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Septins are membrane-associated, GTP-binding proteins that are present in

most eukaryotes. They polymerize to play important roles as scaffolds and/or

diffusion barriers as part of the cytoskeleton. �-Helical coiled-coil domains are

believed to contribute to septin assembly, and those observed in both human

SEPT6 and SEPT8 form antiparallel homodimers. These are not compatible

with their parallel heterodimeric organization expected from the current model

for protofilament assembly, but they could explain the interfilament cross-

bridges observed by microscopy. Here, the first structure of a heterodimeric

septin coiled coil is presented, that between SEPT14 and SEPT7; the former is a

SEPT6/SEPT8 homolog. This new structure is parallel, with two long helices

that are axially shifted by a full helical turn with reference to their sequence

alignment. The structure also has unusual knobs-into-holes packing of side

chains. Both standard seven-residue (heptad) and the less common 11-residue

(hendecad) repeats are present, creating two distinct regions with opposite

supercoiling, which gives rise to an overall straight coiled coil. Part of the

hendecad region is required for heterodimerization and therefore may be

crucial for selective septin recognition. These unconventional sequences and

structural features produce a metastable heterocomplex that nonetheless has

enough specificity to promote correct protofilament assembly. For instance, the

lack of supercoiling may facilitate unzipping and transitioning to the antiparallel

homodimeric state.

1. Introduction

1.1. Septins

Septins are conserved proteins that are found in most

eukaryotes, except vascular plants. As part of the cyto-

skeleton, they participate in a wide diversity of remodelling

events affecting cell morphology, including cytokinesis, the

formation of phagosomes and diffusion barriers and the

entrapment of bacteria, to mention just a few (Hartwell, 1971;

Hu et al., 2010; Mostowy & Cossart, 2012; Robertin &

Mostowy, 2020). The canonical septin fold has three domains:

an N-terminal domain (NTD), a GTP-binding domain (G) and

a C-terminal domain (CTD) that frequently contains coiled-

coil (CC) repeats (Versele et al., 2004). In humans, 13 septins

have been identified (SEPT1–SEPT12 and SEPT14) and have

been classified into four groups according to their sequence

similarity: the SEPT2, SEPT6, SEPT7 and SEPT3 groups

(Martinez & Ware, 2004; Pan et al., 2007). The SEPT7 group is

the smallest, with SEPT7 as the sole member, and the SEPT6
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group is the largest, being composed of SEPT6, SEPT8,

SEPT10, SEPT11 and SEPT14.

SEPT14, the last to be identified, is highly enriched in the

testis (Peterson et al., 2007; Uhlén et al., 2015). Low expression

levels of SEPT14 in sperm have been linked to male infertility

due to a likely role in human spermatogenesis (Shafipour et al.,

2014; Vahabi Barzi et al., 2020). Interestingly, two point

mutations in SEPT14, A123T and I333T (with the latter being

localized in the CTD), can cause defects in the sperm head and

nucleus (Wang et al., 2019; Lin et al., 2020).

All septin functions are related to their ability to hetero-

polymerize into organized filamentous structures including,

but not limited to, paired filaments, gauzes and rings (Bertin et

al., 2008; Ong et al., 2014). From two to four different septins

assemble into a palindromic linear heterooligomer (or

protofilament) containing two copies of each subunit. These

represent the building blocks for polymerization. For the

human septins, both hexamers (of the type SEPT2–SEPT6–

SEPT7–SEPT7–SEPT6–SEPT2) and octamers (SEPT2–

SEPT6–SEPT7–SEPT3–SEPT3–SEPT7–SEPT6–SEPT2) can

form, and the internal order of these subunits has recently

been revised (Sirajuddin et al., 2007; Kim et al., 2011; Sellin

et al., 2011; Mendonça et al., 2019; Soroor et al., 2021). These

protofilaments subsequently polymerize into filaments via

interactions involving the terminal copies of SEPT2. It is

believed that septins from the same group occupy the same

relative position within filaments, giving rise to a wide range of

viable combinations, a principle known as Kinoshita’s rule

(Kinoshita, 2003; Valadares et al., 2017; Mendonça et al., 2019).

Septin subunits within a filament interact via two different

kinds of interfaces; one, the NC interface, potentially involves

CC formation (Fig. 1a). Two different CC-containing NC

interfaces are expected: the homodimeric NC interface,

formed when oligomers polymerize end to end (for example

SEPT2–SEPT2), and the heterodimeric NC interface, which is

internal to the protofilament (for example SEPT6–SEPT7).

Kinoshita’s rule implies that SEPT6 at this latter type of

interface could be replaced by SEPT8, SEPT10, SEPT11 or

SEPT14, giving rise to five possible types of heterodimer

with SEPT7. The structure of the SEPT2G–SEPT6–SEPT7

complex solved by cryo-electron microscopy (Mendonça et al.,

2021; Fig. 1a) used intact SEPT6 and SEPT7, but did not

reveal the organization of these CTDs as they were disordered

with respect to the protofilament axis (Cavini et al., 2021).

As a result, septin CTDs have been studied in isolation from

other septin domains. It has been shown that the CTDs of

SEPT6, SEPT8, SEPT10 and SEPT11 can form hetero-

complexes with the SEPT7 CTD with dissociation constants in

the low-nanomolar range (de Almeida Marques et al., 2012;

Sala et al., 2016). These complexes are essentially hetero-

dimers and fluorescence resonance energy transfer (FRET)

experiments indicate that the CC formed between SEPT6 and

SEPT7 is parallel (Low & Macara, 2006). In the absence of

their partner, the CTDs form low-affinity homodimers (de

Almeida Marques et al., 2012; Sala et al., 2016). Recently, we

have reported the homodimeric CC structures of SEPT6

(PDB entry 6wbp) and SEPT8 (PDB entry 6wsm) (Leonardo

et al., 2021). Both are similar antiparallel CCs with charged

residues at a positions intercalated favourably on the same

side of the CC. This antiparallel arrangement led us to spec-

ulate on the possibility that these homodimeric structures may

form the cross-bridges seen between septin filaments (Bertin

et al., 2008, 2010; Jiao et al., 2020; Szuba et al., 2021; Leonardo

et al., 2021; Fig. 1b). Similarly, SEPT2 CTDs may form anti-

parallel homodimeric coiled coils which could connect fila-

ments with a tighter spacing, due to their shorter length

(Leonardo et al., 2021).

1.2. Coiled-coil motifs

�-Helical coiled coils (CCs) are one of the best understood

tertiary/quaternary structures in proteins (Lupas & Gruber,

2005; Woolfson, 2017, 2023; Lupas & Bassler, 2017). This

understanding stems from their apparent sequence and

structural simplicity, although new variations and archi-

tectures are being uncovered (Lupas & Bassler, 2017; Beesley

& Woolfson, 2019). CCs are bundles of two or more �-helices

with parallel, antiparallel or mixed arrangements around a

central superhelical axis. At the sequence level, these are

mostly encoded by seven-residue or heptad repeats (a-b-c-d-e-

f-g), which span approximately two helical turns and usually

have hydrophobic residues at the a and d positions. This is

referred to as 7/2 periodicity (Lupas, 1996). Because the

number of residues per turn of right-handed �-helices (3.6) is

greater than the periodicity of hydrophobic residues (3.5), the

resulting amphipathic �-helices wrap around each other with a

left-handed twist or supercoil. This also leads to the structural

hallmark of CCs, namely knobs-into-holes (KIH) packing

between helices, where the side chains at the a and d sites (the

knobs) from one helix pack into diamond-shaped holes

formed by four side chains from another helix (Crick, 1952,

1953). In parallel, in-register CC dimers this results in a–a and

d–d core layers with so-called parallel and perpendicular

packing geometries, respectively, and another geometry, acute

packing, occurs in trimers (Harbury et al., 1993; Supplemen-

tary Fig. S1).

Other CC sequence repeats and periodicities exist (Pauling

& Corey, 1953; Brown et al., 1996; Hicks et al., 1997; Lupas &

Gruber, 2005), for example hendecads (11/3) and pentadecads

(15/4). These directly impact the supercoil. For instance, in

hendecad repeats (a-b-c-d-e-f-g-h-i-j-k) the spacing between

core-packing/hydrophobic sites at a, d and h is 11/3 or 3.67

residues. As this is slightly greater than the fixed rise per

residue of the �-helix, the resulting CCs have a right-handed

twist, although this supercoiling is less pronounced than in

heptad-based structures. This arrangement was originally

identified in the sequence of tetrabrachion (Peters et al., 1996)

and later its structure (PDB entry 1fe6; Stetefeld et al., 2000),

and has been developed generally by others (Brown et al.,

1996; Hicks et al., 1997; Lupas & Gruber, 2005). Inevitably, this

departure from the canonical and idealized sequence motifs

also affects core packing, resulting in so-called x and/or da

geometries (Lupas & Gruber, 2005).
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A valuable measure to characterize and parameterize

CCs is the Crick angle or positional orientation angle ’
(Supplementary Fig. S1). Axial rotations (�’) of the helices

may lead to less common Crick angles of core residues; these

include the above arrangements x (a residue halfway between

the a and d canonical positions) and da (where two consecu-

tive residues are part of the core) (Lupas & Gruber, 2005). In

symmetric homo-oligomers, knob-to-knob (KTK) contacts

can preclude the pairing of residues other than alanines and

glycines (Lupas & Gruber, 2005). However, relaxation of the

structural constraints, such as antiparallel structures and

register shifts, can allow larger side chains in positions with the

x geometry (Lupas & Gruber, 2005). Notably, even identical

helices can break symmetry and pack offset along the
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Figure 1
Characterization of the oligomeric state and heterodimerization of the CC constructs. (a) Septin protofilament organization according to the cryo-EM
structure of the SEPT2G–SEPT6–SEPT7 complex (PDB entry 7m6j). Protofilaments polymerize end to end (adjacent protofilaments are shown semi-
transparent) and their NC interfaces are depicted. The CTDs (arrows) are not modelled/present within the structure but are expected to project as
indicated from the stubs at the C-termini of the corresponding G domains. (b) ‘Railroad-track’ model in which the CTDs of SEPT6 (and maybe SEPT7)
form antiparallel homodimeric coiled coils connecting different filaments. (c) Human septins SEPT14 and SEPT7 have a central Ras-like G domain and
a CC sequence within the CTD (boxes). The constructs used and their truncation positions are shown. (d) Septin CC constructs are predominantly
dimeric by SEC-MALS. Thin lines represent the normalized UV absorption and differential refractive index, whereas thick lines represent the molar
mass. The peptide concentration at injection was 0.8 mM (0.4 mM each in the case of the equimolar mixture). SEPT14CC* elutes as a single peak
corresponding to a mixture of dimers and monomers (roughly 2:1, considering the calculated mass) as also demonstrated by the tail associated with the
elution profile. To a lesser extent, SEPT7CCext also presents peak tailing and dimeric mass underestimation. The SEPT14CC*–SEPT7CCext mixture
behaves essentially as dimers. (e) CD thermal denaturations of the complete CTDs, SEPT14C, SEPT7C (10 mM) and their equimolar mixture (5 mM
each, 10 mM total). ( f ) SEPT14CC*–SEPT7CCext (10 mM total). The presence of residual homodimers and/or monomers cannot be ruled out,
potentially explaining the minor transition at around 20�C. (g) SEPT14CC*–SEPT7CC* (10 mM total). There is a considerable gain in the melting
temperature in the longer constructs, but not in the case of the SEPT14CC*–SEPT7CC* mixture, as SEPT7CC* is overtruncated (12 residues shorter
than SEPT14CC*). (h) Comparison of the melting temperatures (Tm, black bars) and Tm gain (grey bars) found by CD for the different SEPT6-group
CTDs when mixed with the SEPT7 CTD (Sala et al., 2016) and the different constructs involving SEPT14 and SEPT7 (reported here). The complex
formed by the SEPT14 and SEPT7 CTDs has the highest thermal stability among them. ‘Tm gain’ refers to the difference between the experimental Tm

for the mixture and the predicted Tm for a mixture of the two individual samples (see Section 2).



superhelical axis, with shifts ranging from one register position

(Harrison et al., 1997) to a full �-helical turn (Liu et al., 2006;

Noell et al., 2019).

Here, we present the X-ray crystal structure of a parallel

heterodimeric septin CC formed between SEPT14 and

SEPT7. This CC is unusual in several respects, including the

presence of two regions with different periodicities (hen-

decads and heptads), a lack of supercoiling, offset helices and

several aromatic residues in the core. The x and da packings of

hendecads continue into the heptad region, generating a rare

side-chain packing for parallel CCs in which the d positions of

one helix interact with a and g positions in the other (d-ag

cores). These results have implications for both subunit

recognition and CC dynamics relevant to the assembly of

higher-order septin arrangements.

2. Methods

2.1. Sample production

We used the full CTDs (dubbed ‘C’) of SEPT14 (UniProt

Q6ZU15) and SEPT7 (UniProt Q16181) and different

constructs containing only the full coiled-coil (CC) region

(‘CCext’) or truncations of this (‘CC*’). All protein sequences

used are presented in Supplementary Table S1 and depicted in

Fig. 1(c). SEPT7C (residues 318–437), SEPT7CCext (residues

337–420) and SEPT7CC* (residues 362–420, dubbed

SEPT7CC in previous publications) have been used in

previous work (de Almeida Marques et al., 2012; Sala et al.,

2016; Leonardo et al., 2021; Castro et al., 2023). DNA sequences

encoding SEPT14C (residues 317–432) and SEPT14CC*

(residues 346–415) were amplified using Taq high-fidelity

DNA polymerase (Cellco) from a commercially sourced

plasmid (SEPT14, GenScript) or a reverse-transcribed

sequence (SEPT7, NCBI entry BC093640.1) as templates.

Purified inserts were digested using NdeI, XhoI and DpnI

restriction enzymes (Fast Digest, Thermo) and ligated (T4

DNA ligase, Promega) into pre-digested pET-28a plasmids.

Positive colonies had their insert DNA sequence confirmed

using a 3130 Genetic Analyser DNA sequencer (Applied

Biosystems).

MBP- and SUMO-fused constructs were designed and used

in the SEC–SAXS experiments (see below). CTDs excluding

the hinge (the region connecting the G-domain to the CC

region), dubbed ‘c’ here, fused to an MBP or SUMO tag using

tripeptide linkers (Ser-Gly-Ser and Gly-Ser-Ser in the

MBP-fused and SUMO-fused constructs, respectively) were

generated with the In-Fusion HD Cloning Kit (Takara). The

following truncations were used: SEPT6c (residues 317–427,

UniProt Q14141-2), SEPT7c (residues 335–437, UniProt

Q16181), SEPT8c (residues 319–429, UniProt Q92599-2),

SEPT10c (residues 341–454, UniProt Q9P0V9), SEPT11c

(residues 316–429, UniProt Q9NVA2) and SEPT14c (residues

327–432, UniProt Q6ZU15). The pOPINM vector (coding for

a His tag and MBP at the N-terminus) was amplified by KAPA

HiFi HotStart DNA Polymerase (Kapa Biosystems) with the

fidelity buffer plus 5% DMSO. The pET-SUMO vector

(coding for SUMO at the N-terminus and a His tag at the

C-terminus) and the inserts were amplified by Phusion Hot

Start II High-Fidelity PCR Master Mix (Thermo Fisher) using

the recommended PCR timings and temperatures. NEB5�
cells were transformed with the reaction and the DNA

sequences of positive clones were confirmed by DNA

sequencing (Genewiz).

All peptides were produced according to our previous

report (Leonardo et al., 2021) unless stated otherwise. In brief,

Escherichia coli Rosetta(DE3) cells were grown at 37�C in LB

medium and protein expression was carried out overnight at

18�C by induction with 0.2 mM isopropyl �-d-1-thiogalacto-

pyranoside when the OD600 nm reached 0.6–0.8. The cells were

harvested, solubilized in 50 mM Tris pH 8.0, 1 M NaCl, 10 mM

imidazole and lysed by sonication. The clarified cellular

extract was applied onto IMAC resin (Ni–NTA Superflow,

Qiagen or TALON, Clontech), which was thoroughly washed

with 10 column volumes (CV) of lysis buffer and subsequently

with buffer containing 35 mM imidazole (5 CV). The protein

was eluted in buffer containing 200 mM imidazole (usually in

5 CV). Thrombin was added for His-tag removal (3 U per

milligram of protein) and the sample was dialysed overnight

against 25 mM Tris pH 8.0, 500 mM NaCl. After cleavage,

Benzamidine Sepharose 4 Fast Flow (GE Healthcare) and

IMAC resins were used to remove thrombin and hexahistidine-

containing peptides, respectively. Samples were concentrated

(Amicon, Merck) and applied onto Superdex 75 size-exclusion

columns (10/300 and HiLoad 16/600 for SEPT14 and SEPT7

constructs, respectively). The final sample buffer was 20 mM

Tris pH 8.0, 300 mM NaCl. Sample purity was analysed by

tricine–SDS–PAGE.

The procedure was similar for the MBP-fused and SUMO-

fused constructs, except that expression was performed in T7

Express cells (NEB), purification was carried out with a

HisTrap HP column (Cytiva) using 5% glycerol added to the

purification buffer and a Superdex 200 Increase 10/300 GL

column (Cytiva) was employed to purify the intact expressed

proteins (i.e. without protease treatment). Sample purity was

checked by SDS–PAGE.

In both protocols, to produce heteromeric samples, the two

peptides/proteins were mixed in equimolar proportions after

purification.

2.2. Oligomeric state analysed by SEC-MALS

For multi-angle light scattering coupled with size-exclusion

chromatography (SEC-MALS), the light scattering and the

differential refractive index were analysed with a miniDAWN

TREOS and OptiLab T-rEX system (Wyatt). A Superdex 75

GL 10/300 column (GE Healthcare) was employed, using

20 mM Tris pH 7.8, 300 mM NaCl as the buffer. The peptide

concentration used was 0.8 mM (0.4 mM of each peptide in

the case of sample mixtures). Data were processed using the

ASTRA7 software (Wyatt) for the determination of molecular

masses and thereby oligomeric states.
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2.3. Heteromerization analysis by circular dichroism
spectroscopy

Midpoint melting temperatures (Tm), determined using

circular dichroism (CD) spectroscopy, were used to evaluate

the formation of heterodimers. CD measurements were

recorded with a J-815 spectropolarimeter (Jasco) using 20 mM

sodium phosphate, 50 mM NaCl pH 7.5 as the buffer. In the

case of cysteine-containing peptide sequences, 1 mM DTT was

added. Buffer exchange was achieved by sample dilution at a

ratio of 100-fold or greater. Thermal denaturation experi-

ments were performed by monitoring the CD signal at 222 nm

using a bandwidth of 1 nm. The temperature was ramped from

4 to 70�C using a Peltier control module with data pitch of 2�C

and a temperature slope of 1�C min�1. The signal from the

cuvette and buffer was subtracted from the peptide signal and

the corrected data points were fitted using either a Boltzmann

or a double Boltzmann function to extract the melting

temperature Tm. The CD spectra of the individual species

were averaged and the resultant denaturation curve was fitted

to obtain the expected Tm for the case where no interaction

was present; this Tm was used as a benchmark for comparison

with the experimental Tm values of mixtures.

2.4. Coiled-coil orientation analysis by SEC–SAXS

Small-angle X-ray scattering coupled with size-exclusion

chromatography (SEC–SAXS) experiments were performed

on beamline B21 at the Diamond Light Source (DLS), Didcot,

United Kingdom (Cowieson et al., 2020) with an Agilent 1200

HPLC and a Superdex 200 Increase 3.2/300 column (GE

Healthcare). Samples at a total protein concentration of

5 mg ml�1 (45 ml) were injected and run in 50 mM Tris,

150 mM NaCl pH 7.5 buffer. 1 mM dithiothreitol (DTT) was

added to the buffer in cysteine-containing samples (SEPT14).

X-ray scattering was recorded every 3 s at 15�C with an

EIGER X 4M detector (Dectris) at a fixed camera length of

3.7209 m at 13.1 keV (corresponding to � = 0.9464 Å).

Angular q-range data were collected between 0.0045 and

0.34 Å�1 using a photon flux of 4 � 1012 s�1. Data reduction,

buffer subtraction and modelling of the radius of gyration

(Rg), the maximum particle dimension (Dmax) and the pair

distance distribution function [P(r)] were determined using

Scatter IV (Tully et al., 2021) and BioXTAS RAW (Hopkins et

al., 2017). Mass estimations were performed using Bayesian

inference (Hajizadeh et al., 2018), SAXSMoW (Fischer et al.,

2010) and volume of correlation (Rambo & Tainer, 2013)

methods. FoXS and MultiFoXS (Schneidman-Duhovny et al.,

2013, 2016) were employed to calculate the scattering profile

of hetero-parallel and hetero-antiparallel models. Ab initio

bead density shape envelope models for each data set were

initially generated within the ATSAS 3.2.1 package (Mana-

lastas-Cantos et al., 2021) by DAMMIF (Franke & Svergun,

2009), averaged over 23 independent runs using DAMAVER

(Volkov & Svergun, 2003) and subsequently by a single

DAMMIN (Svergun, 1999) run using expert mode with the

radius of dummy atoms set to 5 Å. Envelopes were super-

imposed with structural models using CIFSUP (BioSAXS,

EMBL) and the spatial resolution was estimated by SASRES

(Tuukkanen et al., 2016).

2.5. Protein crystallization

Crystallization screening was performed using a Crystal

Gryphon robot (Art Robbins Instruments) with sitting-drop

vapour-diffusion 96-well plates and commercial crystallization

kits. Initial hits were further screened using low intervals of

pH and concentration of PEG 3350 in sitting-drop, 24-well

Intelli-Plates with a reservoir volume of 250 ml. Many different

combinations and constructs of SEPT7 with its potential

SEPT6-group partners were tested. Success was obtained for

the case of SEPT14CC* with SEPT7CCext. The data

presented here are from a crystal obtained in a 2 ml drop (1:1

protein:precipitant) employing a protein concentration of

16 mg ml�1 (1:1 molar ratio, 0.8 mM each, 7.3 mg ml�1

SEPT14CC*, 8.7 mg ml�1 SEPT7CCext) in 0.1 M bis-Tris pH

5.0, 24% PEG 3350. Plates were kept at 293 K and crystal

growth was monitored by a Rock Imager 1000 (Formulatrix).

Crystals were selected, transferred to the reservoir solution

plus 20% PEG 200, cryocooled and stored in liquid nitrogen.

2.6. X-ray data collection, structure determination and
refinement

X-ray data were collected by remote access through the

ISPyB system on beamline I04 at DLS. Processing was carried

out using autoPROC and STARANISO (Vonrhein et al.,

2018). Phasing was determined using polyalanine helices with

ARCIMBOLDO_LITE (Caballero et al., 2018) in coiled-coil

mode, run through the CCP4i suite (Potterton et al., 2003).

Refinement was carried out with BUSTER (Global Phasing

Ltd). Side-chain blobs from aromatic residues guided the

determination of the register of the helices. Models were

refined by iterative manual building into 2Fo � Fc and Fo � Fc

electron-density maps using Coot (Emsley et al., 2010) and the

refinement progress was followed with the use of Rcryst and

Rfree values. Torsion–libration–screw (TLS) motion restraints

were applied throughout the final refinement steps. The final

model quality was validated using MolProbity (Chen et al.,

2010).

2.7. Structural analysis and modelling

Crick angles (’), coiled-coil periodicities and coiled-coil

radii (half of the helix-to-helix distances) were extracted from

the SEPT14CC*–SEPT7CCext crystal structure with SamCC-

Turbo (Szczepaniak et al., 2021). Crick angles from the

hendecad portion in tetrabrachion (Stetefeld et al., 2000; PDB

entry 1fe6) were extracted with SamCC-Turbo and averaged

by position. Values from heptads were taken from a compi-

lation of parallel four-helix bundles (Szczepaniak et al., 2018).

These values (’0) were used for comparison. Core-packing

angles were calculated by Socket2 (Kumar & Woolfson, 2021)

using a 8.0 Å cutoff. The radius of curvature of helices and

supercoiling angles were measured with HELANAL-Plus

(Kumar & Bansal, 2012) and TWISTER (Strelkov &

Burkhard, 2002), respectively.
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The coiled-coil models used for SEC–SAXS modelling and

for structural comparison with the present structure were

constructed with the deep-learning AlphaFold-Multimer

methodology (Jumper et al., 2021; Evans et al., 2022) and were

later relaxed with the Amber force field, with both steps using

the Colab implementation (AlphaFold Google Colab) from

Deepmind. Full-length septin pairs predicted to form coiled-

coil-containing heterodimers were also modelled with

AlphaFold-Multimer using LocalColabFold (Mirdita et al.,

2022). Hetero-antiparallel CCs were constructed with

CCBuilder (Wood et al., 2014). Domains were prepared and

merged with Coot (Emsley et al., 2010) and PyMOL (Schrö-

dinger); the latter was used to prepare the structural figures.

3. Results and discussion

3.1. The SEPT14–SEPT7 coiled coil shows a strong preference
for heterodimerization

Information regarding the different constructs used is

presented in Fig. 1(c), Supplementary Fig. S2 and Supple-

mentary Table S1. The CC peptides (SEPT14CC* and

SEPT7CCext; 75 and 88 amino-acid residues, respectively) or

an equimolar mixture of the two were found by SEC-MALS to

be dimers in solution (Fig. 1d). To quantify their ability to

heterodimerize, we conducted thermal denaturation CD

spectroscopy experiments. Upon heterodimerization, there is

usually a gain in the midpoint melting temperature (Tm) of the

mixture compared with the average of the individual mole-

cules (�Tm), as reported for the CTDs of SEPT6, SEPT8,

SEPT10 and SEPT11 when combined in a 1:1 ratio with

SEPT7C (de Almeida Marques et al., 2012; Sala et al., 2016).

For SEPT14C, 1 mM DTT was added to the buffer to avoid

oxidation of Cys345 and covalent homodimers. The measured

Tm of the equimolar mixture of SEPT14C and SEPT7C was

48.5 � 0.1�C, the highest of all CTD mixtures measured to

date (Sala et al., 2016), and 14.7 � 0.3�C above the expected

melting temperature if no heteromerization had occurred

(Figs. 1e and 1h). When mixed, the crystallized constructs,

SEPT14CC* and SEPT7CCext, also showed an increase in Tm

of 15.4 � 0.4�C (Figs. 1f and 1h). However, for a shorter

SEPT7 construct (SEPT7CC*, 63 amino-acid residues) with

SEPT14CC* heterodimerization was significantly impaired as

judged by only a very limited increase in Tm (�Tm of 4.3 �

0.5�C) in relation to the homodimers (Figs. 1g and 1h). This

indicates that the residues at the N-terminus of the CC region

are important in stabilizing the heterodimer.

3.2. Overall description of the coiled-coil structure

We crystallized and solved the structure of the hetero-

dimeric CC formed between SEPT14 and SEPT7 (dubbed

SEPT14CC*–SEPT7CCext here) at 1.78 Å resolution. Detailed

data-collection and processing statistics are presented in

Table 1. The data set was not twinned and was only mildly

anisotropic. Phasing was preformed with ARCIMBOLDO_

LITE (Caballero et al., 2018) using polyalanine helices,

resulting in good statistical indicators (LLG = 513, top TFZ =

11.2, final CC = 36.49%). Refinement statistics are summar-

ized in Table 2. The asymmetric unit contains four chains (A–

D), two of each peptide (SEPT14CC*, A and B; SEPT7CCext,

C and D), giving rise to two crystallographically independent

CC heterodimers (AC and BD). Both dimers are similar in

research papers

886 Italo A. Cavini et al. � SEPT14–SEPT7 coiled coil Acta Cryst. (2023). D79, 881–894

Table 1
Data collection and processing.

Values in parentheses are for the outer shell.

Diffraction source I04, DLS
Wavelength (Å) 0.9795
Temperature (K) 100
Detector EIGER2 XE 16M
Crystal-to-detector distance

(mm)
294.97

Rotation range per image (�) 0.1
Total rotation range (�) 360
Exposure time per image (s) 0.008
Space group P21

a, b, c (Å) 34.93, 50.81, 91.56
�, �, � (�) 90.00, 94.36, 90.00
Mosaicity (�) 0.200
Anisotropy analysis

Diffraction limits 1, 2, 3 (Å) 2.095, 1.949, 1.752
Direction 1† 0.7405, 0.0000, �0.6720; 0.363a* � 0.932c*
Direction 2† 0.0000, 1.0000, 0.0000; b*
Direction 3† 0.6720, 0.0000, 0.7405; 0.350a* + 0.937c*

Resolution range (Å) 91.29–1.78 (1.97–1.78)
Total No. of reflections 152627 (6274)
No. of unique reflections 22355 (1118)
Completeness, spherical (%) 72.5 (14.2)
Completeness, ellipsoidal (%) 91.8 (52.8)
Multiplicity 6.8 (5.6)
hI/�(I)i 10.6 (1.3‡)
CC1/2 0.999 (0.569)
Rr.i.m. 0.108 (1.289)
Overall B factor from Wilson

plot (Å2)
31.02

† Directions of principal axes of the ellipsoid expressed as direction cosines in the
orthogonal basis following the PDB convention or in terms of reciprocal unit-cell
vectors. ‡ I/�(I) � 2.0 at 2.24 Å resolution.

Table 2
Structure solution and refinement.

PDB entry 8sjj
Resolution range (Å) 91.29–1.78
� Cutoff 1.20
No. of reflections, working set 21214
No. of reflections, test set 1141 (5.1%)
Final Rcryst (%) 22.06
Final Rfree (%) 28.63
Cruickshank DPI 0.204
No. of non-H atoms

Protein 2654
Ion 8
Ligand 14
Water 247
Total 2923

R.m.s. deviations
Bond lengths (Å) 0.008
Angles (�) 0.85

Average B factors (Å2)
Protein 39.2
Ion 49.9
Ligand 55.8
Water 37.8

Ramachandran plot
Most favoured (%) 100
Allowed (%) 0



conformation and length, with an r.m.s.d. of 0.8 Å over 154 C�

atoms. The small differences are due to variation in the Crick

angles in the two CCs, which are �14� towards the centre of

the structures (Supplementary Fig. S3). The crystal packing is

shown in Figs. 2(a) and 2(b).

Each heterodimeric CC comprises two long parallel helices

of �110 and 120 Å for SEPT14CC* and SEPT7CCext,

respectively (Figs. 2c and 2d). This parallel orientation was

anticipated from the directions in which the unresolved CTDs

emerge from the protofilament in the structure of the

SEPT2G–SEPT6–SEPT7 complex (Mendonça et al., 2021;

Fig. 1a) as the SEPT14–SEPT7 dimer is equivalent to SEPT6–

SEPT7. For the latter, this is consistent with FRET experi-

ments between the CC domains (Low & Macara, 2006). In our

new structure, however, essentially the entire sequences of

both polypeptide chains are visible. SEPT7CCext, which is 13

residues longer than SEPT14CC*, has two extra �-helical

turns at its N-terminus and a short nonhelical region at its

C-terminus.

There are several interesting aspects of the structure,

including the low supercoiling twist. More precisely, the

structure has a slightly right-handed supercoil within its

N-terminal half, which shifts to left-handed in the C-terminal

half. As a result, the helices essentially lie side by side along

the entire structure rather than having the supercoiling that is

normally observed in traditional CCs. Consistent with the

change in supercoiling, the two regions contain exclusively

11/3 (hendecad) and 7/2 (heptad) sequence repeats, respec-

tively (Fig. 2e). Overall, the CC is slightly left-handed, with an

overall supercoiling angle of ��50� (Fig. 2f). The SEPT14

helix is curved, with a radius of curvature of 185 Å.

3.2.1. Offset helices give rise to mixed layers. SEPT14 and

SEPT7 have a sequence identity of 31% in the region revealed

in our structure (Supplementary Fig. S2), despite being clas-

sified into two different septin groups. Interestingly, homo-

logous positions do not pack against each other within the CC

core (teal lines in Fig. 3a) due to an axial offset of one helical

turn between the helices (SEPT7 is shifted towards its

C-terminus). In addition, the packing geometry within core

layers adds further asymmetry, as there are local helical

rotations (�’, differences between the Crick angles for resi-

dues in the same layer) throughout the whole structure. This is

enough to change the repeat position in one of the helices,

giving rise to mixed layers. Despite these irregularities,

Socket2 (Kumar & Woolfson, 2021) and SamCC-Turbo

(Szczepaniak et al., 2021) automatically identify several CC

interactions along the entire length of the structure (Supple-

mentary Fig. S4 and Table S2).

The CC contains three complete hendecads followed by

four complete heptads (Fig. 3a). The most N-terminal heptad

in SEPT7 (the one closest to the hendecads) is more accu-

rately assigned as e-f-g-h-i-j-k, instead of a-b-c-d-e-f-g. 18

core layers are present and, enumerating them from the

N-terminus to the C-terminus, layers 1–11 and 12–18 are part

of hendecads and heptads, respectively. Interestingly, the

hendecads in the present structure are made of a-d-h-k cores

(meaning that the a, d, h and k positions can participate in the

core, although all four do not necessarily do so simultaneously
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Figure 2
X-ray structure of the SEPT14CC*–SEPT7CCext heterodimeric CC. (a) Crystal packing viewed roughly along the CC axes and (b) perpendicular to the
axes. Chains A, B (purple, SEPT14CC*), C and D (orange, SEPT7CCext) from the asymmetric unit are indicated (labelled in green). The BD dimer is
formed using a D chain (labelled in white) which is shifted by a lattice translation with respect to the D chain of the asymmetric unit. The crystal packing
is composed of alternate layers of CC heterodimers which are approximately aligned. (c) CC view orthogonal to the plane bisecting the helices and (d)
rotated 90� in relation to (c). Blue, SEPT14CC*; yellow, SEPT7CCext. Only dimer AC and the side chains of positions d and h are shown. (e)
Periodicities calculated by SamCC-Turbo, smoothed using a seven-residue window. ( f ) Cumulative supercoiling angle (in degrees); positive and negative
first derivatives are related to right- and left-handed structures, respectively (indicated in grey boxes). The values displayed are an average between
dimers AC and BD.



from any one repeat), which differs from the a-d-e-h cores

seen in four-helix bundles (Stetefeld et al., 2000; Lupas &

Bassler, 2017), i.e. the k positions are incorporated into the

core instead of the e positions (Supplementary Fig. S5). The

Crick angles in the resulting core layers roughly agree with

those found in hendecads of the tetrabrachion tetrameric

structure (red dashed lines in Fig. 3b; Stetefeld et al., 2000).

According to Socket2 (Kumar & Woolfson, 2021), the core-

packing layers 1, 4 and 7 have parallel packing geometries, 2, 3,

6, 8, 9 and 11 have acute packing, and 5 and 10 have a da-da-

like arrangement where two positions (in magenta; Fig. 3b)

make KTK packing (Supplementary Fig. S6 and Table S2).

The structure has a reduced number of KTK layers in the

hendecad segment: one every five, instead of the expected one
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Figure 3
Register, core layers and interactions present in the SEPT14CC*–SEPT7CCext structure. (a) Register highlighting the core positions (grey) and genuine
hydrophobic residues within the core (bold). Numbers in between sequences identify core layers. Thick and thin horizontal lines indicate hendecads and
heptads, respectively. Both register and homologous positions (see the pairwise sequence alignment in Supplementary Fig. S2) have an axial shift of four
residues in the same direction, indicated by the diagonal teal lines for selected reference positions. KTK interactions are indicated in core layers 5 and 10
(magenta arrows). (b) Scheme of core layers in the hendecads: core layers 1, 4, 7 and 10 (h-ak cores), 2, 5, 8 and 11 (d-ak cores) and 3, 6 and 9 (d-h cores).
For core layers 5 and 10, the KTK interactions are highlighted (magenta) and a fourth site enters the core (light grey). (c) Scheme of core layers (12–18)
in the heptads. The C�–C� vector is represented for each core position (black lines) as well as that found in comparative structures [’0, dashed red lines;
from the tetrabrachion structure (PDB entry 1fe6) for (b) and from heptad-based four-helix bundles (Szczepaniak et al., 2018) for (c)]. Helical wheel
representation of the (d) hendecads and (e) heptads. Solid and dashed lines represent � and polar intermolecular interactions, respectively.



every three as seen in tetrabrachion. This is for two main

reasons: the presence of long side chains allows their reposi-

tioning in relation to the C�–C� direction, and the off-centring

of the knobs in other core layers. For example, core layers 3, 6

and 9 maintain KIH geometries but have h positions that are

lopsided towards d positions. In the heptad region, the core

layers have d-ag cores with rotated positions (x or da

conformations) which pack with acute geometry. The Crick

angles of these positions approach the expected values at the

C-terminus (Fig. 3c and Supplementary Table S2).

3.2.2. The hydrophobic core is mainly composed of
residues at the d and h positions. Another feature of the

structure is that essentially only the d and h positions are

occupied by hydrophobic residues. Mostly, there is just one

hydrophobic residue in each core layer, and these are mainly

leucines (nine) and phenylalanines (six). Residues in the other

positions are mainly polar, including at the a sites. The

presence of bulky side chains of phenylalanine at the d and h

sites is related to the offset register, which guarantees that

these do not become juxtaposed within a single layer. Layers

3, 6 and 9 have one aromatic residue (Phe) from SEPT14

paired against a non-aromatic residue (Met, Lys or Leu) from

SEPT7 to make CH–� contacts, an interaction that is weaker

(both in energy and directionality) than a hydrogen bond

(Brandl et al., 2001; Tsuzuki & Fujii, 2008). The other core

layers with aromatic residues also have intermolecular CH–�
or cation–� contacts (solid lines in Figs. 3d and 3e). These �
interations have the expected geometry (average distance

between carbon and the centre of the � system of 3.8 Å, � =

0.3 Å).

There are a few hydrophilic residues in positions d or h,

mainly in the hendecad portion. Lys363 at 14d (i.e. a d position

in SEPT14) in layer 5 points out of the core and shows a da-da-

like packing. Lys368 at 7d (layer 6) points out into solution.

In the region where the repeats change from hendecads to

heptads (layers 10 and 11), Gln385 at 14d points directly

towards the SEPT7 helical axis (x conformation) and makes a

hydrogen bond to the main-chain carbonyl of His383 at 7h.

This histidine, another polar residue, is displaced away from

the core, making a CH–� interaction with Leu381 (14k) in the

KTK layer 10 (Supplementary Fig. S6). The residues in the a

and g/k positions, i.e. ak pairs in the hendecads and ag pairs in

heptads, are mostly hydrophilic and mainly charged (9 � Glu,

7 � Lys and 2 � Arg; a total of 18 out of 30). These residues,

although described as part of the core, point towards the

solvent, although some of them do participate in the formation

of favourable intermolecular hydrogen bonds or electrostatic

interactions (dashed lines; Figs. 3d and 3e).

3.3. SEC–SAXS experiments and AlphaFold-multimer
modelling corroborate that the different heterodimeric septin
coiled coils are parallel

An established principle in the septin field, known as

Kinoshita’s rule, dictates that other members of the SEPT6

group should be capable of substituting SEPT14 in forming

heterodimers with SEPT7. However, despite many attempts,

we have thus far been unsuccessful in obtaining diffraction-

quality crystals of the remaining combinations (6–7, 8–7, 10–7

and 11–7). For this reason, we used small-angle X-ray scat-

tering (SAXS) to glean structural insights, particularly with

respect to the relative orientation of the helices.

SEC–SAXS experiments were carried out using a construct

of the SEPT7 CTD fused to SUMO (dubbed SUMO-

SEPT7c). This was used in equimolar mixtures together with

each of the five different members of the SEPT6 group fused

to MBP (SEPT6c, SEPT8c, SEPT10c, SEPT11c and SEPT14c;

dubbed MBP-SEPTXc, X = 6, 8, 10, 11, 14; mixtures are

referred to as Xc-7c, for short). Both fusions were made at the

N-terminus, connected to the CC region by a tripeptide linker.

Therefore, in parallel structures both globular fusion proteins

would appear at the same end of the CC, whereas antiparallel

structures would be like a dumbbell. We reasoned that these

would be readily distinguishable by SAXS. All relevant

information regarding the SEC–SAXS data analysis is

presented in Supplementary Table S3 and Fig. S7.

For all five samples, the SEC profile had a unique major

peak eluting at similar volumes, with no evidence of aggre-

gates. The radii of gyration (Rg) estimated from the Guinier

plot and the P(r) function ranged from 51.0 to 56.6 Å and from

56.0 to 60.4 Å, respectively, which are similar to the Rg values

calculated from the AlphaFold-Multimer heterodimeric

parallel model (53.5 Å). Calculated Dmax values (199–217 Å)

and the DATCLASS classification (extended) indicated that

the heterodimers are elongated, as expected for CCs.

Dimensionless Kratky plots indicate that the complexes are

folded (Supplementary Fig. S7), and the masses calculated

using the volume-of-correlation method (Vc; Rambo & Tainer,

2013) agree with the expected masses of the heterodimers

(Supplementary Table S3).

Bead-density modelling gave ‘lollipop’ shapes, indicative of

parallel CC assemblies considering the flexibility of the fusion

proteins (Supplementary Fig. S8). Atomistic modelling with

flexible linkers (Schneidman-Duhovny et al., 2016) was

consistent with heteroparallel dimers and generated accep-

table statistics on fitting the experimental data (hetP, �2 =

1.29–1.61 with a higher value of �2 = 2.71 for 10c–7c). For the

10c–7c heterocomplex, the inclusion of a small proportion of

homodimeric antiparallel MBP-SEPT10c (weight = 5.7%, Rg =

85.0 Å) slightly improves the fitting to the experimental data

(�2 = 2.42) (Schneidman-Duhovny et al., 2013). No such

improvement was observed for the other four hetero-

complexes, indicating essentially heterodimeric samples. A

different behaviour for the 10c–7c heterodimer has been

reported previously, in which the CD Tm gain of the mixture is

not as evident (Fig. 1h) as for other CTD combinations (Sala et

al., 2016), suggesting that this particular combination may

have slightly anomalous properties. We also considered the

possibility of hetero-antiparallel dimers; however, these were

unable to explain the data adequately (hetAP, �2 = 3.09–5.54;

Fig. 4). All of these observations are in general agreement

with the formation of parallel CCs for all five hetero-

complexes.

Heterodimeric models for the five expected CTD septin

heterocomplexes were constructed with AlphaFold-Multimer.
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All five models generated for each heterocomplex were

parallel and the best model possesses high confidence as

measured by either the pLDDT (89–91) or the intermolecular

PAE metrics (Supplementary Fig. S9). Modelling using full-

length septin heterodimers also showed the formation of

parallel heterodimeric CCs and septin subunits connected by

an NC interface. This indicates that the AlphaFold models are

not perturbed by the use of only the CTD and that the parallel

arrangement described here for the heterodimeric coiled coils

is consistent with the best available theoretical predictions.

The models reproduce the register found in the present

experimental structure for SEPT14CC*–SEPT7CCext, with

homologous positions axially shifted by one helical turn.

However, despite many similarities, the AlphaFold-Multimer

and experimental models have small differences, including the

lower curvature for SEPT14 in the former (a radius of

curvature of 340 Å in the prediction against 185 Å in the

experimental structure). Apparently related to this, the

conformation of the side chain of Phe378 from SEPT14, at the

centre of the curved helix, is particularly distinct: in the X-ray

structure it points into the core (in both dimers) and in the

predicted model it points to the solvent (Supplementary Fig.

S9). Nevertheless, overall, the AlphaFold-predicted models

reproduce the unusual properties of the dimer remarkably

well.

3.4. Heterodimers are preferred over homodimers due to
their longer coiled-coil length

Recently, the X-ray structure of the complete CTD of

SEPT8 has been reported as a homodimer (Leonardo et al.,

2021). Only its central portion has interpretable electron

density (74 out of 120 residues) and an even smaller region has

CC contacts (60 residues). This is thought-provoking, given

that an additional region of around 25 residues at the

N-terminus is also consistent with the formation of CC

assemblies (Sala et al., 2016). As our new structure shows, a

segment of this region included in SEPT14CC* does indeed

make CC contacts, but apparently only when heterodimeric.

Motivated by this, we compared SEPT14 in the present

structure with SEPT8 in the homodimeric antiparallel struc-

ture (PDB entry 6wsm). This is justified on recalling that both

SEPT14 and SEPT8 belong to the same septin group (SEPT6)

and their CC regions have 55% sequence identity.

There is a match in the CC register for the most part, but

due to the presence of only a single hendecad in the homo-

dimeric structures (instead of at least three in the hetero-

dimer), the positions become progressively out of register

towards the N-terminus (Fig. 5a). For example, a conserved

phenylalanine occupying an h position in the heterodimer

(Phe356 in SEPT14) is out of the core in the homodimer

(Phe348 in SEPT8), at a g position. The same happens with a

leucine residue (Met344 in a c position in SEPT8), which

occurs at d in the heterodimer (Fig. 5b). This is likely to be

destabilizing and the SEPT8 antiparallel CC is not formed

N-terminal to these residues (Leonardo et al., 2021). A similar

mechanism of ‘frustrated’ homodimers might also apply to

SEPT7, although we cannot demonstrate this presently given

the lack of a SEPT7 homodimeric CC structure.

The early interruption of the CC in homodimers might

explain the preference for heterodimers that is seen in vitro

(de Almeida Marques et al., 2012; Sala et al., 2016). In our

heterodimeric structure, there is a consequent increase in the

interface area and a decrease (more negative) in the Gibbs

free energy (�G) of 25% and 35%, respectively, as estimated

by PISA (Krissinel & Henrick, 2007), in comparison to the

SEPT8 homodimeric CC. Based on this, the heterodimeriza-

tion preference comes largely from the longer length of the

heterodimer (�85 residues versus 60 residues; Fig. 5c; as also

seen in SEPT6; PDB entry 6wbp). Additionally, by analysing

the overall structure, there is an important rearrangement in

the region where registers differ. This can also be understood

by the distinct curvature of the helices between both struc-

tures: more curved in the heterodimer (SEPT14, radius of

curvature of 185 Å) than in the homodimer (SEPT8, radius of

curvature of 650 Å; Fig. 5d).

Additionally, we show the N-terminal region of the CC as

necessary for SEPT14C–SEPT7C heterodimerization (Fig. 1g).

Consistent with this, our attempts to solve the structure of

the heterodimer using overtruncated peptides (such as
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Figure 4
Atomistic modelling of the SEC–SAXS data. (a)–(e) Calculated scattering curves of hetero-parallel (hetP, blue) and hetero-antiparallel (hetAP, red)
models were computed by MultiFoXS using flexible linkers. The residuals of the fitting to the experimental data (grey dots) are shown at the bottom. For
the hetero-parallel solution of 10c–7c (c) (hetP*, purple), an ensemble of hetero-parallel (94.3%, model calculated previously with MultiFoXS) and
MBP-fused homo-antiparallel dimers (5.7%, model based on the antiparallel homodimeric X-ray structure of SEPT8C, PDB entry 6wsm) was
considered and calculated with FoXS. The �2 of the fit to the 10c–7c data improves slightly with the inclusion of homo-antiparallel dimers (from 2.71 to
2.42).



SEPT7CC*) were unsuccessful. This is an indication that

constructs which lack this 25-residue region do not have a

particularly strong tendency towards heterodimerization. The

impact of this region might be twofold, providing additional

stability to the heterodimer but also partially destabilizing

homodimers due to the exposure of hydrophobic residues.

3.5. Implications for septin biology

Two regions with distinct periodicities are present in the

structure: hendecads and heptads. Nonheptad periodicities

might be key to the correct molecular recognition of CC-

forming helices. This recognition is particularly important for

septins, as they must select the correct NC partners (for

example 6–7 and 2–2; Fig. 1a) from different nonphysiological

ones (for example 2–6 and 2–7) and from heptad-based CCs

present in other intracellular proteins. Nonphysiological

arrangements, different to that shown in Fig. 1(a), may arise if

this is not adequately controlled. Heterodimeric NC interfaces

involving SEPT2-group members (2–6 and 2–7) are likely to

be hampered not only by the length of the CCs but by the

mismatch in periodicity towards the N-terminus, i.e. hen-

decads in SEPT6-group members and SEPT7 versus heptads

in SEPT2-group members (Fig. 6). This is particularly note-

worthy in the case of a potential 2–6 pairing because SEPT2-

group members and SEPT7 have closely related G domains

which also contribute to the NC interface (Mendonça et al.,

2021). A similar mechanism, where different CC periodicities

seem to direct faithful protein–protein interactions, has been

proposed for the correct pairing of cytoskeleton-associated

proteins from Giardia lamblia (Hicks et al., 1997). Thus,

natural selection may have taken care of guaranteeing correct

pairings by fine-tuning CCs in these ways.

Additionally, the presence of hendecad repeats seems to be

relevant to the binding of partner proteins to septin oligomers

and filaments. Hendecads broaden CC interfaces due to the

slightly wider angular separation of the residues which make

up the core positions (65� compared with 51�; Supplementary

Fig. S10), potentially allowing other polypeptide chains to

interact tightly with partially exposed dimeric cores. For this

reason, these repeats are more favoured in higher-order

oligomers. We have recently rationalized the binding interface

of the BD3 motif of Borgs (binder of Rho GTPases) to the

heterodimeric septin CC, aided by AlphaFold modelling of the

ternary complex (Castro et al., 2023). BD3 binds in the cavity

between the CC helices, interacting exclusively with the

hendecad segment and stabilizing the resulting ternary

complex. The region of interaction is in the 14a/7k side

(Fig. 3d) and it spans from core layers 3 to 10, as they are

described here. The interaction with partners, such as Borgs,

explains part of the irregularities of this CC structure: for

example, in the predicted model of interaction a hydrophobic

residue of the BD3 (Met/Leu, conserved in all five human

Borgs) is inserted into one of the da-da-like core layers

identified here (core layer 5). This type of interaction is only

possible because of the wider binding surface provided by the

hendecad region (Supplementary Fig. S10).

Our new structure appears to be a metastable state. This is

apparent from the fact that it is devoid of tight core-layer

interactions and lacks the supercoiling twist, in which the

‘resilience to unfolding’ present in long, twisted CCs is absent.

The side-by-side helix–helix arrangement, which is also
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Figure 5
Register and length differences between homodimeric antiparallel (SEPT8; PDB entry 6wsm) and heterodimeric parallel (SEPT14–SEPT7; PDB entry
8sjj) septin CCs. (a) Comparison of core residues and positions. Core sites with different registers are highlighted in rectangles. Bulky hydrophobic
residues (Met344 and Phe348 in SEPT8) are exposed in the homodimer (red). (b) Layers showing register differences in both structures. Nonmodelled
residues due to the absence of electron density are indicated by asterisks (*). (c) Scheme representing the longer length of heterodimeric CCs in relation
to homodimeric CCs. ‘G’ indicates the position of the G domain. (d) Structural comparison between the SEPT14 helix in the SEPT14–SEPT7
heterodimer and the SEPT8 helix in the SEPT8 homodimer. The region in which the homodimer and heterodimer have identical registers was used for
structural alignment (towards the C-terminus). A reorientation of around 30� in the helical axis is necessary to go from one state to the other.



observed in both antiparallel homodimers of SEPT6 and

SEPT8 and now in the parallel heterodimer, obviates the need

for CC unwinding on transitioning between states acting as

stabilizers of filaments during polymerization (parallel) and

forming cross-bridges between them (antiparallel) during the

assembly of higher-order structures (Leonardo et al., 2021).

Experimentally, parallel heterodimers seem to be preferred

and here we have identified their greater length as at least part

of the explanation for this. In vivo, however, this may also be a

function of the presence of possible regulators of such states,

including the presence of other septin filaments. Antiparallel

homodimers, although shorter, might be more favourable

when close to, for example, membranes due to partially

burying polar residues in an environment of low dielectric

constant, a hypothesis that we introduced recently (Leonardo

et al., 2021). On the other hand, the Borgs mentioned earlier

are likely to stabilize and specify parallel heterodimers. The

structural characterization of this CC fills an important gap in

our current knowledge of septin biochemistry, confirming its

parallel orientation and structurally justifying the specificity

demonstrated by the septin NC heterodimeric interface.

4. Conclusion

Here, we have presented the first experimental structure of a

heterodimeric septin coiled coil (CC). This comprises two

C-terminal domains: a member of the SEPT6 group (SEPT6,

SEPT8, SEPT10, SEPT11 and SEPT14) with SEPT7. The

X-ray structure reveals a parallel heterodimeric CC between

SEPT14 (SEPT14CC*) and SEPT7 (SEPT7CCext). As we

describe, the unusual features of this noncanonical CC are

highly suggestive of important roles related to septin function.

These include how it controls correct filament assembly, the

part it plays in orientational flipping to generate interfilament

cross-bridges and its role in providing an appropriate binding

surface for regulatory partner proteins such as Borgs. We also

present SEC–SAXS data and AlphaFold-Multimer models

supporting the parallel orientation for all five septin combi-

nations expected to form heterodimeric CCs (6–7, 8–7, 10–7,

11–7 and 14–7), suggesting this to be a common feature and a

corollary of Kinoshita’s rule. In a filament, these would help

stabilize the heterodimeric NC interface (Fig. 1a), although

polymerization in their absence may happen under specific

circumstances (Bertin et al., 2010; Szuba et al., 2021; Castro et

al., 2023). The structure described here, together with previous

reports on septin CCs, sheds light on some of the potential

control mechanisms associated with septin assembly and

bundling. Further insight will require the determination of

more high-resolution structures, and particularly single-

particle cryo-EM studies and electron cryotomography of

higher-order assemblies with the CC region ordered with

respect to the filaments, thereby providing valuable informa-

tion concerning their true role in vivo.

5. Data availability

The atomic coordinates and structure factors of the SEPT14–

SEPT7 hetero CC structure have been deposited in the

Protein Data Bank (PDB) under accession code 8sjj. The

SAXS data have been deposited in the Small Angle Scattering

Biological Data Bank (SASBDB) as entries SASDR39 (MBP-

SEPT6c + SUMO-SEPT7c), SASDR49 (MBP-SEPT8c +

SUMO-SEPT7c), SASDR59 (MBP-SEPT10c + SUMO-

SEPT7c), SASDR69 (MBP-SEPT11c + SUMO-SEPT7c) and

SASDR79 (MBP-SEPT14c + SUMO-SEPT7c). AlphaFold-

Multimer models of the full-length septin heterodimers (6–7,

8–7, 10–7, 11–7 and 14–7) and the heterodimeric CTD coiled-

coil complexes (6C–7C, 8C–7C, 10C–7C, 11C–7C and 14C–7C)

are available in ModelArchive (https://modelarchive.org/)

with the following accession codes: ma-ehtvp, ma-hv5qb,

ma-i51oe, ma-rsp0h and ma-orsg7 (for the full-length septins)

and ma-7fisk, ma-qnkm5, ma-q0d1q, ma-5x7mb and ma-zpgr8

(for the CTDs only), respectively.
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