.5°
angle, model ¢ with 1° angle, model d with 1.5° angle, model e with 2° angle. The dark grey
profile below is a linear combination of the scattering profiles of curved models b (30%), ¢
(40%) and d (30%). Models f, g and h are closed rings made of 140 monomers (with 2.57°
bending angle), 120 and 100 monomers respectively. The light grey profile is a combination
of scattering by ring models f (30%), g (40%) and h (30%). Model i, j, k are small rings made
of 14, 16 and 18 monomers (only model j is shown). The light grey dashed line is a
combination of the scattering by ring models i (30%), j (40%) and k (30%). Each scattering

profile is plotted using the same color as its corresponding model

Figure S3. X-ray scattering by Fts Z single curved filament mode Is of varying length .
Related to main text and Figure 4. Curved models were constructed with 1° and 3.5° bending
angles between consecutive monomers. Models a,b,¢c, d,e,f and g (1° angle) are
respectively made of 20, 40, 60, 80, 100, 120 and 140 monomers. Models h, i, j, k and 1 (3.5°
angle) are respectively made of 20, 40, 60, 80 and 100 monomers. S-shape model m is built
of 60 + 60 monomers with 3.5° and -3.5° bending angles. Model n is made of four 36
monomer sections with alternating 5° and -5° bending angles. Each calculated scattering
profile is displayed in the same color as its model, with continuous (1°) or dash lines (3.5°,
5°). The continuous grey line is a combination of the scattering profile of model e (30%), f
(40%) and g (30%). The dash grey line corresponds to a combination of models i (30%), j
(40%) and k (30%).

Figure S4. X-ray scattering by F tsZ multiple straight filament models. Related to main

text and Figure 2. Model a is a SaFtsZ monomer, models b are a straight crystallographic
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heptamer and a curved GTP-bound molecular dynamics heptamer (18). Models ¢, d, and e are
straight single filaments respectively made of 100, 120 and 140 monomers. Model f is made
of two touching 140-monomer filaments with a lateral center to center distance of 48 A;
models g and h are corresponding triple and quadruple filaments respectively; model i two
non-contacting filaments with a 70 A distance; model j is similar to model i but one of the
filaments has been axially shifted by half a monomer distance. Models k and 1 are

respectively triple and quadruple filaments built as model j.

Figure S5. X-ray scattering by Fts Z multiple curved filament mod els. Related to main
text and Figure 2. Model a, shown in orthogonal and end views, consists of three concentric
arcs made of 65-60-55 monomers each, radially spaced 70 A (with curvature angles of 3.138°,
3.437° and 3.800°). In models b and ¢ the central or one side ring has been displaced 36 A
away from the plane defined by the other two rings, and the distance between rings readjusted
to 70 A. In model d the central and one side rings have been similarly displaced from the
plane of the other ring. The calculated scattering profiles are shown in the same colors as the
models. The scattering profiles at the bottom part of the figure correspond to closed rings of
the same dimensions (models e-h). The dashed blue line is the scattering profile of a stack of
three 110 FtsZ monomer rings consecutively spaced 7 A (model i, not shown). A flat helix
with corresponding dimensions gave a very similar scattering profile. The grey line is a
combination of the scattering profiles of model b (30%), model ¢ (40%) and model d (30%).

The light grey line at the bottom is an equivalent combination of closed ring models.

Figure S6. Electron micrographs of ne gatively stained BsFts Z and BsFts Z-ACt
polymers. Related to Figure 4. 50 uM FtsZ was polymerized in Tris50 buffer with 10 mM
MgCl; and 0.1 mM GMPCPP or 1 mM GTP at 25 °C and polymers formed were observed by
EM. Bar, 2000 A.

Figure S7. Cryo-EM of BsFts Z, t ag-BsFtsZ-ACt and tag-BsFts Z polymers w ith GTP.
Related to Figure 4. 50 uM BsFtsZ (A), tag-BsFtsZ-ACt (B) and tag-BsFtsZ (C) were
assembled in Tris50 buffer with 10 mM MgCl, and 1 mM GTP at 25 °C, and polymers
formed were visualized by cryo-EM; bar, 1000 A; enlarged areas (bar, 500 A) from each
picture and their diffractogram are shown and some more examples of BsFtsZ are included to
show spacing variability obtained from different areas (D). The distance between filaments in
bundles of BsFtsZ (black bars; mean + s.d.: 66.0 + 7.5 A (GTP); 70.5 + 8.6 A (GMPCPP))
and tag-BsFtsZ-ACt (gray bars; 55.2 + 11.0 A (GTP) 57.8 + 13.2 A (GMPCPP)) were
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measured and the distribution plotted (D, E). Notice that the spread of these distributions may

partially result from inherent measurement errors.

Figure S8. Cryo-EM of disassemb ling BsFtsZ polymers. Related to main text. (A) light
scattering time courses of 2 g/L BsFtsZ assembly in Tris50 buffer with 10 mM MgCl, and 0.1
mM GMPCPP or 1 mM GTP; nucleotides were added at time 0. Samples were taken at
different stages during de-polymerization and observed by cryo-EM. BsFtsZ assembled with
GMPCPP at 70-50% (B) and 20-5% (C) light scattering. D, BsFtsZ assembled with 0.1 mM
GMPCP. E, BsFtsZ assembled with GTP at 50-30% (E) and 20-10% (F) light scattering. G,
BsFtsZ assembled with 1 mM GDP. Bar, 1000 A.

Figure S9. Cryo-EM of BsFts Z C -terminal c onstructs p olymers. Related to main text.
BsFtsZ-AC17 (A and B), BsFtsZ-ACTL25 (C and D), BsFtsZ-ACTL50 (E and F) are
described in main text. Each BsFtsZ construct (50 uM) was assembled in Tris50 buffer with
10 mM MgCl; and 0.1 mM GMPCPP at 25 °C, in the absence (A, C, E) or presence of 20 uM
PC190723 (B, D, F), and polymers formed were visualized by cryo-EM. Bar, 1000 A. The
insets in each case are enlarged areas (bar, 500 A) and their computed difractograms where
the spacing of the main equatorial spots is indicated.

Figure S10. Cryo-EM of BsFtsZ C-terminal constructs polymers. Related to main text.
BsFtsZ-CTLAS50 (A and B), BsFtsZ-CTLA100 (C and D), BsFtsZ-CTLA249 (E and F) are
described in main text. Each BsFtsZ construct (50 uM) was assembled in Tris50 buffer with

10 mM MgCl; and 0.1 mM GMPCPP at 25 °C, in the absence (A, C, E) or presence of 20 uM
PC190723 (B, D, F), and polymers formed were visualized by cryo-EM. Bar, 1000 A. The
insets in each case are enlarged areas (bar, 500 A) and their computed difractograms where
the spacing of the main equatorial spots is indicated. A linear correlation of the spacing between
protofilaments and the C-terminal length (excluding BsFtsZ-CTLA249) in the absence (G) and
presence of PC190723 (H) resulted in 0.31 + 0.02 A and 0.38 + 0.05 A per residue, respectively.

Figure S11. Electron micrographs of negatively stained EcFtsZ polymers with GMPCPP.
Related to Figure 5. EcFtsZ (4 uM except where indicated) was polymerized in Pipes250
buffer with 10 mM MgCl, and 50 uM GMPCPP at 25 °C. The assembly reaction was
monitored by light scattering and samples were taken at different stages of de-

polymerization due to nucleotide consumption. (A) Initial plateau (100% light scattering). (B)
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depolymerizing sample (40% light scattering); bars (A,B), 2000 A. (C, D) representative large
circular structures observed at 40% light scattering; (E) highly curved and mini-ring like
structures observed at 5% light scattering in EcFtsZ (50 uM) depolymerizing samples; bars
(C,D,E), 1000 A.

Figure S12. Mg *_induced self-association of EcFt sZ with GDP and GMPCPP analy zed
with sedimentation velocity (AUC).  Related to main text. Sedimentation coefficient
distribution c(s) of (A) EcFtsZ in Pipes250 buffer with 1 mM GDP and 10 mM MgCl,, 25 °C,
at 1.4 g/L (black line, spow= 2.4, 4.2 and 5.8 S), 2 g/L (blue line, s w= 3.3, 4.9 and 6.3 S) and
4 g/L (red line, spow = 3.1, 4.6, 5.8 and 7.1 S); (B) EcFtsZ with 0.2 mM GMPCP instead of
GDP, at 2 g/L (black line, spow = 3.4, 4.8 and 6.2 S), 3 g/L (blue line, spow = 3.3, 5.0 and 6.5
S) and 4 g/L (red line, s,ow= 2.8, 4.1, 5.4 and 6.8 S). Note that in a self-association system in
rapid equilibrium, the velocity of neither the slow nor the fast peaks at a finite protein
concentration represents the sedimentation of any particular species; only when the
association constant and concentration are large enough, the sedimentation of the fast peak
may approach that of the rings (27). First theoretical estimates for the sedimentation
coefficient of mini-rings made of 16 FtsZ monomers (Figure 5H) were calculated (Methods).
For a ring of 220 A diameter made of spheres equivalent to a 3.2 S monomer (Figure 1), s%0.w
= 15.3 S; for a model ring made of monomer core structures (Figure S2, model j), s%0w = 13

S; and from the ring average cryo-EM volume (Figure 5H), s°ow = 14 S.
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