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Structural insight into filament formation
by mammalian septins

Minhajuddin Sirajuddin’, Marian Farkasovsky'f, Florian Hauer? Dorothee Kiihimann', lan G. Macara®,
Michael Weyand', Holger Stark” & Alfred Wittinghofer!

Septins are GTP-binding proteins that assemble into homo- and hetero-oligomers and filaments. Although they have key
roles in various cellular processes, little is known concerning the structure of septin subunits or the organization and polarity
of septin complexes. Here we present the structures of the human SEPT2 G domain and the heterotrimeric human
SEPT2-SEPT6-SEPT7 complex. The structures reveal a universal bipolar polymer building block, composed of an extended G
domain, which forms oligomers and filaments by conserved interactions between adjacent nucleotide-binding sites and/or
the amino- and carboxy-terminal extensions. Unexpectedly, X-ray crystallography and electron microscopy showed that the
predicted coiled coils are not involved in or required for complex and/or filament formation. The asymmetrical heterotrimers
associate head-to-head to form a hexameric unit that is nonpolarized along the filament axis but is rotationally asymmetrical.

The architecture of septin filaments differs fundamentally from that of other cytoskeletal structures.

Septins are conserved GTP-binding proteins discovered in the bud-
ding yeast Saccharomyces cerevisiae, where they organize into a ring at
the bud neck'™. A parallel array of filaments is formed from hetero-
oligomers of four septins, which interact asymmetrically with other
proteins during cell division™®. The 13 human septin genes can be
subdivided into 4 groups, which can, in principle, generate dozens of
redundant heteromeric complexes’”. They have key roles in cell
division, cytoskeletal dynamics and secretion'’, and have been
implicated in the pathogenesis of various diseases including neo-
plasia and neurodegenerative conditions''. Missense SEPT9 muta-
tions were recently found to be responsible for hereditary neuralgic
amyotrophy'?.

Not much is known about the structure of septins, the role of
guanine nucleotide binding and GTP hydrolysis in septin function'.
Mammalian septin complexes isolated from brain tissue or HeLa cells
contain between three—five major isoforms'*"’. Purified septin com-
plexes from S. cerevisiae with Cdc3—Cdc10-Cdc11-Cdc12 and from
Drosophila with Pnut-Sep1-Sep2 have 2:2:2:2 and 2:2:2 stoichiome-
tries'®°, and contain 1 mol guanine nucleotide per polypeptide**>*.
Recombinant mammalian and yeast complexes with different
numbers of septins contain bound nucleotides with varying affinities
and stoichiometries®>*’, whereas the recombinant octameric yeast
complex is fully saturated with tightly bound nucleotide®**’. The
trimeric SEPT2-SEPT6-SEPT7 complex, but not the dimeric
human SEPT6-SEPT7 complex, forms filaments*, whereas the
Caenorhabditis elegans UNC-59 and UNC-61 gene products are suf-
ficient for filament formation®. Because a single recombinant Sept2
from Xenopus laevis and human SEPT2 expressed in insect cells can
be reconstituted into filaments, a defined number of subunits is
apparently not required for filament formation®>**. Septin filaments
have 7-9-nm width and various length, with a unit length of 25—
32 nm observed under high salt concentration®'****. As an approach
to understand septin function better, we have determined the X-ray
structure of the human SEPT2 G domain and the SEPT2-SEPT6—
SEPT7 complex.

The SEPT2 G domain

Human SEPT2 lacking 46 residues of the predicted C-terminal coiled
coil (SEPT2-315) was isolated as recombinant protein from
Escherichia coli. It contains 50% bound GDP and elutes in several
peaks during gel filtration, two of which correspond to apparent
molecular masses of 36 and 72kDa, respectively (Fig. 1a). In the
presence of GDP, GppNHp (a slowly hydrolysing GTP analogue)
or alkaline phosphatase, the monomer—dimer equilibrium is shifted
towards the dimer or monomer, respectively, indicating that dimer-
ization is influenced by the presence but not the nature of the
nucleotide. SEPT2-315 was crystallized in the presence of excess
GDP and the structure was solved using selenomethionine single-
wavelength anomalous dispersion (SAD) to a resolution of 3.4 A
(Table 1). In the asymmetrical unit of the crystal, SEPT?2 is dimerized
via two different interfaces (Fig. 1b).

The basic structure of monomeric SEPT2 closely resembles the
canonical G domain exemplified by Ras, with six B-strands and five
a-helices (Fig. 1c and Supplementary Fig. 1). A unique feature of
SEPT?2 is the presence of four additional elements compared to
Ras. These are the N-terminal helix a0 (to preserve the canonical G
domain nomenclature), 5" between a4 and 6, the two antiparallel
strands B7 and B8, and the a6 C-terminal helix that points away from
the G domain at a 90° angle relative to the axis of interaction between
subunits. The sequences of the additional elements are highly con-
served. They contain residues that are invariant between SEPT2-
SEPT6-SEPT7 and most other septins and are involved in contact
to neighbouring subunits. GDP is bound in a conventional way, with
the phosphates occupying the P-loop and the AKAD motif contact-
ing the guanine base.

SEPT2 forms dimers via the nucleotide-binding site

Interface 1 of the septin dimer is along the nucleotide-binding site
and forms the G-dimer, whereas interface 2 is mediated by the extra
N-and C-terminal helices to form the NC-dimer (Fig. 1b and Sup-
plementary Fig. 2a). The sizes of the interfaces are 1,851 A> and
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Figure 1| Structure and dimerization of SEPT2. a, Gel filtration analysis of
SEPT2-315 on a Superdex S-200 column. The elution profile shows a
monomer—dimer equilibrium, which is shifted by the presence of excess
GDP or GppNHp as indicated. In the presence of alkaline phosphatase (AP),
which degrades nucleotides, the protein runs as a monomer predominantly.
AU, absorption units. b, Ribbon representation of three SEPT2-315

2,995 A? for the G-dimer and the NC-dimer, respectively. To delin-
eate which of these represents the solution structure, we mutated
residues that are likely to contribute to the binding energy and are
highly conserved (Supplementary Fig. 2b).

Phenylalanine 156 of SEPT2 interacts with Phe 156 from the other
SEPT2 subunit and was mutated to Asp, whereas Trp260 and
His 270, which interact, were mutated to Ala and Asp, respectively.
For the NC-dimer, Val 27 and Phe 20 were mutated to Asp. Dimer
formation was analysed by analytical gel filtration in the presence of
GDP (Fig. 1d). Whereas mutants of the NC-dimer interface showed
the same equilibrium between monomer and dimer as wild-type
SEPT2, the G interface mutants eluted as monomers. These results
demonstrate that SEPT2 forms dimers across the nucleotide-binding
site, with a face to face orientation of nucleotide-binding sites, similar
to other GTP-binding proteins of the TRAFAC and SIMIBI classes*”
such as MnmE** and HypB®, consistent with our observation that
saturation with nucleotide favours dimerization (Fig. la).

Table 1| X-ray refinement statistics

SEPT2-315 Human septin complex

Resolution (A) 20-34 49.15-4
Ruwork/ Riree (%) 27.9/31.3 37.5/39.2
Number of atoms

Protein 3,650 4,575

Ligand/ion 56 87
B-factors

Protein 80.27 783

Ligand 65.43 71.4
r.m.s deviations

Bond lengths (A) 0.012 0.057

Bond angles (°) 1.589 4.7

monomers found in the crystal, with two possible dimer interfaces labelled
G- or NC-dimer, as indicated. Dashed lines represent disordered regions.
¢, Superimposition of the structures of SEPT2-315 (red) and Ras—GppNHp
(blue) (Protein Data Bank 121P), indicating the extra secondary structure
elements of the septin G domain. d, Gel filtration of mutant SEPT2 variants
in the presence of excess GDP, analysed as described in a.

Structure of the human septin complex

The human septin complex consisting of full-length SEPT2-SEPT6—
SEPT?7 was isolated basically as described for the recombinant yeast
complex®. Using gel filtration, the molecular mass of the complex
was estimated as ~285kDa, which accounts for a hexamer. It
contains ~70% bound nucleotide relative to protein with a
GDP:GTP ratio of >2:1. The structure of human septin complex
was solved using the MIRAS (multiple isomorphous heavy-atom
replacement using anomalous scattering) approach. The electron
density reveals 4-5-nm-wide tubes, indicating that the human septin
complex is polymerized under crystallization conditions (Supple-
mentary Fig. 3). The asymmetrical unit of the crystal is a trimer rather
than a hexamer. Subunit assignment of the trimer was guided by
selenomethionine sites (Fig. 2a).

The final model of the SEPT2—-SEPT6-SEPT7 repeating unit (Fig.
2b) shows that the filament in the crystal consists of an assembly of G
domains; the G domains contact each other using the same conserved
G and NC interfaces observed in the SEPT2 crystal. Surprisingly, no
density is seen for the predicted C-terminal coiled coils, although
there is sufficient space available between parallel filaments in the
crystal. To exclude protein truncation during crystal formation,
human septin complex crystals were dissolved and shown to contain
full-length protein (not shown). Although the resolution of the struc-
ture is limited to 4 A, we would expect to see density for the coiled
coils because the density of the G domain is well defined. The location
of the coiled coils can be deduced from the direction of helices 6,
which protrude at a right angle to the filament axis and could in
principle form parallel coiled coils, as predicted for SEPT6 and
SEPT7 from fluorescence resonance energy transfer (FRET) data™.
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Figure 2 | Structural analysis of the human septin complex.

a, Superimposition of the molecular replacement solution using the SEPT2 G
domain onto the selenomethionine anomalous map contoured at 56 to
assign the location of the SEPT2, SEPT6 and SEPT7 subunits in the
asymmetrical unit. b, Ribbon model of the trimeric SEPT2-SEPT26-SEPT27
complex, with SEPT7 in cyan, SEPT6 in pink and SEPT2 in blue, with
nucleotides in ball and stick representation. ¢, Positive F, — F_ electron
density map, contoured at 3G, around the nucleotide-binding sites of the
respective septins, and the resulting nucleotide models, as indicated.

There is a continuing debate as to whether the nature of bound
nucleotide determines septin complex or filament formation, and
whether GTP hydrolysis has a role in the process. Nucleotides are

ARTICLES

found in each septin active site. The F, — F. electron densities of
SEPT7 and SEPT2 are very consistent with a GDP nucleotide,
whereas SEPT6 contains additional density that we tentatively assign
to the y-phosphate of GTP (Fig. 2c), consistent with biochemical
findings”**.

Human septin complex is a linear hexamer

Electron microscopy of the human septin complex shows that
the filament structure in the crystal also represents the structure in
solution. Under low salt concentration, the heterotrimer forms fila-
ments and rings of various dimensions with no consistent pattern. At
high salt concentration, short pieces of uniform length become
prevalent. Single-particle analysis shows a hexameric assembly con-
sistent with a dimer of the trimeric asymmetrical unit of the crystal,
with similar dimensions. It consists of six equally sized subunits,
consistent with an array of G domains (Fig. 3a)"*. No density corres-
ponding to the C-terminal ends was observed after averaging. To
confirm that the C termini are dispensable for complex formation,
we found that a complex lacking coiled coils consisting of SEPT2(1—
308), SEPT6(1-310) and SEPT7(1-305) could be isolated with the
same purification procedure as wild-type human septin complex. We
conclude that the coiled coils are not required for formation of a
stable hexameric complex. Single-particle analysis did not reveal sig-
nificant differences compared to the wild-type human septin com-
plex (Fig. 3b).

Architecture of the hexamer

Although the electron microscopy studies show that the human sep-
tin complex forms a hexamer at high salt concentration, it is not
possible to deduce, from the linear arrangement of subunits in the
crystal, the boundaries of the solution particle. We thus analysed a
complex between a maltose binding protein (MBP)-SEPT2 fusion
and SEPT6-SEPT7, an intermediate of the purification scheme.
Electron microscopy analysis (Fig. 3d) shows an extra density located
at the centre of the particle. The fact that only one extra particle is

Figure 3 | Electron microscopic studies of septin complexes. a, Class
averages of the negatively stained human septin complex (HSC) at high salt
concentration obtained after reference-free alignment, MSA and
classification. b, Class averages of the deleted coiled coil (ACC) human septin
complex at high salt concentration showing the same hexameric arrangement
and comparable density distribution as in a. ¢, Class averages of the MBP-
fused human septin complex. Densities attributed to the fused MBP are
indicated by an arrow and located close to the central part of the complex.
d, Single-particle image of the MBP-fused human septin complex. Both MBP

fusion tags are visible as lateral protrusions highlighted by the arrows. e, Class
averages of the Cdc3—Cdc10-Cdc11-Cdc12 yeast septin complex (YSC). In
contrast to the human septin complex, the yeast septin complex forms an
octameric complex. f, Class averages after alignment of the human septin
complex using only the lower trimeric part as a reference to align the raw
images. The upper trimeric part adopts different orientations, indicating the
high level of flexibility of the hexamer. Bending is observed in the 25-30°
range around a hinge formed by the central SEPT2 dimer. g, Raw electron
micrograph of the human septin complex at high salt concentration.
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Figure 4 | The septin filament. Surface representation of the basic
hexameric unit (in colour). The neighbouring hexamer makes longitudinal
contact using SEPT7 (in grey), thereby forming septin filaments. The nature

visible instead of two in most images (Fig. 3¢c) might be due to the
flexible connection of the tag and/or the arrangement of particles on
the grid. However, in combination with the X-ray data, the evidence
for an arrangement of septins in the order 7-6-2-2-6-7 is unequivocal
(Fig. 4). Thus, the SEPT7-SEPT6 interaction takes place by means of
the NC interface, whereas the SEPT6—SEPT?2 interaction is via the G
interface. Notably, the SEPT2-SEPT2 interaction favours the NC
interface rather than the G interface found for the isolated SEPT2
in solution, supporting the notion that septin interactions appear
fairly promiscuous. Filament formation in the crystal and most likely
in solution involves a SEPT7-SEPT7 G-dimer interaction, which
should be sensitive to high salt concentration, whereas the G interface
between SEPT2 and SEPT®6 is not, arguing that the G-dimer interface
of heterodimers is differentially sensitive or tighter than the G-dimer
interface of homodimers.

Bending of filaments

By aligning all human septin complex particles against a linear tri-
mer, flexibility of the hexameric complex is revealed by multivariate
statistical analysis (MSA) and classification®"** (Fig. 3f). Straight and
kinked states are found in almost equal amounts within the particle
population. The observed average flexibility of the hexamer can be
described by bending one trimer with respect to the other by 25-30°
around a hinge formed by the SEPT2—SEPT2 interface. This interface
appears as an obvious hinge element, because it is connected by
thinner density elements. Consistent with this, the upper half of
the NC-dimer interface of SEPT2 near 02/6 is mediated mostly by
charged residues (Fig. 1b and Supplementary Fig. 2a), which should
be destabilized by the high salt concentration used in the electron
microscopy analysis. This analysis indicates that septin filaments are
not uniformly linear in vitro, consistent with observations that they
can form ring-like structures in vitro and in vivo.

Discussion

The N-terminal extensions of the septin G domain upstream of o0 are
usually fairly short, except for SEPT9 (also called MSF), and have no
apparent secondary structure. The longer N terminus of SEPT6
makes additional contacts with SEPT7 and may thus be involved in
tightening the interaction between the subunits. The C-terminal
extensions have a strong coiled-coil probability and were expected
to be structured and contribute to complex formation. Surprisingly,
they were neither visible in the X-ray nor in the electron microscopy
analyses. It could be that these regions are natively unstructured and
only adopt structure by interacting with partner proteins such as the
BORGs'"” or other septin filaments. Alternatively, they might indeed
adopt parallel coiled-coil structures as predicted™, but are connected
to the G domain via a flexible linker. Because such a break in the
coiled-coil prediction does exist (Supplementary Fig. 1), the C ter-
mini might indeed adopt numerous positions relative to the G

4

of the nucleotide in the subunits is indicated. The presumed orientations of
the C-terminal ends predicted to form coiled coils are shown schematically.

domain and are thus not visible. Thin strands projecting outwards
from a rat oligomeric septin complex have been observed before'®
and can also be identified in some of our electron microscopy images
(Fig. 3g), but are lost on averaging. For the SEPT6-SEPT7 coiled
coils, it was shown that they directly interact with each other™.
Although the G domain alone is sufficient to mediate complex and
filament formation, the proximity of C termini of SEPT6-SEPT7
could indicate that the coiled coils, although not required, may fur-
ther stabilize filament formation, consistent with results on recom-
binant coiled-coil-deleted Xenopus laevis Sept2 (ref. 25).

The 4-5-nm width of septin filaments from our crystal and elec-
tron microscopy analyses is about half the size of 7-9-nm septin
filaments described in electron microscopic studies and consistently
quoted in the literature. Although the nature of the discrepancy is not
obvious, two single filaments tightly packed against each other would
form such a particle. Paired filaments with varying space between
them have been described, and the 8-nm filament could thus be a
special case. The C-terminal regions may be involved in forming
paired filaments or higher order structures seen in vitro and in
vivo**'*1%% Because C-terminal extensions of neighbouring fila-
ments point into the same direction, the formation of paired fila-
ments is prevented in the crystal.

The extended G domains of septins serve as universal building
blocks for polymer formation, which is in contrast to published
models. Polymers can be formed by a variable number of subunits
using different combinations of septins. To show that this is a com-
mon design principle we analysed the recombinant yeast Cdc3—
Cdc10-Cdc11-Cdc12 complex. Electron microscopy analysis shows
a particle of 32-nm length and 4-5-nm width clearly composed of
eight subunits (Fig. 3e), as predicted from previous biochemical
analysis and consistent with the structural findings'®*>**. The nature
of the nucleotide indicates that it might have a role in oligomer and
filament formation, because we observe that in the interface between
SEPT6—GTP and SEPT2-GDP the switch regions are better defined
than in the SEPT7-GDP interface. The data also show that the
G-dimer interface between the homodimer SEPT7-SEPT7 can be
dissociated using high salt concentration, but this is not the case
for the G-dimer interface between the heterodimer SEPT6-SEPT2,
possibly due to the nature of bound nucleotide. To decipher the
rules of complex and filament formation, the role of nucleotide
binding and GTP hydrolysis, and the function of the C-terminal
extensions, more biochemical experiments and structural studies,
possibly with higher resolutions, will be required. The structures
presented here will provide powerful tools for the design of appro-
priate experiments.

METHODS SUMMARY

SEPT2-315 was isolated from E. coli using the glutathione S-transferase (GST)
tag. Analytical gel filtration of SEPT2-315 was performed over a Superdex S-200
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10/30 column (Amersham) with an AKTA explorer under different conditions.
The GDP protein was prepared by incubating with 3X excess GDP; GppNHp
protein was prepared by treating 5 units of alkaline phosphatase and 3X excess
GppNHp for 4 h at 4 °C. Tris/HCI (50 mM) pH 7.5, 150 mM NaCl, 5 mM MgCl,
and 5mM dithioerythritol (DTE) was used as buffer throughout. Trimeric
complex (human septin complex) was co-expressed in E. coli and co-purified
using the His and MBP tags on SEPT7 and SEPT2, respectively. SEPT2-315
crystals were grown using 5% polyethylene glycol 6000, 0.1 M bicine pH 9.0,
and 0.1 M glycine; crystals were transferred to cryoprotectant containing 25%
ethylene glycol along with mother liquor and flash frozen in liquid nitrogen.
Selenomethionine-labelled protein was crystallized as above and a SAD data set
was used for structure determination. The structure of human septin complex
was solved using a combination of five heavy-atom derivatives. All the samples
for electron microscopy analysis were incubated in high salt buffer (20 mM
HEPES pH 8.0, 800 mM NacCl, 5mM MgCl, 10 mM dithiothreitol), except for
human septin complex containing the MBP-SEPT2 fusion, which was centri-
fuged in a glycerol gradient (20 mM HEPES pH 8.0, 600 mM NaCl, 5 mM MgCl,,
5-20% glycerol 5-20%) for 20 h at 92,000g. All samples were applied on a
single carbon film on an electron microscopy grid and negatively stained with
uranyl formate. Class averages of selected particles were reconstructed after
reference-free alignment and subsequent MSA and classification. A more
detailed description can be found in Methods.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Purification and crystallization of SEPT2-315. Wild type and mutant human
septin2-315 (amino acids 1-315) were expressed in E. coli BL21(DE3) as a GST-
fusion protein. After overnight induction at 28 °C, the cell lysate was purified
using GSTrap-FF columns (Amersham). SEPT2-315 was cleaved from the tag
using PreScission protease and purified using a Superdex S-200 column. The low
molecular mass fraction eluted in two peaks with apparent molecular masses of
~72kDa and ~36kDa. A large portion eluted in the size exclusion volume as
higher oligomers, which was discarded. The monomer—dimer fraction was used
for analytical gel filtration described in Methods Summary; the dimer fraction
was used for crystallization. Standard buffer used throughout was 50 mM Tris/
HCI pH 7.5, 150 mM NaCl, 5mM MgCl, and 5mM DTE. Selenomethionine
protein was purified as above using cells grown in minimal media supplemented
with selenomethionine.

Twenty milligrams per millilitre protein with 1 mM GDP was used for crys-
tallization. Initial crystallization conditions were obtained by a semi-automatic
nanolitre sitting-drop screening using commercial Qiagen/Nextal screening kits,
by combining protein and reservoir solution in a 1:1 ratio. Crystallization con-
ditions were optimized by hanging-drop vapour diffusion in 24-well plates at
20 °C. Suitable crystals of SEPT2-315 were obtained in 2 weeks. The reservoir
solution contained 5% polyethylene glycol 6000, 0.1 M bicine pH 9.0 and 0.1 M
glycine. The crystals were transferred to a cryoprotectant solution containing
25% ethylene glycol together with the mother liquor and immediately flash-
frozen in liquid nitrogen. A similar strategy was used to obtain selenomethionine
protein crystals, and a SAD data set to 3.4 A resolution was collected at beam line
X10SA Swiss Light Source, Villigen, Switzerland at 100K. Data processing was
carried out using the XDS software package®. The crystals belonged to space
group C2 with unit cell dimensions a =163 A, b=544, c=1104, «=90°
B=128° 7y =90°
Structure determination of SEPT2-315. SAD data from the selenomethionine
protein crystals were used to obtain phases. Eight selenomethionine sites were
found using SHELXD?® and these sites were fed into SOLVE®” for phase calcula-
tion and subsequently RESOLVE?” for solvent flattening. After a cycle of further
density modification using the program DM of the CCP4 package®, the electron
density was used for manual building using COOT?. Refinement was done with
REFMAC5™ and the final R0, and R, values are 28% and 31.4%, respectively
(see Table 1). The final model includes 469 amino acids out of 630 (for dimer),
which were residues 20-62, 78—101, 116-139, 141-214, 224-246, 253-268 and
270-304. The model exhibits excellent geometry with 89.4% in favourable,
10.4% in allowed and no residues in disallowed regions of the Ramachandran
plot (Supplementary Table 1). Buried surface areas were calculated with CNS*'
using a default probe radius of 1.4 A
Purification and crystallization of the human SEPT2-SEPT6-SEPT7 com-
plex. The human septin complex was purified from E. coli Rosetta carrying
two plasmids as described for recombinant yeast septins®>. SEPT6 and His—
SEPT?7 are expressed from a bicistronic vector and MBP-SEPT2 from a second
compatible vector. After overnight induction at 28 °C, the human septin
complex was purified using Ni-NTA and amylose columns with 25mM
sodium-phosphate pH7.8, 8% glycerol, 300mM NaCl, 5mM MgCl, and
5mM B-mercaptoethanol as buffer. Tags were cleaved using thrombin and final
purification was via gel filtration using Sephacryl 400 with 20 mM HEPES
pH 8.0, 500 mM NaCl, 5 mM MgCl, and 5mM DTE as buffer. The hexameric
fractions were collected, concentrated by ultrafiltration to 10mgml™' and
stored at —80 °C. Selenomethionine protein complex was purified as above after
growing the cells in minimal media supplemented with selenomethionine.
Crystallization trials were done using wild-type human septin complex as well
as a mutant in which 57 C-terminal residues of SEPT7 were deleted (human
septin complex SEPT7-361). These complexes produced the same elution pat-
tern, crystallized under the same conditions and produced a very similar diffrac-
tion pattern.

Crystals of the human septin complex were obtained at 20 “C by the hanging-
drop vapour diffusion method with 1.5 pl protein samples mixed with an equal
volume of reservoir solution containing 1.4 M ammonium sulphate, 0.1 M Bis-
Tris-propane pH 6.5 in 2-3 days. Crystals were collected after a week and trans-
ferred to a cryoprotectant solution containing glycerol along with the mother
liquor. Transferring the crystals in the cryoprotectant using small gradual steps
to a final concentration of 20% glycerol improved the diffraction quality of the
crystals. Initial selenomethionine protein crystals were obtained by streak seed-
ing with native crystals and additionally 10 mM TCEP was added to the mother
liquor. These initial crystals were used for further micro- and macro-seeding to
obtain diffraction quality crystals. Crystals were derivatized with 1-2 mM of the
respective heavy atom compounds (see Supplementary Table 3) in the mother
liquor over a period of 12-24 h. Several data sets were collected for the native-,
selenomethionine- and heavy-atom-soaked crystals at beam line X10SA SLS,
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Villigen, Switzerland at 100K. Crystals exhibited a high degree of anisotropy.
Data processing was done using the XDS software package®. Crystals belong to
the P4;22 space group with unit cell constants a=b=252 A, c=1564,
o= f=vy=90° with a solvent content of 72% and Matthews’ coefficient of
43A>Da™! (estimated for one hexamer per asymmetric unit).

Structure determination of the human septin complex. Initial phases were
obtained using SOLVE?” and RESOLVE®” from selenomethionine crystals. The
program identified only 16 sites out of 82 (expected for one hexamer) and the
resultant electron density looked like a tube mesh. Similar output was seen for
TagBry4 crystals with one cluster per asymmetric unit. These weak phases were
used for the cross validation of selenomethionine and TasBr,4 phases and were
also used to calculate an anomalous Fourier map from the SAD data sets col-
lected from di-p-iodobis(ethylenediamine) diplatinum(II) nitrate (PIP)-,
HgCl,- and K,PtCly-soaked crystals (Supplementary Table 3). The sites were
hand-picked manually and fed into SOLVE for phase calculation using the
MIRAS approach with five derivatives along with native, which gave good
experimental phases up to 5.5A, and the resultant electron density after
RESOLVE showed the secondary structural elements (Supplementary Fig. 3a).

In another approach, molecular replacement was performed with the native
4 A data using MOLREP?*® and a monomeric poly-alanine structure of SEPT2 as a
search model. The resultant replacement solution contained three monomers
where the trimeric model from MOLREP fitted very well with the experimentally
phased electron density (Supplementary Fig. 3b), supporting the notion that a
trimer not a hexamer occupies the asymmetrical unit. The crystals thus have
an unusually high solvent content of 85.7% and Matthews’ coefficient of
87A°Da".

In order to identify the position of each individual polypeptide, we used the
information provided by selenomethionine, as the three septins contain different
numbers of methionines in different positions of the polypeptide chain
(Supplementary Fig. 1). The locations of SEPT2, SEPT6 and SEPT7 in the asym-
metrical unit could be unequivocally identified (Fig. 2a). The initial trimeric
model (molecular replacement output) was used to generate phases and the
model-derived phases were combined with experimental phases and extended
to 4 A. CNS*! composite omit maps were generated to locate the missing parts.
After several cycles of rebuilding, a model was generated where SEPT2 was taken
from the SEPT2 G-dimer model, SEPT6 and SEPT7 were built using manual
guidance by the replacement model and the methionine positions, side chains
were placed confidently around the methionine positions, and the rest was built
as poly-alanine stretches because the side chains were not visible. Initial refine-
ment was done without nucleotide; where positive density was observed in the
nucleotide-binding regions, nucleotides were placed in those densities and
included in the final refinement. Refinement was done using REFMAC" with
translation, libration, screw-rotation displacement (TLS) refinement, and the
final Ryo and Rge. values were 37.5% and 39.2%, respectively (Table 1).
Ramachandran statistics were obtained using PROCHECK (http://www.
biochem.ucl.ac.uk/~roman/procheck/procheck.html). F, — F. maps shown in
Fig. 2c were calculated by removing the nucleotide from the respective subunit.
Figures were generated using PYMOL".

Electron microscopy. Human septin complex was incubated in high salt buffer
(20mM HEPES pH 8.0, 800 mM NaCl, 5mM MgCl, 10 mM dithiothreitol).
Human septin complex containing the MBP-SEPT2 fusion construct was cen-
trifuged in a glycerol gradient (20 mM HEPES pH 8.0, 600 mM NaCl, 5 mM
MgCl,, glycerol 5-20%) for 20 h at 92,000g and 4 °C. After centrifugation and
fractionation, samples were fixed in 0.05% glutaraldehyde to stabilize the com-
plexand to obtain images suitable for image processing. Because complex forma-
tion capacity in the MBP-SEPT?2 fusion complex is reduced, centrifugation and
fixation at slightly lowered salt was necessary to obtain stable hexameric septin
complexes. High salt conditions without gradient centrifugation and chemical
stabilization did result in fragmentation of septin complexes containing the
MBP-SEPT?2 fusion complex. Lower salt conditions without gradient centrifu-
gation and chemical stabilization, on the other hand, yielded a highly hetero-
geneous complex population (data not shown). The human septin complex
lacking the coiled coils (ACC) and yeast septin complex consisting of Cdc3—
Cdc10-Cdc11-Cdc12 was prepared for electron microscopy as described for the
unmodified human septin complex. All samples were applied on a single carbon
film on an electron microscopy grid covered with carbon support film (contain-
ing 1-4 um holes) and negatively stained with uranyl formate. Low-dose images
were taken on a 4k X 4k CCD camera in a Philips CM200 FEG electron micro-
scope. Images of the yeast septin complex were recorded in a Philips CM120
electron microscope. Class averages of selected particles were computed after
alignment by classification*’ and subsequent rounds of multivariate statistical
analysis** and classification®, and multi-reference alignment*®. The average
number of members per class was 40 images. Most (~80%) particles were
intact hexamers. Within the data sets, 10-20% of class averages containing
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non-hexameric complexes were detected, which can be attributed to a remaining
heterogeneous subpopulation of complexes and to flexibility of the SEPT2—
SEPT6-SEPT7 complex. For image processing, IMAGIC-5 software was used”’.
Image alignment was done by exhaustive alignment using re-sampling to polar
coordinates*. For particle statistics see Supplementary Table 4.
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