Septins from yeast to man rededicate nucleotide utilization from signal transduction to protofilament integrity reporting. 

Interface integrity in septin protofilaments is maintained by an arginine residue conserved from yeast to man. 
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Abstract (198/200)
The septins are a conserved family of cytoskeletal, filament-forming, guanine nucleotide binding proteins. They assemble into palindromic, mostly octameric protofilaments which polymerize further into higher-ordered structures, being required for essential intracellular processes such as cytokinesis or polarity establishment. Septins belong structurally to the P-Loop NTPases but unlike their relatives such as Ras or Rho, they do not mediate signals to effectors through GTP binding and hydrolysis. Biochemical approaches addressing how and why septins utilize nucleotides are hampered by the lack of nucleotide-depleted complexes. Using molecular dynamics simulations, we determined inter-subunit binding free energies in human and yeast septin dimer structures and in their in silico generated apo forms. Coordination of the nucleotide by a conserved arginine in the septin unique β-meander, Arg(βb), was identified as a stabilizing element. Removal of GDP resulted in flipping of Arg(βb) and disruption of an extensive hydrogen bond network around the guanine ring, concomitant with decreased inter-subunit affinity. We investigated these findings experimentally in vitro and in vivo. Purified septins bearing a Arg(βb)(Ala) mutation did not assemble into dimers. Reintroduction of GFP-SEPT9 into a SEPT9 knockout fibroblast cell line restored a wildtype-like phenotype while cells expressing the SEPT9(RβbA) remained in their knockout phenotype. 





















Introduction

Septins are a component of the cytoskeleton (Mostowy and Cossart, 2012). Individual septin subunits form hexa- or octameric linear protofilaments termed rods, serving as building blocks for higher ordered structures such as filaments, gauzes or rings (Bertin et al., 2008; Garcia et al., 2011; Schneider et al., 2013; Kaplan et al., 2015). These assemblies are required for essential intracellular processes such as cytokinesis, polarity establishment, or cellular adhesion (Woods and Gladfelter, 2021).
 Septins belong to the GTPase superclass of the P-loop NTPases (Leipe et al., 2002). The structural topology of the septin GTPase (or short G-) domain resembles a modified Rossmann fold containing all features for GTP hydrolysis such as the P-loop and the switch 1 and switch 2 motifs (Vetter and Wittinghofer, 2001; Cavini et al., 2021; Grupp and Gronemeyer, 2022). However, some septins are catalytically inactive albeit they bind nucleotide, classifying them as pseudo-GTPases (Stiegler and Boggon, 2020; Hussain et al., 2023). The G-domain is decorated with N- and C-terminal extensions of various length, ranging from a few (C-terminal extension of Cdc10 from yeast) to several hundred amino acids (N-terminal extension of human SEPT9). Another septin-specific structural element of the G-domain is the septin unique element (SUE), consisting of a three-stranded β-meander (SUE-βββ) (Sirajuddin et al., 2007; Cavini et al., 2021). 
Septin monomers assemble into apolar, palindromic protofilaments by alternating interactions via their N- and C-termini (NC-interface) and via adjacent G-domains (G-interface), respectively (Sirajuddin et al., 2007; Bertin et al., 2008; Mendonça et al., 2021; Grupp et al., 2024), with the SUE being a central element in G-interface formation.
Phylogenetic analyses grouped animal, fungi and protist septins in 5 groups (Pan et al., 2007; Auxier et al., 2019; Shuman and Momany, 2022) and recently, two more groups were assigned for septins from algae and one additional for ciliates (Delic et al., 2024). In all eight groups conserved residues in the GTPase specific motifs and the SUE can be found whereas residues in the NC interfaces are conserved in groups 1-6a but poorly conserved in the newly assigned groups 6b-8 (Delic et al., 2024). This finding led to the assumption that nucleotide binding and hydrolysis is an evolutionary old feature of the septins. What is the role of nucleotide interaction and hydrolysis in septins? Unlike their relatives, the small GTPases from the Ras family, septins do not mediate signals by binding to effector molecules in their active, GTP bound state (Wittinghofer and Vetter, 2011). Experimental data suggest that nucleotide binding and hydrolysis is required for protofilament formation rather than for signal transduction (Sirajuddin et al., 2009; Zent et al., 2011; Weems et al., 2014; Zent and Wittinghofer, 2014; Weems and McMurray, 2017). However, structures of monomeric septins are not yet available (except the yeast septin Cdc11 (Brausemann et al., 2016)) and all available dimeric or multimeric septin structures are nucleotide bound. These limitations hampered mechanistical studies aiming to solve the question why and especially how septins employ nucleotides in the process of protofilament formation although such a role was firstly postulated already 15 years ago (Sirajuddin et al., 2009). Also, it remains enigmatic if species-specific mechanisms and preferences exist, since the canonical octameric human septin protofilament (SEPT2-6-7-9-9-7-6-2) contains two catalytically inactive subunits (SEPT6) but the corresponding yeast protofilament (Cdc11-12-3-10-10-3-12-11) four (Cdc11 and Cdc3). 
Biochemical processes inaccessible to experimentation can sometimes be approached by in silico methodology. If sufficient structural information about the protein of interest is available, molecular dynamics (MD) simulations (Zheng et al., 2018) can be employed to study for example substrate translocations through reporters (Göddeke and Schäfer, 2020), conformational dynamics in small GTPases (Morris et al., 2016) or stability of protein complexes (Lemkul and Bevan, 2010). Previously, we employed MD simulations to determine the inter-subunit affinity in human septin G-interface dimers, making use of available crystal structures (Grupp et al., 2023). In this experimental setup, the dimer structures and in silico generated apo structures were first relaxed in unbiased simulations. These equilibrated structures were subsequently subjected to steered simulations combined with umbrella sampling (Kästner, 2011) to extract eventually differences in free binding energies. 
By comparing the nucleotide-bound and apo structures after the unbiased simulations, we identified a conserved arginine residue in the SUE-βββ, Arg(βb), which undergoes a major conformational change (“flipping”) upon nucleotide removal in the investigated catalytically active subunits SEPT2 and SEPT7, accompanied by a reduction of the binding affinity between the respective subunits. We suggested that this arginine flipping upon nucleotide removal is a conserved feature and that the nucleotide plays a pivotal role in G-interface stability. Recently, structures of S. cerevisiae septin G-interface dimers became available (Marques da Silva et al., 2023; Grupp et al., 2024), allowing to perform the same MD simulation pipeline with septins from yeast. We present here an improved structure of a yeast septin tetramer with an anisotropic resolution of 2.04 Å, making an excellent model for MD simulations. Based on these simulations we provide herein evidence that the Arg(βb) plays indeed a species-overlapping pivotal role in G-interface formation and we show experimentally in vitro and in living human- and yeast cells that mutation of Arg(βb) leads to G-interface disruption. 


Results
A refined structure of a yeast septin tetramer
We have previously presented the first structure of a septin hetero-tetramer comprised of the yeast-septin subunits Shs1-Cdc12-Cdc3-Cdc10 (PDB-ID 8PFH) (Grupp et al., 2024). 
Since this complex contained GDP in all subunits, we attempted to crystallize the same complex in the transition state conformation. Inorganic MgF3- (forming spontaneously in a Mg2+ containing buffer from supplemented NaF) should occupy the γ-phosphate binding site and a GDP: MgF3- preparation of a small GTPase should thus mimic the transition state of the GTPase reaction (Jin et al., 2017). We crystallized the hetero-tetramer again in the presence of Mg2+ and NaF. Diffracting crystals belonged to the space group P-1-21-1 and contained the tetramer Shs1-Cdc12-Cdc3-Cdc10 in the asymmetric unit (Fig. 1A). As in our previous crystallization approach, a filament-like structure forming atypic Cdc10-Shs1 interfaces was present in the crystal. The resulting structure did eventually not reveal the desired transition state conformation but was again in the GDP conformation in all subunits (Fig. 1B). However, the overall resolution was significantly improved compared to 8PFH with anisotropic diffraction limits of 2.017 Å, 3.018 Å and 2.645 Å as determined by STARANISO (Vonrhein et al., 2018) (Suppl. Table 1).   
The overall fold of this and our previous structure is consequently very similar, with a Cα-RMSD of 0.975 Å. In the nucleotide binding pocket of Cdc3 a coordinated Mg2+ ion could be resolved in the same position as the published Cdc3-Cdc10 dimer (PDB-ID: 8SGD) and the Cdc3-Cdc10-Cdc10-Cdc3 tetramer (PDB-ID: 8FWP) (Marques da Silva et al., 2023) (Fig 1C.). 

MD simulations       
We investigated human septin G-interfaces using molecular dynamics (MD) simulations in previous work and determined the inter-subunit affinities in dependence of the respective nucleotide (Grupp et al., 2023). We have identified a highly conserved Arg residue in the septin unique element, Arg(βb), as an essential element for G-interface integrity. Arg(βb) forms a triangular hydrogen bond network with the conserved residues Tyr(βb) and Asp(G4), which altogether coordinate the guanine ring of the nucleotide, and with a Glu(α4) residue from the neighboring subunit. This network is also present in yeast septins (Fig. 1D). In catalytically active human SEPT7 and SEPT2 Arg(βb) flips by 90° upon nucleotide removal, thereby disrupting the entire hydrogen bond network, suggesting that Arg(βb) plays a pivotal role in G-interface integrity (Grupp et al., 2023). 
Whether this feature is unique for human septins or a common mechanism across species could until now not be answered due to the lack of structural information of septin G-interfaces of other species. 
Our herein presented refined structure of a yeast septin provided us with a crystal structure containing the yeast septin G-interface dimers with a favorable resolution to perform MD simulations, namely Cdc3:Mg2+/GDP-Cdc10:GDP and Shs1:GDP-Cdc12:GDP. We generated coordinate files for these dimers in their nucleotide bound conformation and removed subsequently the nucleotide in silico to generate the apo state (Cdc3:apo-Cdc10:apo, Shs1:apo-Cdc12:apo). Additionally, we created both dimer sets (with and without nucleotide) with Arg(βb) mutated to alanine. The overall setup of the in silico investigation follows the concept of our previous work. Each dimer was first relaxed in five independent unbiased simulations and backbone RMSD-based clustering was performed (see Materials and Methods section for details) (Daura et al., 1998). Compared to our previous work we extended the simulation time from 500 ns to 700 ns. The central structure in the largest cluster for each system was first examined with respect to structural alterations and subsequently employed as equilibrated input structure for COM-pulling simulations and umbrella sampling. 
Structural integrity of the employed septin pairs was maintained after the unbiased simulations with the Cα root-mean-square deviation (Cα-RMSD) of the relaxed structures compared to the input structures not exceeding 0.6 nm with the largest deviations located as expected in the flexible switch loops (Suppl. Fig S1.).
The following descriptions of structural alterations reflect the scenario in the respective central clustered frame.  
In the unmodified Cdc3-Cdc10 and Shs1-Cdc12 dimers the hydrogen bond network around Arg(βb) remained intact (Suppl. Fig S2A and S3A).  
Upon removal of the nucleotides from the Cdc3-Cdc10 dimer, the hydrogen bond network becomes disturbed, going along with flipping of the Arg(βb) in both subunits (Fig 2A, Suppl. Fig.S2B). Additionally, the hydrogen bonds connecting the βb and βc strands in the Cdc10-SUE become distorted. This results in partial dissociation of the Cdc10-SUE(βββ) from the Cdc3-SUE, indicated by the altered positioning of the Trp(βb) from Cdc10 (Fig. 2B). 
Introduction of the Arg(βb)-Ala mutation in both subunits in the nucleotide bound state leaves the Asp(G4) hydrogen binding to the guanine ring intact.  Otherwise, as in the apo form, the hydrogen bonds connecting the βb and βc strands in the Cdc10-SUE become disturbed, resulting in partial dissociation of the Cdc10-SUE(βββ) from the Cdc3-SUE (Suppl. Fig S2C.). 
Removal of the nucleotide from the Shs1-Cdc12 dimer resulted only in a partial disruption of the hydrogen network, going along with a slight deformation but no Arg(βb)- flipping (Fig. 2C, Suppl. Fig. S3B). However, larger conformational displacements within the SUE can be observed since the Cdc12-SUE(βββ) partially dissociates from Shs1. Furthermore, the two Tyr(βb) residues of both subunits become tilted towards each other (Fig 2D). Introduction of the Arg(βb)-Ala mutation in both subunits leads additionally to a disruption of the contact between the conserved Trp(βb) residues of both subunits (Suppl.Fig S3C).
For both Cdc3-Cdc10 and Shs1-Cdc12 dimers we tested also the Arg(βb)-Ala mutation in the apo form. No further effects compared to the Arg(βb)-Ala system containing nucleotide could be observed (Suppl. Fig. S2D and S3D). 
Do determine inter-subunit affinities, the relaxed input structures from the unbiased simulations were aligned along the filament axis and protein-protein binding free energies were determined by COM-pulling and umbrella sampling (Lemkul and Bevan, 2010; Patel and Ytreberg, 2018; Grupp et al., 2023). Briefly, different conformations along the reaction coordinate were chosen from the COM-pulling simulations for Cα-COM separation distances between 3.5 nm (starting conformation) and 8.5 nm. Binding free energies (∆G) for the different dimers were calculated by the weighted histogram analysis method (Table1). The corresponding free energy profiles are shown in Suppl. Fig. S4. Binding free energy in the Cdc12-Shs1 G-interface was increased by approximately 50 kJ*mol-1 upon nucleotide removal, introduction of the Arg(βb)-Ala mutation or both. In the Cdc10-Cdc3 dimer, ∆G became increased by approximately 30 kJ*mol-1 upon nucleotide removal and by approximately 50 kJ*mol-1 upon combined introduction of the Arg(βb)-Ala mutation and nucleotide removal. Introduction of the mutation alone did not result in an increase of ∆G. Consequently, nucleotide removal leads to a destabilization of the yeast septin interfaces, reflected by the increased ∆G, concordant with our observations for human septins (Grupp et al., 2023).  
In the following we present our efforts to investigate the role of Arg(βb) in vivo and in vitro both in human and yeast septins. 

Arg(βb) is essential for filament incorporation of SEPT9 and SEPT9 mediated cell migration
We have recently presented a SEPT9 knockout (ko) cell line which was created in human dermal fibroblasts (Hecht et al., 2024). This cell line represents an excellent tool to study the role of Arg(βb) (Arg516 in SEPT9) in the context of G-interface formation between SEPT7 and SEPT9 inside the living cell. 
We generated an EGFP-SEPT9(R516A) construct and additionally EGFP-SEPT9(W520A). Trp520 in SEPT9 is an absolute conserved residue in the SUE that is essential for G-interface integrity. Mutating this Trp to Ala should disrupt the SEPT9-SEPT7 G interface as shown for SEPT2 (Sirajuddin et al., 2007). 
Both mutations as well as the wildtype EGFP-SEPT9 were transfected into the ko cell line and stably expressing cell lines were selected. Subsequently, we monitored the intracellular localization of the EGFP-SEPT9 constructs by fluorescence microscopy with the endogenous septin cytoskeleton stained with an anti-SEPT8 antibody and actin stained with Phalloidin. EGFP-SEPT9 was incorporated readily into endogenous septin fibers, displaying the typical phenotype of wild-type septin filaments including partly colocalization with actin stress fibers as described by us and others (Dolat et al., 2014; Spiliotis et al., 2016; Hecht et al., 2024) (Fig. 3A: 4 panels, with Phalloidin). The Trp520 mutant did only weakly if at all align with the endogenous septin cytoskeleton, meeting our expectations (Suppl. Fig S5.) We found the same result for cells expressing EGFP-SEPT9(R516A). Localization of this construct was more diffuse within the cell or in filament-like formations concentrated at the plasma membrane and no obvious colocalization with the endogenous septin cytoskeleton was detectable (Fig. 3B: 4 panels, wie oben). Western blot analysis with an anti-SEPT9 antibody of extracts from 1306 WT cells, SEPT9 ko cells and cells expressing EGFP-SEPT9 or EGFP-SEPT9(R516A) confirms degradation products for EGFP-SEPT9(R516A) (Suppl. Fig S6), suggesting that the not-incorporated protein becomes unstable or degraded inside the cell or during extraction. SEPT9 including the mutation can be readily expressed in vitro (see below) and we do thus no anticipate an overall decreased stability right after folding. 
SEPT9 is functionally linked to focal adhesion maturation and cellular migration (Fuechtbauer et al., 2011; Dolat et al., 2014; Lam and Calvo, 2019) and in line with this our SEPT9 ko fibroblast cell line exhibits restricted, shortened filopodia (Fig. 3C, 1 Panel) (Hecht et al., 2024). Expression of EGFP-SEPT9 in SEPT9 ko cells restores filipodia length (Fig. 3D, 3 panels neben 3C) whereas EGFP-SEPT9(R516A) overexpressing cells exhibit the same filipodia shape as the ko cells (Fig. 3E). 
In line with these findings, SEPT9 ko cells barely migrated in a transwell-assay (Hecht et al., 2024). Stable overexpression of EGFP-SEPT9 in SEPT9 ko cells restored the otherwise abolished migration rate to wild type level whereas cells stably overexpressing EGFP-SEPT9(R516A) retained almost the low migration rate of the ko cells (Fig 3F, Plot neben 3E). 

Arg(βb) is essential for yeast septin function in vivo
We investigated next if the results for human septins can be translated to yeast septins. To test if Arg(βb) is necessary for protofilament formation in vivo, we generated yeast strains each with a knock-out for one mitotic septin (Cdc10, Cdc3, Cdc12, Cdc11, Shs1). The missing septin was provided from a rescue plasmid containing an uracil prototrophy. The cells were subsequently transformed with a second plasmid, either empty plasmid or a plasmid containing either a wildtype copy of the depleted septin or a copy bearing the Arg(βb)-Ala mutation. Serial dilutions of each strain were spotted onto selective media containing 5-fluoorotic acid (FOA), forcing the cells to drive out the rescue plasmid. The plates were incubated at different temperatures and colony growth was documented. Knock out of each septin except of Shs1 was lethal in the employed strain background, indicated by complete growth inhibition of the empty plasmid control on FOA medium (Fig. 4). Arg(βb) to Ala mutation was lethal for Cdc11 and Cdc12 at all tested temperatures but this mutation resulted only in temperature sensitivity (restricted growth at 37 °C) for Cdc10 and Cdc3. Strains containing the mutation in these subunits grew normal at 30 °C (Fig. 4).  
To validate this finding, we constructed GFP fusion proteins with and without Arg(βb) to Ala mutation of each septin subunit and tested the intracellular localization in two different yeast strain backgrounds (Fig. 5 and Suppl. Fig.). The bud neck localization was quantified in relation to a Shs1-mCherry marker signal.  Consistent with the growth assay, Cdc12, Cdc11 and Shs1 failed entirely to localize at the budneck when they contain the Arg(βb) mutation. The GFP signal was distributed unspecifically in the cytoplasm. Bud neck localization was still detectable for Cdc10 and especially Cdc3 carrying the Arg(βb) mutation, however significantly reduced (Fig. 5A, B). 

Arg(βb) is essential for G-interface formation in septin dimers in vitro
We asked next if our in vivo findings can be reproduced in vitro using recombinantly expressed G-interface dimers. 
The central G-interface dimers of human hexameric- or octameric rods, the SEPT7 homodimer and the SEPT7-SEPT9 heterodimer, respectively, were employed for this purpose. Therefore, SEPT7 and SEPT9, each with or without mutation of the Arg(βb) to Ala, were expressed from two compatible plasmids (Table M&M) within the same cell. Both septin subunits were truncated to their G-domains. Since both G-domains have a comparable molecular weight, hampering subsequent identification on a Coomassie-stained gel, SEPT7 was fused to MBP to increase the molecular weight and SEPT9 was fused to a His6-tag for IMAC purification. For the SEPT7 homodimer, His6-SEPT7 constructs with and without Arg(βb) to Ala mutation were expressed. 
The septin complexes were purified by IMAC via the His6-tag and immediately afterwards subjected to analytical size exclusion chromatography (SEC). In this setup only His6-SEPT9 would be detectable in the SEC in the case of G-interface disruption by the Arg(βb) mutant.
The wildtype SEPT7-SEPT9 heterodimer contained besides the major dimer peak a second peak corresponding to monomeric His6-SEPT9, likely resulting from pronounced expression from the respective plasmid (Fig. 6A, with purification inlet.). Mutation of Arg(βb) to Ala in any of the two subunits shifted the peak entirely towards the retention volume of monomeric His6-SEPT9. The SEPT7 homodimer eluted exclusively as dimer after IMAC-purification and the retention volume was entirely shifted to the SEPT7 monomer upon mutation of Arg(βb) to Ala (Fig.6B, with purification inlet).
Does the Arg(βb) to Ala mutation interfere indeed with the process of G-interface formation? To answer this question, we assembled the SEPT7-9 dimer and the SEPT7 homodimer from individual subunits in vitro and tested if the Arg(βb) mutation inhibits complex formation.  We generated His6-MBP-SEPT7 with and without Arg(βb) mutation and His6-SEPT9, His6-SEPT9(R(βb)A) and His6-SEPT7. All constructs were subsequently purified by IMAC and preparative SEC. The SEPT7 constructs tended to form dimers to a certain extent but addition of 1 mM MgCl2 to the IMAC elution buffer resulted almost exclusively in monomers as judged by SEC (Suppl. Fig.). 
The His6-MBP-SEPT7 (and His6-MBP-Cdc12) constructs were incubated with a five-fold molar excess of the respective His6-tagged G-interface partner in the presence of nucleotide. Complexes were subsequently pulled down via the MBP tag onto amylose resin, eluted with maltose and the composition of the complex was analyzed by SDS-PAGE. His6-SEPT9 and His6-SEPT7 were only able to bind to wildtype His6-MBP-SEPT7 (Fig. 6C). The Arg(βb) to Ala mutation suppressed G-interface formation entirely. Unspecific G-interfaces with the yeast septin His6-MBP-Cdc12 were not formed. 
Subsequently, we tested the G-interface formation also for yeast septins. Therefore, we purified monomeric His6-MBP-Cdc12 and His6-MBP-Cdc10 with and without Arg(βb) to Ala mutation and the respective G-interface partners His6-Cdc3, His6-Cdc11 and His6-Shs1. The monomeric state of the proteins was confirmed by SEC (Suppl. Fig). While the G-domains of Cdc3, Cdc11 and Shs1 could be readily purified as monomers, Cdc10 and Cdc12 required the MBP-tag as solubility tag and an improved lysis buffer composition (see Materials and Methods section). As His6-fusion protein and in standard buffer, these two subunits tended to aggregate or even precipitate (Baur et al., 2018). 
As for the human G-interface dimers, the Arg(βb) to Ala mutation blocked formation of the Cdc10:3, Cdc12:11 and Cdc12:Shs1 G-interfaces entirely (Fig. 6D). No unspecific binding to the human His6-MBP-SEPT7 could be detected. 
Taken together, we can show that nucleotide coordination by Arg(βb) is an indispensable factor for G-interface formation in vitro both in human and yeast septins, suggesting that this feature is entirely conserved.  

Discussion

Small GTPases of the Ras family share common structural features and cycle between GTP and GDP bound conformations, each conformation exhibiting distinct affinities for effector molecules (Bourne et al., 1991).  Although septins share the same structural features as small GTPases, their biochemistry seems to be different: Some septins are catalytically inactive and they do not interact with effector molecules dependent on their nucleotide-induced conformation (Grupp and Gronemeyer, 2022).  The role of nucleotide utilization by septins is rather a subject of debate. However, the fact that all available dimeric or multimeric septin complexes contain nucleotide fostered the assumption that septins utilize the nucleotide for protofilament formation (Grupp and Gronemeyer, 2022). We have previously employed MD simulations on available human septin structures to bypass the limitation that dimers in their apo conformation cannot be generated in vitro (Grupp et al., 2023) and have discovered in unbiased simulations that an arginine residue in the SUE βββ-meander undergoes a conformational change upon nucleotide removal in the catalytically active  SEPT2 and SEPT7 subunits. 
 SEPT9 is also catalytically active and occupies the central position of the human octameric protofilament (Castro et al., 2020), making this subunit an excellent target to study Arg(βb) mediated filament incorporation inside the living cell. We made use of our recently presented SEPT9 ko cell line (Hecht et al., 2024) and conducted putback experiments using EGFP-SEPT9 with and without mutated Arg(βb). The human septin cytoskeleton can consist of hexamers in vivo (Sellin et al., 2011; Soroor et al., 2020), with SEPT7 forming a central G-interface. Our SEPT9 ko cells show indeed a detectable septin cytoskeleton but display severe phenotypes such as defects in cell migration and focal adhesion- and filopodia dysfunction (Hecht et al., 2024). SEPT9 with Arg(βb) mutated to alanine is not incorporated into septin filaments in vivo and our in vitro data support that the SEPT7-SEPT9 G-interface is not properly formed.  Cells expressing this mutant as only copy of SEPT9 show overall a ko phenotype regarding filopodia architecture and migratory behavior. 
All in all, the experimental data, both in vitro and in vivo, support convincingly the findings from the in silico approach.  
Our herein obtained results from yeast septins contribute to the overall picture that nucleotide coordination by Arg(βb) is a crucial factor for G-interface integrity. Especially the in vitro results for septins across species align entirely since G-interfaces do not form in the test tube when Arg(βb) is mutated, regardless of the tested subunit. 
However, the picture is more complex when it comes to correlate the in silico with the in vivo results for yeast septins. 
When correlating the output from MD simulations with experimental data, one has to keep two intrinsic limitations of such simulations in mind: First, the unbiased simulations performed here cover a limited time frame (here 700 ns, requiring approx. two weeks of computing time) but folding- or rearrangements of proteins may require hundreds of nano seconds up to microseconds (Chen et al., 2017), exceeding by far a reasonable computing time. Thus, we might have simply missed Arg(βb) flipping in Cdc12 and Shs1 if it occurs later than 700 ns on the reaction coordinate. For SEPT6 we also cannot exclude that flipping occurs at a later timepoint than covered by the simulation. 
Second, the simulations on septin dimers depict the scenario of disrupting an already formed dimer while the experiments reproduce the formation of a dimer. This is a fundamental difference that should be kept in mind when interpreting particular structural alterations since septin protofilaments are stable for hours in vitro once they are assembled (Renz et al., 2013). 
The simulations thus identify weak spots inside the dimer that may also determine dimer formation. However, this has eventually to be confirmed experimentally. 
The outer subunits of the yeast septin protofilament Cdc11 and Cdc12 are essential for the cell (Hartwell, 1971) and the Arg(βb) mutation in these subunits is lethal. Shs1 is a non-essential septin that can be replaced by Cdc11 (Iwase et al., 2007; Garcia et al., 2011) and consequently neither the ko of this subunit nor the Arg(βb)-mutation within is lethal. 
Neither Cdc11, nor Shs1, nor Cdc12 are incorporated into septin structures in vivo when bearing the Arg(βb) mutation. Correlating these findings with the results from human septins, one would expect to find Arg(βb) flipping at least in the catalytically active Cdc12 and a decreased inter-subunit affinity in the Shs1-Cdc12 dimer upon nucleotide removal and upon Arg(βb)-mutation. While the affinity decrease can indeed be detected in silico, neither Shs1 nor Cdc12 display Arg(βb) flipping in the apo forms within the time frame of the simulation. 
For the inner subunits of the protofilament Cdc3 and Cdc10 introduction of the Arg(βb) mutation is not lethal but leads only to temperature sensitivity although both subunits are also essential (Hartwell, 1971). Localization to septin structures at the budneck is weakened for both subunits with Arg(βb) mutation, but still detectable. In line with these findings, the intra-subunit affinity in the Cdc3-Cdc10 interface is only decreased for the apo form but not for the interface bearing the Arg(βb) mutation. This can be explained by the finding that Asp(G4) hydrogen binding to the ribose ring remained intact after the unbiased simulation upon introduction of the Arg(βb) mutation in Cdc3 and Cdc10. Nucleotide might be bound with reduced affinity by the mutant. Arg(βb) flipping can however be seen for both subunits.
It should be noted at this point that removal of the nucleotide or introduction of the Arg(βb) mutation leads in silico to other structural rearrangements in yeast septins than Arg(βb) flipping, possibly destabilizing the SUE. Notably, the contact between the conserved Trp(βb) residues is lost in both the Cdc3-Cdc10 and Shs1-Cdc12 interfaces. Trp(βb) has an important impact on inter-subunit stability and G-interface maintenance (Sirajuddin et al., 2007; Auxier et al., 2019) and Trp(βb) dislocation might be responsible for the partial destabilization of the interface. 
The Cdc3 and Cdc10 subunits including the Arg(βb) mutation might thus have a sufficient (but weakened) remaining overall affinity to form a G-interface in vivo (maybe promoted by other intracellular factors or conditions), resulting in the observed phenotypes. However, this remaining affinity is obviously not sufficient to form the interface in vitro. In Shs1, Cdc11 and Cdc12 the destabilizing effects prevail and the interface is neither formed in vivo nor in vitro. 
Taken together, we have identified nucleotide coordination by the conserved Arg(βb) as a crucial factor for G-interface formation in septins from yeast and man. We suggest that septins have during evolution rededicated utilization of the nucleotide from signal transduction to a tool to induce and/or report protofilament completion. In how far the nature of the nucleotide and the process of GTP hydrolysis are crucial factors in this process needs to be further investigated. 


Materials and Methods

Protein crystallization and structure determination
Protein expression and purification for crystallization was performed as described previously (Grupp et al., 2024) with the exception that 10 mM NaF was added to the protein preparation after the preparative size exclusion chromatography. 
Septin complexes were crystallized by sitting-drop vapor diffusion. Diffracting crystals were obtained with 0.33 µL of protein solution (3 mg / mL) mixed with 0.21 µL of a reservoir condition containing 17.5 % PEG 5000, 0.1 M (NH4)2SO4 and 0.1 M Bis-Tris pH 6.5 and 0.06 µL of a seeding solution. Crystals appeared within one day upon incubation of the crystallization plates at 20 °C. Crystals were cryoprotected in 10 % 2,3-butandiol prior to flash-freezing in liquid nitrogen. The diffraction experiments were carried out at the ID30B beamline of the ESRF (doi.10.15151/ESRF-ES-928402160) at 100 K at a wavelength of 0.873129 Å. 
Merged X-ray diffraction data were obtained from the ESRF autoprocessing pipeline using XDS (Kabsch, 2010) as part of autoPROC Staraniso (Vonrhein et al., 2018). 
The structure was solved by molecular replacement in Phaser (McCoy et al., 2007) using the subunits from PDB-ID 8PFH as template. The final model was completed by iterative rounds of automated refinement and model building in the Phenix package (Adams et al., 2010), autoBUSTER (Bricogne G., Blanc E., Brandl M., Flensburg C., Keller P. and Roversi P, Sharff A., Smart O.S., Vonrhein C., 2017) and Coot (Emsley et al., 2010). Initial automated refinement cycles in Phenix consisted of reciprocal and -real space positional refinement as well as grouped B-factor refinement and TLS refinement while applying secondary structure restraints. In later stages of model building automated refinement was performed using autoBUSTER with individual B-factor and TLS refinement. After refinement the final model exhibited 97.85 % Ramachandran favored residues, of these 2.15 % in allowed regions, and a clash-score of 1.33 as determined by MolProbity as part of autoBUSTER.
The structure was deposited in the PDB under identifier 9GD4. The refinement statistics are shown as Suppl. Table 1.  

MD Simulations 
All MD simulations were performed in GROMACS v. 2022.2 (Abraham et al., 2015) using the CHARMM36m force field (Huang et al., 2017) on the JUSTUS2 high performance cluster at Ulm University. Time steps for the integration were set to 2 fs and bonds to hydrogen atoms were constrained using the LINear Constraint Solver (LINCS) algorithm (Hess et al., 1997; Hess, 2008). No dispersion correction was applied. The particle mesh Ewald (PME) algorithm (Darden et al., 1998; Essmann et al., 1998) was employed for treatment of electrostatic interactions with a real-space cutoff of 1.2 nm. Short-range Lennard-Jones interactions were smoothly switched to zero between 1.0 and 1.2 nm. Periodic boundary conditions were applied in all directions.
The Cdc10:GDP-Cdc3:GDP:Mg2+ and Cdc12:GDP-Shs1:GDP dimers were extracted from PDB-ID 9GD4 and truncated to their G-domains (Cdc10F31-I301, Cdc3F118-A410, Cdc12G33-E313, Shs1I22-S338). Crystal waters within 0.6 nm of the truncated models were included for all further steps. Unresolved regions in the structures were filled using MODELLER (version 10.5) (Šali and Blundell, 1993) using subunits from PDB-ID 8SGD and 8PFH as templates. Assignment of protonation state, H-bond optimization and structure relaxation were performed in Maestro (Schrödinger Release 2024-2, Maestro, Schrödinger, LLC, New York, 2021) as described (Grupp et al., 2023). Subsequently, the nucleotide coordinates were removed from the resulting PDB files, leading to structures of the dimers in the apo state. Both nucleotide containing and apo coordinate file sets were also generated with Arg(βb) to Ala mutations which were introduced with the “residue scanning” tool in Maestro.
Force field compatibility transformation as well as N- and C-terminal capping were performed essentially as described in our previous work (Grupp et al., 2023).
Each dimeric complex was subsequently placed in an octahedral box with at least 1.5 nm distance between the protein and the surrounding box in all dimensions. The box was explicitly solvated using the CHARMM-modified TIP3P water model (Durell et al., 1994; Jorgensen et al., 1998; Neria et al., 1998). The system was further supplemented with 300 mM KCl and neutralizing counterions. This was followed by steepest descent potential energy minimization of the system with a maximum force tolerance of 500 kJ*mol-1*nm-1. Subsequently, equilibration to a target temperature of 300 K was performed over 50 ps under an NVT ensemble using the velocity rescaling thermostat (Bussi et al., 2007). The time constant for temperature regulation was set to 0.1 ps. Initial velocities were assigned using random seeding according to the Maxwell-Boltzmann distribution. Equilibration was continued for 500 ps under an NPT ensemble to reach the target pressure (1.0 bar). Pressure was regulated isotropically with the stochastic cell rescaling barostat (Bernetti and Bussi, 2020) with a time constant of 2 ps for pressure coupling. During temperature and pressure equilibration coordinates of heavy atoms in proteins and ligands were restraints with a potential of 1,000 kJ*mol-1*nm-2 in all dimensions. Production simulations (700 ns) were conducted under the same conditions as the NPT equilibration but without restraints and with pressure regulated by the Parrinello-Rahman barostat (Parrinello and Rahman, 1998). Equilibration and production simulations were performed five times with different random seeds during velocity generation, resulting in sets of five independent 700 ns production simulations per system.
The input structures for COM-pulling simulations for both dimers were created as described (Grupp et al., 2023) by pooling the last 100 ns of the five independent unbiased simulations and backbone RMSD-based clustering (Daura et al., 1998) after least-squares fitting. Clustering was performed with a cutoff of 0.2 nm except for the complex Cdc10R251A:GDP-Cdc3R360A:GDP:Mg where the cutoff was set to 0.25 nm as a lower cutoff yielded two dominant clusters of equivalent size. For each system the central structure in the largest cluster was subsequently used for further simulations. Surrounding waters and closely associated ions within 0.6 nm around the protein complexes were also transferred to the following steps. Resulting models were placed in a rectangular box with x/y/z dimensions of 20/10/10 nm aligning the filament axis with the x-axis. Subsequent box solvation, energy minimization and equilibration were performed as described for unbiased simulations. This was followed by COM-pulling simulations without position restraints. Analysis of different combinations of pull rate and spring constant showed a similar behavior as described for human septin dimers (Grupp et al., 2023) resulting in the use of the same spring constant (500 kJ*mol-1*nm-2) and a pull rate (0.0075 nm*ps-1). Using these parameters low structural deformation and reproducible maximum forces were obtained. COM-pulling simulations, umbrella sampling and calculation of free energy profiles were again performed as described in our previous work but at a temperature of 300 K and sampling COM distances until approximately 8.5 nm (Grupp et al., 2023).

Plasmids and strains
Plasmids for cell culture were created by modifying an EGFP-SEPT9 expression plasmid (#1, see Table X) kindly provided by Elias Spiliotis (Univ. of Virigina, School of Medicine, VA, USA). Point mutations were introduced via suitable primers, making use of an internal BamH1 restriction site located close to the respective codons, yielding plasmids #2 and #3, respectively. 
For co-expression studies of human septins in E.coli, the G-domains of SEPT7 and SEPT9 were cloned into the in-house generated pET15b derivatives pES and pAc-MBP, allowing for simultaneous expression in E.coli due to compatible antibiotic resistance cassettes (Amp and Kan, respectively) and origins of replication (pBR322 and p15A, respectively). Inserts with point mutation were generated by SOE-PCR (SEPT7) using available plasmids as template (Fischer et al., 2022) or amplifying from #2 (SEPT9). 
For expression of monomeric human- and yeast septins for pulldown experiments, the respective G-domains were PCR amplified from available plasmid templates and cloned as His6- or His6-MBP tagged constructs into the in-house generated pET15b derivatives pES and pAc or into the first MCS of pET-Duet1 (Novagen). Inserts with point mutation were generated by SOE-PCR.
For growth assays in yeast, the ORF of Cdc10, Cdc3, Cdc12, Cdc11 and Shs1 with and without R(βb)(A) mutation were cloned into the centromeric plasmid pRS313 (Sikorski and Hieter, 1989) enabling expression under the control of a PMET17 promoter yielding plasmids #26-#35. Inserts with point mutation were generated by SOE-PCR.
The ORF of Cdc10, Cdc3, Cdc12, Cdc11 and Shs1 were cloned into the centromeric plasmid pRS316 (Sikorski and Hieter, 1989) bearing an Ura3 prototrophy and a PMET17 promoter,  yielding plasmids #21-#25 . These rescue plasmids were transformed into the yeast strain JD47 (Dohmen et al., 1995) by standard methods. 
The wild type copy of the respective septin in the resulting strains was replaced by a NAT cassette as described elsewhere (Dünkler et al., 2021) and plasmids #26-#35 were subsequently transformed into the respective ko strains bearing the rescue plasmids. 
The strains were grown in YPD medium over-night and serial dilutions were subsequently spotted on suitable selection media containing 5-FOA to drive out the rescue plasmid and on respective control media without FOA. 
For microscopy, the ORF of Cdc10, Cdc3, Cdc12, Cdc11 and Shs1 (with and without R(βb)(A) mutation) were cloned das GFP fusion into the plasmid pRS306 (Sikorski and Hieter, 1989) under the control of a PMET17 promoter, yielding plasmids #36-#45. The plasmids were linearized with StuI and subsequently transformed into yeast strains JD47 and ULM53 (Grinhagens et al., 2020) bearing a Shs1-mCherry fusion (Schneider et al., 2013), resulting in homologous recombination into the native Ura3 locus. 

Table X List of plasmids used in this study. pAc-MBP, pAc and pES are an in-house constructed, pET15A based plasmids for the expression of MBP- or His6 tagged proteins in E. coli. fl -full length, aa – amino acid residue


	
	Construct
	Vector backbone
	Insert
	Source

	#1
	EGFP-SEPT9
	pEGFP-C2
	fl
	E. Spiliotis

	#2
	EGFP-SEPT9(R516A)
	pEGFP-C2
	fl
	This study

	#3
	EGFP-SEPT9(W520A)
	pEGFP-C2
	fl
	This study

	#4
	DsRed-SEPT9
	pDsRed-Monomer C1
	fl
	M. Hecht

	#5
	EGFP-SEPT2
	pEGFP-C2
	fl
	M. Hecht

	#6
	His6-SEPT9G
	pES
	aa 295-567
	(Hecht et al., 2024)

	#7
	His6-SEPT9G(R516A)
	pES
	aa 295-567 
	This study

	#8
	MBP-SEPT7G
	pAc-MBP
	aa 48-318
	This study

	#9
	MBP-SEPT7G(R265A)
	pAc-MBP
	aa 48-318 
	This study

	#10
	His6-MBP-SEPT7G
	pAc
	aa 48-318
	This study

	#11
	His6-MBP-SEPT7G(R265A)
	pAc
	aa 48-318
	This study

	#12
	His6-SEPT7G
	pES
	aa 48-318
	This study

	#13
	His6-SEPT7G(R265A)
	pES
	aa 48-319
	This study

	#14
	His6-MBP-Cdc10G
	pAc
	aa 30-end
	This study

	#15
	His6-MBP-Cdc10G(R251A)
	pAc
	aa 30-end 
	This study

	#16
	His6-MBP-Cdc12G
	pAc
	aa 32-314
	This study

	#17
	His6-MBP-Cdc12G(R263A)
	pAc
	aa 32-314
	This study

	#18
	His6-Shs1G
	pET-Duet1
	aa 21-339
	This study

	#19
	His6-Cdc11G
	pET-Duet1
	aa 20-298
	This study

	#20
	His6-Cdc3G
	pET-Duet1
	aa 117-410
	This study

	#21
	PMET-Cdc10
	pRS316
	fl
	(Grupp et al., 2024)

	#22
	PMET-Cdc3
	pRS316
	fl
	This study

	#23
	PMET-Cdc12
	pRS316
	fl
	This study

	#24
	PMET-Cdc11
	pRS316
	fl
	This study

	#25
	PMET-Shs1
	pRS316
	fl
	This study

	#26
	PMET-Cdc10
	pRS313
	fl
	(Grupp et al., 2024)

	#27
	PMET-Cdc10(R251A)
	pRS313
	fl
	This study

	#28
	PMET-Cdc3
	pRS313
	fl
	This study

	#29
	PMET-Cdc3(R360A)
	pRS313
	fl
	This study

	#30
	PMET-Cdc12
	pRS313
	fl
	This study

	#31
	PMET-Cdc12(R263A)
	pRS313
	fl
	This study

	#32
	PMET-Cdc11
	pRS313
	fl
	This study

	#33
	PMET-Cdc11(R247A)
	pRS313
	fl
	This study

	#34
	PMET-Shs1
	pRS313
	fl
	This study

	#35
	PMET-Shs1(R288A)
	pRS313
	fl
	This study

	#36
	PMET-Cdc10-GFP
	pRS306
	fl
	(Grupp et al., 2024)

	#37
	PMET-Cdc10(R251A)-GFP
	pRS306
	fl
	This study

	#38
	PMET-GFP-Cdc3
	pRS306
	fl
	This study

	#39
	PMET-GFP-Cdc3(R360A)
	pRS306
	fl
	This study

	#40
	PMET-Cdc12-GFP
	pRS306
	fl
	This study

	#41
	PMET-Cdc12(R263A)-GFP
	pRS306
	fl
	This study

	#42
	PMET-Cdc11-GFP
	pRS306
	fl
	This study

	#43
	PMET-Cdc11(R247A)-GFP
	pRS306
	fl
	This study

	#44
	PMET-Shs1-GFP
	pRS306
	fl
	This study

	#45
	PMET-Shs1(R288A)-GFP
	pRS306
	fl
	This study





Protein expression and purification

The following human septin dimers, truncated to their G-domains, were employed for co-expression, with the respective compatible plasmids in the same cell: His6-SEPT9G (#6) + MBP-SEPT7G (#8), His6-SEPT9G(R516A) (#7) + MBP-SEPT7G (#8), His6-SEPT9G (#6) + MBP-SEPT7G(R265A) (#9), His6-SEPT7G (#10, SEPT7 homodimer), His6-SEPT7G (R265A) (#11). 
The respective septin G-domain hetero- and homodimers were expressed in E. coli BL21DE3 LOBSTR in super broth medium at 18°C for approx. 20 h after induction with 1 mM IPTG. 
Cells were resuspended in IMAC A buffer (25 mM Tris pH8.0, 300 mM NaCl, 5 mM MgCl2, 15 % (v/v) glycerol), supplemented with 0.1% Tween20 and e-complete protease inhibitor cocktail (Roche), and lysed by lysozyme treatment and sonication.  The resulting extract was submitted onto a 5 ml HisTrap Excel column (Cytiva) which was subsequently washed with 3 % IMAC buffer B (25 mM Tris pH8.0, 300 mM NaCl, 200 mM imidazole, 5 mM MgCl2, 15 % (v/v) glycerol) until a stable A280 baseline was obtained. The His6-tagged protein complexes were then eluted with 100 % IMAC buffer B. 
The product peak was pooled and directly submitted to analytical size exclusion chromatography on a Superose6 column (Cytiva) with 25 mM Tris pH8.0, 300 mM NaCl, 5 mM MgCl2 as mobile phase. The dimerization state of the eluting proteins was judged according to a gel filtration calibration standard (BioRad).   
Septin monomers for pulldown were expressed as described above. 
#6, #7, #10, #11, #12, #13, #18, #19 and #20 expressing cells were resuspended in IMAC mono-A buffer (50 mM Tris pH8.0, 500 mM NaCl, 5 mM MgCl2), supplemented with 0.1% Tween20 and e-complete protease inhibitor cocktail (Roche), and lysed by lysozyme treatment and sonication.  The resulting extract was submitted onto a 5 ml HisTrap Excel column (Cytiva) which was subsequently washed with IMAC mono-A including 3 % IMAC buffer mono-B (50 mM Tris pH8.0, 500 mM NaCl, 200 mM imidazole, 5 mM MgCl2) until a stable A280 baseline was obtained. The proteins were eluted with 100 % IMAC mono-B. For all SEPT7 constructs (#10, #11, #12, #13), IMAC mono-B was supplemented with 1M MgCl2 to interrupt dimer formation. 
Eluates of #12 and #13 tended to precipitate under these conditions and were centrifuged for 5 min at 16.000 xg immediately before SEC. 
Cells expressing His6-MBP-Cdc10 (#14 or #15) and His6-MBP-Cdc12 (#16 or #17) were lysed in IMAC buffer lowsol-A (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 5 mM MgCl2, 50 mM L-Arg, 50 mM L-Glu, 15% Glycerol, 0.1% Tween20) supplemented with e-complete protease inhibitor cocktail (Roche) and lysed by lysozyme treatment and sonication. The resulting extract was submitted onto a 5 ml HisTrap Excel column (Cytiva) which was subsequently washed with IMAC lowsol-A including 3 % IMAC lowsol-B (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 5 mM MgCl2, 50 mM L-Arg, 50 mM L-Glu, 15% Glycerol, 200 mM imidazole 0.1% Tween20) until a stable A280 baseline was obtained. The proteins were then eluted with 100 % IMAC lowsol-B.  
The product peaks of all septin monomers were pooled and subjected to preparative SEC on a Superdex200 column (Cytiva) with 25 mM Tris pH8.0, 300 mM NaCl as mobile phase. 
All purified proteins were assayed by SDS-PAGE on a 4-12% BisTris gradient gel (Life Technologies) with subsequent Coomassie brilliant blue staining. 

Pulldown experiments
To enable complex formation, 2 µM MBP-tagged protein was incubated with 10 µM corresponding His6-tagged protein in pulldown buffer (25 mM Tris pH8.0, 300 mM NaCl, 5 mM MgCl2, 100 µM GTP, 100 µM GDP) in a total volume of 500 µl and incubated o/n at 4°C. 
The complexes were then captured onto 30 µl amylose resin (NEB Biolabs) previously equilibrated with pulldown buffer, washed, and subsequently eluted with 80 µl MBP-elution buffer (25 mM Tris pH8.0, 300 mM NaCl, 5 mM MgCl2, 10mM maltose). 
The eluates were subjected to SDS-PAGE on a 4-12% BisTris gradient gel (Life Technologies) and subsequently stained with Coomassie brilliant blue. 

Mammalian cell culture and microscopy

1306 fibroblasts (immortalized human dermal fibroblasts, female Puerto Rican donor, kind gift of Sebastian Iben, Dept. of Dermatology, Ulm University Hospital, Germany) and a SEPT9 knock out cell line in the same cellular background, generated previously in our laboratory (clone 2c3, (Hecht et al., 2024)), were used throughout this study. Cells were maintained at 37 °C and 5 % CO2 in a humidified incubator in DMEM (Gibco) supplemented with 10 % FBS (Capricorn). Plasmid transfection was performed using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s instructions. Stable cell lines were selected by treatment 750 μg/ml geneticin G418 (Formedium) 48h post transfection. The antibiotic concentration was lowered to 250 μg/ml after approx. two weeks and the cells were further maintained under these conditions. Immunfluorescence, transwell migration assays and microscopy were performed essentially as described in previous work (Hecht et al., 2024) with the following modification: The endogenous actin cytoskeleton was stained here using AlexaFluor555-Phalloidin (Invitrogen, #A34055). The endogenous septin cytoskeleton was stained using an anti-SEPT8 antibody (produced in rabbit, kind gift of Michael Krauss, Molecular Pharmacology and Cell Biology Group, Leibnitz Research Center for Molecular Pharmacology, Berlin, Germany) combined with an AlexaFluor647 conjugated anti-rabbit secondary antibody produced in goat (Invitrogen, #21244). 1306 fibroblasts contain SEPT8 as member from the 1b group instead of SEPT6 (Hecht et al., 2019). The anti-SEPT8 antibody stained septin cytoskeleton colocalized with DsRed-SEPT9 or GFP-SEPT2 decorated septin filaments in 1306 fibroblasts (Suppl. Fig.X ), proving specificity of the antibody in the employed cell line. 
For Western blot analysis, confluent cells from one T25 cell culture flask were collected and  lysed in 100 µl lysis buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 0.2 mM EDTA, 0.1 % Triton X100) supplemented with protease inhibitor cocktail (Roche). SEPT9 was detected using an anti-SEPT9 antibody (Sigma, #WH0010801M1) and an anti-GAPDH-HRP conjugate (Santa Cruz Biotechnology; #sc47724) was employed as loading control. 

Microscopy of yeast strains
Benni. 


Data availability
Sequences of the employed oligonucleotide primers are available from the authors upon request. 
MD & other raw data: Zenodo.






Acknowledgements
Jan Gehrke (Institute of Molecular Genetics and Cell Biology, Ulm University) is acknowledged for technical assistance. 
The authors thank Elias Spiliotis (Univ. of Virigina, School of Medicine, VA, USA), Matthias Hecht (formerly Institute of Molecular Genetics and Cell Biology, Ulm University) and Michael Krauss (Molecular Pharmacology and Cell Biology Group, Leibnitz Research Center for Molecular Pharmacology, Berlin, Germany) and for the donation of plasmids and the anti-SEPT8 antibody, respectively.
The staff at beamline ID30B at the European Synchrotron ESRF is acknowledged for excellent assistance with data collection and automated processing.
The authors acknowledge support by the state of Baden-Württemberg through bwHPC, the German Research Foundation (DFG) through grant INST 40/575-1 FUGG (JUSTUS 2 high performance computing cluster) and the staff of the Uni Ulm computer center for technical support. ﻿Julia Seifermann is supported by DFG grants SFB1381 and RTG2202. 

Author Contributions
BG performed the simulations and experiments, built the structure, improved the manuscript and designed research. JG performed experiments. JS crystallized the protein, collected and processed the diffraction data, and analyzed the data. SG analyzed the data. 
JL supported in setting up the simulations, analyzed the data and improved the manuscript. NJ analyzed the data and improved the manuscript. TG analyzed the data, designed research, performed experiments and wrote the manuscript. 





References
Abraham, MJ, Murtola, T, Schulz, R, Páll, S, Smith, JC, Hess, B, and Lindah, E (2015). GROMACS: High performance molecular simulations through multi-level parallelism from laptops to supercomputers. SoftwareX 1–2, 19–25.
Adams, P, Afonine, P, Bunkóczi, G, Chen, V, Davis, I, Echols, N, Headd, J, Hung, L, Kapral, G, Grosse-Kunstleve, R, et al. (2010). PHENIX: a comprehensive Python-based system for macromolecular structure solution. Acta Crystallogr D Biol Crystallogr 66, 213–221.
Auxier, B, Dee, J, Berbee, ML, and Momany, M (2019). Diversity of opisthokont septin proteins reveals structural constraints and conserved motifs. BMC Evol Biol 19.
Baur, JD, Rösler, R, Wiese, S, Johnsson, N, and Gronemeyer, T (2018). Dissecting the nucleotide binding properties of the septins from S. cerevisiae. Cytoskeleton (Hoboken) 76, 45–54.
Bernetti, M, and Bussi, G (2020). Pressure control using stochastic cell rescaling. J Chem Phys 153, 114107.
Bertin, A, Mcmurray, MA, Grob, P, Park, S-S, Iii, GG, Patanwala, I, Ng, H-L, Alber, T, Thorner, J, Nogales, E, et al. (2008). Saccharomyces cerevisiae septins: Supramolecular organization of heterooligomers and the mechanism of filament assembly. PNAS 105, 8274–8279.
Bourne, HR, Sanders, DA, and McCormick, F (1991). The GTPase superfamily: conserved structure and molecular mechanism. Nat 1991 3496305 349, 117–127.
Brausemann, A, Gerhardt, S, Schott, A-K, Einsle, O, Große-Berkenbusch, A, Johnsson, N, and Gronemeyer, T (2016). Crystal structure of Cdc11, a septin subunit from Saccharomyces cerevisiae. 193, 157–161.
Bricogne G., Blanc E., Brandl M., Flensburg C., Keller P., PW, and Roversi P, Sharff A., Smart O.S., Vonrhein C., WTO (2017). BUSTER version 2.10.4, Cambridge, United Kingdom: Global Phasing Ltd.
Bussi, G, Donadio, D, and Parrinello, M (2007). Canonical sampling through velocity rescaling. J Chem Phys 126, 014101.
Cavini, IA, Leonardo, DA, Rosa, H V.D., Castro, DKSV, D’Muniz Pereira, H, Valadares, NF, Araujo, APU, and Garratt, RC (2021). The Structural Biology of Septins and Their Filaments: An Update. Front Cell Dev Biol 9.
Darden, T, York, D, and Pedersen, L (1998). Particle mesh Ewald: An N⋅log(N) method for Ewald sums in large systems. J Chem Phys 98, 10089.
Daura, X, Gademann, K, Jaun, B, Seebach, D, van Gunsteren, WF, Mark, AE, Rigault, A, Siegel, J, Harrowfield, J, Chevrier, B, et al. (1998). Peptide Folding: When Simulation Meets Experiment. Angew Chem Int Ed Engl 31, 1387–1404.
Delic, S, Shuman, B, Lee, S, Bahmanyar, S, Momany, M, and Onishi, M (2024). The evolutionary origins and ancestral features of septins. Front Cell Dev Biol 12.
Dolat, L, Hunyara, JL, Bowen, JR, Karasmanis, EP, Elgawly, M, Galkin, VE, and Spiliotis, ET (2014). Septins promote stress fiber-mediated maturation of focal adhesions and renal epithelial motility. J Cell Biol.
Durell, SR, Brooks, BR, and Ben-Naim, A (1994). Solvent-induced forces between two hydrophilic groups. J Phys Chem 98, 2198–2202.
Emsley, P, Lohkamp, B, Scott, WG, and Cowtan, K (2010). Features and development of Coot. Acta Crystallogr D Biol Crystallogr 66, 486–501.
Essmann, U, Perera, L, Berkowitz, ML, Darden, T, Lee, H, and Pedersen, LG (1998). A smooth particle mesh Ewald method. J Chem Phys 103, 8577.
Fischer, M, Frank, D, Rösler, R, Johnsson, N, and Gronemeyer, T (2022). Biochemical Characterization of a Human Septin Octamer. Front Cell Dev Biol 10, 771388.
Fuechtbauer, A, Lassen, LB, Jensen, AB, Howard, J, De Salas Quiroga, A, Warming, S, Soerensen, AB, Pedersen, FS, and Fuechtbauer, EM (2011). Septin9 is involved in septin filament formation and cellular stability. Biol Chem.
Garcia, G, Bertin, A, Li, Z, Song, Y, Mcmurray, MA, Thorner, J, and Nogales, E (2011). Subunit-dependent modulation of septin assembly: Budding yeast septin Shs1 promotes ring and gauze formation. J Cell Biol 195, 993–1004.
Göddeke, H, and Schäfer, L V. (2020). Capturing Substrate Translocation in an ABC Exporter at the Atomic Level. J Am Chem Soc 142, 12791–12801.
Grupp, B, Denkhaus, L, Gerhardt, S, Vögele, M, Johnsson, N, and Gronemeyer, T (2024). The structure of a tetrameric septin complex reveals a hydrophobic element essential for NC-interface integrity. Commun Biol 2024 71 7, 1–15.
Grupp, B, and Gronemeyer, T (2022). A biochemical view on the septins, a less known component of the cytoskeleton. Biol Chem 404, 1–13.
Grupp, B, Lemkul, JA, and Gronemeyer, T (2023). An in silico approach to determine inter-subunit affinities in human septin complexes. Cytoskeleton (Hoboken).
Hecht, M, Alber, N, Marhoffer, P, Johnsson, N, and Gronemeyer, T (2024). The concerted action of SEPT9 and EPLIN modulates the adhesion and migration of human fibroblasts. Life Sci Alliance 7.
Hecht, M, Rösler, R, Wiese, S, Johnsson, N, and Gronemeyer, T (2019). An Interaction Network of the Human SEPT9 Established by Quantitative Mass Spectrometry. G3 Genes|Genomes|Genetics 9, 1869.
Hess, B (2008). P-LINCS: A parallel linear constraint solver for molecular simulation. J Chem Theory Comput 4, 116–122.
Hess, B, Bekker, H, Berendsen, HJC, and Fraaije, JGEM (1997). LINCS: A Linear Constraint Solver for Molecular Simulations. J Comput Chem 18, 14631472.
Huang, J, Rauscher, S, Nawrocki, G, Ran, T, Feig, M, De Groot, BL, Grubmüller, H, and MacKerell, AD (2017). CHARMM36m: an improved force field for folded and intrinsically disordered proteins. Nat Methods 14, 71–73.
Hussain, A, Nguyen, VT, Reigan, P, and McMurray, M (2023). Evolutionary degeneration of septins into pseudoGTPases: impacts on a hetero-oligomeric assembly interface. Front Cell Dev Biol 11, 1296657.
Jin, Y, Richards, NG, Waltho, JP, and Blackburn, GM (2017). Metal Fluorides as Analogues for Studies on Phosphoryl Transfer Enzymes. Angew Chemie Int Ed 56, 4110–4128.
Jorgensen, WL, Chandrasekhar, J, Madura, JD, Impey, RW, and Klein, ML (1998). Comparison of simple potential functions for simulating liquid water. J Chem Phys 79, 926.
Kabsch, W (2010). XDS. Acta Crystallogr D Biol Crystallogr 66, 125–132.
Kaplan, C, Jing, B, Winterflood, CM, Bridges, AA, Occhipinti, P, Schmied, J, Grinhagens, S, Gronemeyer, T, Tinnefeld, P, Gladfelter, AS, et al. (2015). Absolute Arrangement of Subunits in Cytoskeletal Septin Filaments in Cells Measured by Fluorescence Microscopy. Nano Lett 15, 3859–3864.
Kästner, J (2011). Umbrella sampling. Wiley Interdiscip Rev Comput Mol Sci 1, 932–942.
Lam, M, and Calvo, F (2019). Regulation of mechanotransduction: Emerging roles for septins. Cytoskeleton 76, 115–122.
Leipe, DD, Wolf, YI, Koonin, E V., and Aravind, L (2002). Classification and evolution of P-loop GTPases and related ATPases. J Mol Biol 317, 41–72.
Lemkul, JA, and Bevan, DR (2010). Assessing the stability of Alzheimer’s amyloid protofibrils using molecular dynamics. J Phys Chem B 114, 1652–1660.
Marques da Silva, R, Christe dos Reis Saladino, G, Antonio Leonardo, D, D’Muniz Pereira, H, Andréa Sculaccio, S, Paula Ulian Araujo, A, and Charles Garratt, R (2023). A key piece of the puzzle: The central tetramer of the Saccharomyces cerevisiae septin protofilament and its implications for self-assembly. J Struct Biol 215.
McCoy, AJ, Grosse-Kunstleve, RW, Adams, PD, Winn, MD, Storoni, LC, and Read, RJ (2007). Phaser crystallographic software. J Appl Crystallogr 40, 658–674.
Mendonça, DC, Guimarães, SL, Pereira, HD, Pinto, AA, de Farias, MA, de Godoy, AS, Araujo, APU, van Heel, M, Portugal, R V., and Garratt, RC (2021). An atomic model for the human septin hexamer by cryo-EM. J Mol Biol 433, 167096.
Morris, KM, Henderson, R, Suresh Kumar, TK, Heyes, CD, and Adams, PD (2016). Intrinsic GTP hydrolysis is observed for a switch 1 variant of Cdc42 in the presence of a specific GTPase inhibitor. Small GTPases 7, 1–11.
Mostowy, S, and Cossart, P (2012). Septins: the fourth component of the cytoskeleton. Nat Rev Mol Cell Biol 13, 183–194.
Neria, E, Fischer, S, and Karplus, M (1998). Simulation of activation free energies in molecular systems. J Chem Phys 105, 1902.
Pan, F, Malmberg, RL, and Momany, M (2007). Analysis of septins across kingdoms reveals orthology and new motifs. BMC Evol Biol 7, 103.
Parrinello, M, and Rahman, A (1998). Polymorphic transitions in single crystals: A new molecular dynamics method. J Appl Phys 52, 7182.
Patel, JS, and Ytreberg, FM (2018). Fast Calculation of Protein-Protein Binding Free Energies Using Umbrella Sampling with a Coarse-Grained Model. J Chem Theory Comput 14, 991–997.
Šali, A, and Blundell, TL (1993). Comparative protein modelling by satisfaction of spatial restraints. J Mol Biol 234, 779–815.
Schneider, C, Grois, J, Renz, C, Gronemeyer, T, and Johnsson, N (2013). Septin rings act as a template for myosin higher-order structures and inhibit redundant polarity establishment. J Cell Sci 126, 3390–3400.
Shuman, B, and Momany, M (2022). Septins From Protists to People. Front Cell Dev Biol 9, 824850.
Sirajuddin, M, Farkasovsky, M, Hauer, F, Kühlmann, D, Macara, IG, Weyand, M, Stark, H, and Wittinghofer, A (2007). Structural insight into filament formation by mammalian septins. Nature 449, 311–315.
Sirajuddin, M, Farkasovsky, M, Zent, E, Wittinghofer, A, and Fersht, A (2009). GTP-induced conformational changes in septins and implications for function. PNAS 106, 16592–16597.
Spiliotis, ET, Karasmanis, EP, and Dolat, L (2016). Fluorescence microscopy of actin- and microtubule-associated septins in mammalian cells. In: Methods in Cell Biology, 243–268.
Stiegler, AL, and Boggon, TJ (2020). The pseudoGTPase group of pseudoenzymes. FEBS J 287, 4232–4245.
Vetter, IR, and Wittinghofer, A (2001). The Guanine Nucleotide – Binding Switch in Three Dimensions. Science 294, 1299–1305.
Vonrhein, C, Tickle, IJ, Flensburg, C, Keller, P, Paciorek, W, Sharff, A, and Bricogne, G (2018). Advances in automated data analysis and processing within autoPROC , combined with improved characterisation, mitigation and visualisation of the anisotropy of diffraction limits using STARANISO. Acta Crystallogr Sect A Found Adv 74, a360–a360.
Weems, A, and McMurray, M (2017). The step-wise pathway of septin hetero-octamer assembly in budding yeast. Elife 6, e23689.
Weems, AD, Johnson, CR, Argueso, JL, and McMurray, MA (2014). Higher-Order Septin Assembly Is Driven by GTP-Promoted Conformational Changes: Evidence From Unbiased Mutational Analysis in Saccharomyces cerevisiae. Genetics 196, 711–727.
Wittinghofer, A, and Vetter, IR (2011). Structure-function relationships of the G domain, a canonical switch motif. Annu Rev Biochem 80, 943–971.
Woods, BL, and Gladfelter, AS (2021). The state of the septin cytoskeleton from assembly to function. Curr Opin Cell Biol 68, 105–112.
Zent, E, Vetter, I, and Wittinghofer, A (2011). Structural and biochemical properties of Sept7, a unique septin required for filament formation. Biol Chem 392, 791–797.
Zent, E, and Wittinghofer, A (2014). Human septin isoforms and the GDP-GTP cycle. Biol Chem 395, 169–180.
Zheng, L, Alhossary, AA, Kwoh, CK, and Mu, Y (2018). Molecular dynamics and simulation. Encycl Bioinforma Comput Biol ABC Bioinforma 1–3, 550–566.




Figure captions
