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ABSTRACT 
Septin proteins contribute to many eukaryotic processes involving cellular membranes. 

In the budding yeast Saccharomyces cerevisiae, septin hetero-oligomers interact with 

the plasma membrane (PM) almost exclusively at the future site of cytokinesis. While 

multiple mechanisms of membrane recruitment have been identified, including direct 
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interactions with specific phospholipids and curvature-sensitive interactions via 

amphipathic helices, these do not fully explain why yeast septins do not localize all over 

the inner leaflet of the PM. While engineering an inducible split-YFP system to measure 

the kinetics of yeast septin complex assembly, we found that ectopic co-overexpression 

of two tagged septins, Cdc3 and Cdc10, resulted in nearly uniform PM localization, as 

well as perturbation of endogenous septin function. Septin localization and function in 

gametogenesis was also perturbed. PM localization required the C-terminal YFP 

fragment fused to the C terminus of Cdc3, the septin-associated kinases Cla4 and Gin4, 

and phosphotidylinositol-4,5-bis-phosphate (PI(4,5)P2), but not the putative PI(4,5)P2-

binding residues in Cdc3. Endogenous Cdc10 was recruited to the PM, likely 

contributing to the functional interference. PM-localized septins did not exchange with 

the cytosolic pool, indicative of stable polymers. These findings provide new clues as to 

what normally restricts septin localization to specific membranes. 

 
INTRODUCTION 
Septin proteins interact with a wide variety of cellular membranes. Septins localize to 

specific regions of the inner face of the PM, including ER-PM junctions (Sharma et al., 

2013); the outer mitochondrial membrane (Pagliuso et al., 2016); macropinosomes 

(Dolat and Spiliotis, 2016); synaptic vesicles (Beites et al., 1999); autophagosomes 

(Tóth et al., 2022) or pre-autophagosomal structures (Barve et al., 2018) and, in 

Saccharomyces cerevisiae, specific regions of the growing membrane that forms de 

novo around nascent gametes, called the prospore membrane (Fares et al., 1996). The 

mechanisms directing binding to specific membranes are incompletely understood.  

 

Septins bind specific phospholipids via patches of positively-charged amino acids called 

³SRO\EDVLF�UHJLRQV´ (Zhang et al., 1999; Casamayor and Snyder, 2003), although it is 

unclear whether these polybasic regions are available for membrane interaction in the 

context of a septin filament (Jiao et al., 2020; Mendonça et al., 2021). For the five 

septins co-expressed in mitotically proliferating yeast cells (Cdc3, Cdc10, Cdc11, Cdc12 

and Shs1), phosphotidylinositol-4,5-bis-phosphate (PI(4,5)P2) plays a particularly 

important role in recruiting and maintaining septins as ring-shaped arrays of filaments at 

the regions of the PM where bud emergence and cytokinesis take place. Indeed, 
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PI(4,5)P2 is enriched at the site of bud emergence and, later, at the bud neck (Garrenton 

et al., 2010). Depletion of yeast PI(4,5)P2 leads to septin mislocalization (Rodríguez-

Escudero et al., 2005; Bertin et al., 2010). 

 

Additionally, yeast septin complexes exhibit a preference for membrane bilayers with a 

specific range of curvatures dictated by amphipathic helices (AHs) in Cdc12 and Shs1 

(Cannon et al., 2019; Woods et al., 2021). Yeast septin filaments also organize in 

different orientations on lipid bilayers of different curvatures (Beber et al., 2019), which 

may explain changes in filament orientation seen in vivo during the PM remodeling at 

the bud neck that accompanies cytokinesis (McQuilken et al., 2017; DeMay et al., 2011; 

Vrabioiu and Mitchison, 2006; Ong et al., 2014). Ultimately, membrane curvature 

preference by septins is complex, involving multiple scales and assembly steps (Shi et 

al., 2023), and WKH�PLQLPDO�³UXOHV´�JRYHUQLQJ�VHSWLQ�ORFDOL]DWLRQ�WR�D�VSHFLILF�FHOOXODU�

membrane remain unclear. 

 

We previously established a plasmid-based system for assessing the rate of de novo 

yeast septin folding and oligomerization that relies on the transcriptional induction of a 

single GFP-tagged septin using the GAL1/10 promoter �³PGAL´� (Schaefer et al., 2016). 

Quantification of septin ring fluorescence is used as a proxy for successful incorporation 

of the GFP-tagged septin into polymerization-competent hetero-oligomers, whereas 

signal in the cytoplasm and nucleus is interpreted as representing septin-GFP 

molecules that have not yet incorporated into hetero-oligomers plus those that did 

achieve native assembly but did not polymerize into filaments. By measuring the 

kinetics of accumulation of septin ring signal relative to cytoplasm/nucleus signal at time 

points following the addition of galactose, we successfully applied this technique to 

identify both septin mutations (Schaefer et al., 2016) and chaperone mutations (Hassell 

et al., 2022) that slow septin folding/assembly. Here we sought to streamline this assay 

by eliminating the need to determine the subcellular localization of fluorescence signal. 

We previously used bimolecular fluorescence complementation (BiFC) to visualize 

septin-septin interactions in living cells, wherein one septin is fused to the N-terminal 

fragment of the YFP derivative Venus �³9N´� and another septin is fused to the smaller 
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Venus C-terminal fragment �³9C´� (Weems and McMurray, 2017). Fluorescence is 

observed only when the two septins physically interact, which requires successful de 

novo folding by both septins. Here we describe a single-plasmid approach to 

simultaneously co-overexpress two BiFC-tagged septins, Cdc3 and Cdc10, which 

unexpectedly resulted in interference with endogenous septin function and a change in 

septin membrane localization. These findings provide new insights into the mechanisms 

of septin complex assembly and membrane interactions. 

 

MATERIALS AND METHODS 

Yeast strains and plasmids 
The following S. cerevisiae strains were cultured using standard techniques (Amberg et 

al., 2005). JTY3992 (CDC10-mCherry::kanMX (McMurray et al., 2011)), H06796 

(CDC12-GFP::HIS3MX (Huh et al., 2003)), CBY06598 (mss4-102::kanMX (Li et al., 

2011)), H06426 (VZH�¨::kanMX (Winzeler et al., 1999)), H07176 (FOD�¨::kanMX 

(Winzeler et al., 1999)), H06948 (HOP�¨::kanMX (Winzeler et al., 1999)), H07177 

(JLF�¨::kanMX (Winzeler et al., 1999)), H06949 (JLQ�¨::kanMX (Winzeler et al., 1999)), 

and H07178 (V\S�¨::kanMX (Winzeler et al., 1999)) are derived from BY4741 (MATa 

KLV�¨��OHX�¨��PHW��¨��XUD�¨��(Winzeler et al., 1999)). JTY4024 (VKV�¨��NDQ0; 

(Winzeler et al., 1999)) is derived from BY4742 (MATĮ KLV�¨1 OHX�¨0 O\V�¨0 XUD�¨0) 

(Winzeler et al., 1999). M-1726 carries the cdc12-6 mutation backcrossed extensively 

into the YEF473 background (Nagaraj et al., 2008). The VIS�¨::kanMX�VIS�¨::kanMX 

strain H07150 (Winzeler et al., 1999) is derived from BY4743 (MATa/MATĮ 

KLV�¨��KLV�¨��OHX�¨��OHX�¨��O\V�¨��/<6��PHW��¨��0(7���XUD�¨��XUD�¨� (Winzeler 

et al., 1999)). YEF5690 is in the YEF473 background and carries CDC10-VN::kanMX 

(Oh et al., 2013). H07151 was made by integrating mCherry-CDC3::LEU2 at the CDC3 

locus of BY4741 using BglII-cut Yip128-Cdc3-mCherry (Wloka et al., 2011). MMY0265 

was made by mating FY2742 with FY2839, which are KLV�¨� OHX�¨��O\V�¨��XUD�¨� and 

MATa or MATჴ, respectively, with polymorphisms in three genes from the SK1 

background (MKT1(G30) RME1 TAO3(Q1493)) that increase sporulation efficiency 

(Kloimwieder and Winston, 2011). The Gal4-estrogen binding domain-VP16 fusion 
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protein was integrated at the genomic OHX�¨� allele of MMY0265 using PmeI-cut 

plasmid pAGL, creating strain H07172. 

 

Plasmids are described in Table S1. Plasmids were introduced using the Frozen-EZ 

Yeast Transformation II Kit (#T2001, Zymo Research). Cells were cultured in liquid or 

solid (2% agar) rich (1% yeast extract, 2% peptone, 2% glucose), synthetic medium 

(SC; per liter, 20 g glucose or lactose, 1.7 g yeast nitrogen base without amino acids or 

ammonium sulfate, 5 g ammonium sulfate, 0.05 g tyrosine, 0.01 g arginine, 0.05 g 

aspartate, 0.05 g phenylalanine, 0.05 g proline, 0.05 g serine, 0.1 g threonine, 0.05 g 

valine, 0.05 g histidine, 0.1 g uracil, and 0.1 g leucine), or sporulation medium (1% 

potassium acetate, 0.05% glucose, 20 mg/L leucine, 40 mg/L uracil). Where appropriate 

to maintain plasmid selection, synthetic medium lacked specific components (uracil 

and/or leucine). FCF (Santa Cruz Biotechnology #sc-204759) was dissolved in DMSO 

to make a 1 M stock. Guanidine hydrochloride (Research Products International 

#G49000) was dissolved in water to make a 5 M stock. ȕ-estradiol (Sigma-Aldrich 

#E2758) was dissolved in 100% ethanol to make a 5 mM stock. 

 

Microscopy 
Most images were captured with an EVOSfl all-in-one epifluorescence microscope 

(Thermo-Fisher Scientific) with a 60× oil objective and GFP (#AMEP4651), CFP 

(#AMEP-4653) and Texas Red (#AMEP4655) LED/filter cubes. Image adjustment and 

analysis was carried out using FIJI software (Schindelin et al., 2012). All images of the 

same type were analyzed in the same way. For analysis of folding/assembly kinetics, 3-

mL cultures were grown overnight in synthetic medium lacking uracil and containing 2% 

lactose to mid-log phase prior to induction. Aliquots were taken at timepoints and 

spotted on 1% agarose pads then covered with an 18 mm x 18 mm coverslip (#1.5) for 

imaging. Cellular fluorescence captured with the GFP LED cube at 80% intensity and 

250-msec exposures was quantified by drawing an 8-pixel-wide line across the middle 

RI�HDFK�FHOO�DQG�XVLQJ�WKH�³3ORW�SURILOH´�FRPPDQG�LQ�),-,. Each cell was assigned a 

single value corresponding to the maximum value along the profile. Identities of images 

for quantification were blinded prior to analysis to prevent bias. 
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Cell length:width ratios were calculated in FIJI by measuring the length of lines drawn 

from one end of a cell to another along the long (length) or short (width) axis, with an 

obvious constriction representing a boundary between cells. The length:width ratio was 

calculated for each of 100 cells and then the percentage of cells with length:width > 2 

ZDV�GHWHUPLQHG��7KH�)LVKHU¶V�([DFW�test (two-tailed) was applied using a 2x2 

contingency table in GraphPad Prism to determine P values for the differences in the 

percentage of elongated cells, comparing one sample against a reference. These 

quantifications were not performed blind. 

 

For FRAP, images were collected on a spinning disk confocal Nikon Ti-E microscope 

equipped with a 1.45 NA 100× CFI Plan Apo objective, piezo electric stage (Physik 

Instrumente; Auburn, MA), spinning disk confocal scanner unit (CSU10; Yokogawa), 

488-nm laser (Agilent Technologies; Santa Clara, CA), TI-LA FRAP module, and an 

EMCCD camera (iXon Ultra 897; Andor Technology; Belfast, UK) using NIS Elements 

software (Nikon). Single z-plane images were collected at 10sec intervals, with the 488-

nm laser at 70% power and a 100-msec exposure. For each photobleaching 

H[SHULPHQW��ZH�ILUVW�FROOHFWHG�D�µSUH-EOHDFKHG¶�LPDJHV��WKHQ�D�UHJLRQ�RI the cell cortex 

was bleached for 400msec with the 488-nm laser at 100% power. For analysis, a 

circular ~0.015 µm2 region of interest was selected in the bleached area and the 

average intensity was recorded over 910 sec. A separate region of equal size was 

drawn in an unbleached region of the cell cortex and the average intensity was recorded 

over the same time period. 

 

AlphaFold2 Multimer structure prediction 

We used ColabFold v1.5.2: AlphaFold2 using MMseqs2 (Mirdita et al., 2022), at 

https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipy

ip using the default settings (which use AlphaFold2 Multimer v3) and the full predicted 

amino acid sequence of Cdc3 and Cdc10. Output models in .pdb format were rendered 

in PyMOL (Schrödinger, LLC). 
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RESULTS 

Localization-independent assay of in vivo septin folding/assembly kinetics 
PGAL is bi-directional, driving transcription of both the GAL1 and GAL10 genes that flank 

it (Elison et al., 2018). Cdc3 and Cdc10 directly interact within septin hetero-octamers, 

which are linear complexes of the order Cdc11/Shs1±Cdc12±Cdc3±Cdc10±Cdc10±

Cdc3±Cdc12±Cdc11/Shs1 (Bertin et al., 2008). We engineered a low-copy plasmid in 

which transcription of both CDC3-VC and CDC10-VN are under control of the same PGAL 

sequence, and expression is induced by addition of galactose to the growth medium. 

Since many C-terminal tags are known to compromise septin function in a manner often 

exacerbated by high temperature (McMurray, 2016), we cultured cells at room 

WHPSHUDWXUH��a��Û&���We quantified total cellular fluorescence in wild-type haploid cells 

at time points following induction and observed a gradual increase in signal, indicative 

of transcription, translation, folding and assembly of the tagged Cdc3 and Cdc10, and 

reconstitution and maturation of the split fluorophore (Figure 1A,B). The kinetics of 

accumulation (<2-fold over 7 hr) were considerably slower than for GFP-tagged Cdc3, 

for which fluorescence increased >4-fold in 6 hr, even though here we used a higher 

concentration of galactose (Schaefer et al., 2016; Hassell et al., 2022). 

 

To assess the impact of slowing septin folding, we introduced the G365R mutation into 

Cdc3-VC. Gly365 lies within a key part of the Cdc3±Cdc10 interface (Weems et al., 

2014). We previously used PGAL coupled with a GFP tag to show that at temperatures 

permissive for proliferation, the G365R mutation slows ~2-fold Cdc3 folding and/or 

assembly into septin hetero-oligomers (Schaefer et al., 2016). BiFC fluorescence was 

consistently lower for the G365R mutant, but it accumulated at approximately the same 

rate as wild-type Cdc3-VC (Figure 1B). Thus BiFC signal is consistent with assembly of 

Cdc3±Cdc10 heterodimers involving Gly365 but this assay is not particularly sensitive to 

changes in septin folding. 
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Figure 1. Slow kinetics of fluorescence accumulation following induction of co-expression of 
BiFC-tagged Cdc3 and Cdc10. (A) Schematic illustration of the experimental plan. A single plasmid 
encodes BiFC-tagged Cdc3 and Cdc10 under control of the bidirectional GAL1/10 promoter. 
Addition of galactose turns on tagged septin expression. Once translated and folded, the tagged 
septins co-assemble with endogenous septins into septin hetero-octamers that polymerize into 
filaments at the septin ring at the yeast bud neck. Reconstitution of the split fluorophore generates 
fluorescence signal. Fluorescence quantification over time reveals the kinetics of septin transcription. 
(B) For cells (strain BY4741) carrying plasmid pPgal-Cdc3-Vc±Cdc10-Vn �³:LOG�W\SH´��RU�WKH�
cdc3(G365R) derivative G00823 �³FGF��*���5�´�, cellular fluorescence (mean ± standard error of 
the mean) was measured by microscopy for ��� cells per timepoint, after the indicated interval 
following addition of galactose to final concentration 2%. Lines represent best-fit linear regression 
with 95% confidence intervals (dashed lines).  
 
Aberrant plasma membrane localization of BiFC signal 
Individual overexpression of tagged wild-type Cdc3 or Cdc10 results in septin ring signal 

plus accumulation diffusely throughout the cytoplasm/nucleus (Johnson et al., 2015; 

Hassell et al., 2022). Unexpectedly, and especially after long induction times, BiFC 

signal was often found extensively along the PM (Figure 2A). Some cells also had 

roundish internal signals that resembled nuclei (see arrowheads in Figure 2A); we did 

not further study these signals. Cells with strong PM signal were also frequently 

elongated and had multiple buds attached to the same mother cell, regardless of 

incubation temperature (Figure 2A, Table 1). The presence of multiple elongated buds 
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is a distinctive feature of septin dysfunction (Hartwell, 1971). Defects in septin ring 

assembly prolong isotropic bud growth and cause elongated bud morphologies via a 

Swe1-dependent G2/M delay known as the morphogenesis checkpoint (Barral et al., 

1999; Shulewitz et al., 1999; Longtine et al., 2000; Lew, 2003). Only individual 

overexpression of Cdc11 or Shs1 perturbs septin function in otherwise wild-type cells 

(Sopko et al., 2006). Hence these observations pointed to novel properties of the co-

overexpressed Cdc3 and Cdc10. 

 

We saw no PM mislocalization or dominant-negative functional effects in previous 

studies with these same BiFC-tagged versions of Cdc3 and Cdc10 (Garcia et al., 2016; 

Weems and McMurray, 2017; Denney et al., 2021), but in those studies the tagged 

septins were expressed at endogenous levels from the native promoters. We 

systematically manipulated individual features of the BiFC co-overexpression construct 

to determine which were necessary and/or sufficient for PM mislocalization and 

perturbation of septin function. First, we made an improved version of the plasmid. The 

way we constructed the original version resulted in an unnecessarily large plasmid (16 

kb) with multiple repeated sequences (Figure S1A). In multiple cases, yeast or bacterial 

transformants appeared to carry smaller versions of the plasmid that had lost the septin 

genes (data not shown), presumably due to recombination between the repeated 

VHTXHQFHV��7R�DYRLG�WKLV�SUREOHP��ZH�FUHDWHG�D�³VWUHDPOLQHG´�SODVPLG�DERXW�Kalf the 

size with no sequence repeats (Figure S1A), which caused elongated bud morphologies 

that were more penetrant than the original, recombination-prone plasmid (Figure S1B, 

Table 1). We quantified cell elongation by calculating the length:width ratio for 100 cells 

per genotype (Figure 2B, Figure S2, Table 1). To summarize the results of our 

manipulations: we found that PM localization and severe perturbation of endogenous 

septin function required co-overexpression and, surprisingly, the VC tag fused to the C 

terminus of Cdc3. Overexpression of Cdc3-VC alone in cells expressing Cdc10-VN at 

endogenous levels resulted only in BiFC signal to normal septin rings (Figure 2C). 

When Cdc3-VC and tagged Cdc10 were co-overexpressed from the same PGAL on the 

same plasmid, fluorescence intensity varied from cell to cell but PM localization was 

observed in nearly every cell that exhibited fluorescence (Figure 2A,D, Table 1), 
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whereas when they were encoded on different plasmids, many cells instead had diffuse 

cytoplasmic/nuclear signal (Figure 2E, Table 1). As expected, the elongated 

morphologies reflect activation of the morphogenesis checkpoint: VZH�¨ cells co-

overexpressing Cdc3-VC and Cdc10-VN were much rounder than SWE1+ cells, despite 

persistent PM localization of the BiFC signal (Figure 2F, Table 1). 

 
Figure 2. Plasma membrane mislocalization of co-overexpressed Cdc3-VC and Cdc10. Haploid 
cells of the indicated genotype were imaged with transmitted light or for reconstituted YFP (BiFC) or 
mCherry fluorescence, as indicated. Brackets denote genes encoded on plasmids. All cells were 
imaged following overnight culture DW���Û&��A-&��RU���Û&��'-E) in plasmid-selective liquid medium 
with 2% galactose. Fluorescence images were inverted for clarity. Scale bars, 5 µm. (A) Strain 
BY4741 with plasmid G00805. GFP LED cube, 100% intensity 250-msec exposure. (B) Strain 
BY4741 with plasmids pMVB1 and G00526, showing lines drawn in FIJI to calculate length:width 
ratio. (C) Strain YEF5690 with plasmid pPgal-Cdc3-Vc. GFP LED cube, 90% intensity, 500-msec 
exposure. (D) Strain BY4741 with plasmid E00432. GFP LED cube, 100% intensity, 120-msec 
exposure. (E) Strain BY4741 with plasmids G00545 and G00526. Texas Red LED cube, 100% 
intensity, 250-msec exposure. (F) Strain H06426 with plasmid E00432. GFP LED cube, 100% 
intensity, 250-msec exposure. 
 



   
 

   
 

12 

Plasma membrane mislocalization of endogenous Cdc10 by co-overexpression of 
BiFC-tagged Cdc3 and Cdc10 
Septin dysfunction upon co-overexpression of BiFC-tagged Cdc3 and Cdc10 could 

result from mislocalization of the endogenously expressed septins to the PM away from 

the bud neck, sequestering septin subunits required for normal septin ring assembly. 

We monitored the localization of endogenous septins fluorescently tagged at their 

chromosomal loci or expressed from low-copy plasmids from native promoters in cells 

co-overexpressing VC-tagged Cdc3 and Cdc10 from the same promoter and plasmid.  
 
Whereas in cells with an empty vector, endogenous Cdc10-mCherry localized mostly to 

bud necks (and faintly in the cytoplasm/nucleus), in cells with the septin co-expression 

plasmid endogenous Cdc10-mCherry localized all around the PM in elongated cells 

(Figure 3A,B). By contrast, endogenous mCherry-tagged Cdc3 was not recruited to the 

PM (Figure 3C). When we introduced the VN-less version of the co-overexpression 

plasmid into cells with GFP-tagged endogenous Cdc12 or a plasmid encoding YFP-

tagged Cdc11 or GFP-tagged Shs1, we saw no mislocalization of Cdc12-GFP, Cdc11-

YFP, or Shs1-GFP to the PM (Figure 3D-I). Occasional ectopic assemblies containing 

Cdc12-GFP or Shs1-GFP are artifacts of the GFP tags and were also present in cells 

not co-overexpressing Cdc3-VC and Cdc10 (Figure 3E,H). Upon co-overexpression of 

Cdc3-VC and untagged Cdc10, the Shs1-GFP-expressing cells were much less 

elongated than cells without the tagged Shs1 (Figure 3I, Table 1). We confirmed that 

the co-overexpressed septins still localized to the PM in Shs1-GFP-expressing cells by 

using the plasmid with both BiFC tags (Figure 3J). PGAL induction may have been 

weaker in this experiment, leading to rounder cells and dimmer PM signal. We conclude 

that the co-overexpressed Cdc3-VC and Cdc10 drive PM mislocalization of endogenous 

Cdc10 but not Cdc3, Cdc11, Cdc12 or Shs1. 
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Figure 3. Co-overexpressed Cdc3 and Cdc10 drive plasma membrane mislocalization 
specifically of endogenous Cdc10. Haploid cells of the indicated genotype were imaged with 
transmitted light or for GFP, YFP, or mCherry fluorescence. All cells were imaged following overnight 
culture in plasmid-selective liquid medium with 2% galactose. Images were inverted for clarity. 
³%L)&´�LV�<)3�VLJQDO�DULVLQJ�IURP�&GF�-VC±Cdc10-VN interaction. Brackets denote genes encoded 
on plasmids, otherwise genotypes reflect the alleles the chromosomal loci. (A) Strain JTY3992 
(CDC10-mCherry) with plasmid pRS316. Texas Red LED cube 100% intensity, 1 sec exposure. (B) 
Strain JTY3992 with plasmid E00432. Texas Red LED cube 100% intensity, 1.5 sec exposure. (C) 
H07151 with plasmid E00432. GFP LED cube 60% intensity, 120-msec exposure; Texas Red LED 
cube 100% intensity, 1.5 sec exposure. (D) Strain H06796 with plasmid pRS316, GFP LED cube 
100% intensity, 500-msec exposure. Blue arrowheads point to ectopic septin structures that are 
commonly found in this Cdc12-GFP and are an artifact of the GFP tag. (E) Strain H06796 with 
plasmid E00431, GFP LED cube 100% intensity, 500-msec exposure. (F) Strain BY4741 with 
plasmids pML43 and pRS316, GFP filter 100% intensity, 500-msec exposure. (G) Strain BY4741 
with plasmids pML43 and E00431, GFP filter 100% intensity, 750-msec exposure. (H-I) Strain 
BY4741 with plasmids pRS315-SHS1-GFP and S56�����³HPSW\´� and E00431, GFP filter 100% 
intensity, 250-msec exposure, (J) BY4741 with plasmids pRS315-SHS1-GFP and E00432, GFP filter 
100% intensity,120-msec exposure. 
 
Requirement for Cla4 and Gin4, but not Elm1, Gic2, or Syp1, in PM mislocalization 
A number of non-septin proteins are important in proper septin localization. In cells 

lacking the kinase Cla4, which directly phosphorylates both Cdc3 and Cdc10, septins 

mislocalize along extensive regions of the bud PM (Versele and Thorner, 2004; Schmidt 
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et al., 2003; Cvrcková et al., 1995). The kinase Gin4 phosphorylates Shs1 (Asano et al., 

2006) and septin localization in gin4 mutants is often aberrant (Longtine et al., 1998). 

Elm1 phosphorylates the septin-binding protein Bni5 and regulates septin filament 

pairing and localization (Patasi et al., 2015; Bouquin et al., 2000; Marquardt et al., 

2020). The paralogous Cdc42 effector proteins Gic1 and Gic2 have been implicated in 

septin recruitment (Iwase et al., 2006) and Gic1 interacts directly with Cdc10 in the 

context of septin hetero-octamers and filaments (Sadian et al., 2013). Syp1 directly 

bundles septin filaments and regulates septin ring assembly in vivo (Ibanes et al., 

2022). We introduced the streamlined Cdc3- and Cdc10-co-overexpressing plasmid into 

haploid cells carrying deletion alleles of CLA4, GIN4, ELM1, GIC2, or SYP1 and 

monitored BiFC signal localization and bud morphology. Only FOD�¨ and JLQ�¨ blocked 

PM localization, and both of these mutations also drastically reduced bud elongation, to 

extents similar to that of VZH�¨ (Figure 4A, Table 1). Mating FOD�¨ or JLQ�¨ cells 

carrying the co-overexpression plasmid with a wild-type haploid strain restored PM 

localization in the diploid cells (Figure 4A), consistent with the defects being recessive 

phenotypes of the deletion alleles. 

 

The synthetic plant cytokinin forchlorfenuron (FCF) perturbs septin localization in most 

cell types, including S. cerevisiae (Iwase et al., 2004), via an unknown mechanism. We 

asked if the PM localization of co-overexpressed Cdc3 and Cdc10 is sensitive to FCF. 

Endogenously mCherry-tagged Cdc10 showed the expected ectopic mislocalization 

SDWWHUQV��³EDUV´��SXQFWD��XSRQ�RYHUQLJKW�H[SRVXUH�WR���P0�)&)� but the PM BiFC 

localization was unaffected (Figure 4B). Thus the PM-localized septin complexes 

appear to be insensitive to perturbation by FCF. Together, these data suggest that the 

PM-associated complexes have distinct requirements for membrane association 

compared to native septins. 
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Figure 4. Loss of septin mislocalization to the plasma membrane in cells lacking Cla4 or Gin4. 
All cells were imaged following overnight culture in plasmid-selective liquid medium with 2% 
galactose. Images were inverted for clarity. (A) The indicated mutant derivatives of haploid strain 
BY4741 carrying plasmid E00432. Where indicated �³[�:7´�, the mutant haploids were mixed with 
haploid cells of the opposite mating type (strain BY4742) to allow mating and provide a wild-type 
copy of the deleted gene. GFP LED cube 100% intensity, 500-msec exposure for FOD�¨, JLQ�¨ and 
�³[�:7´�. GFP LED cube 100% intensity, 120-msec exposure for elm1¨, gic2¨, and V\S�¨. (B) 
Strain JTY3992 with plasmid E00432 cultured in the presence of 1 mM FCF. GFP LED cube 80% 
intensity, 250-msec exposure; Texas Red LED cube 100% intensity, 1.5-sec exposure. Blue 
arrowheads point to ectopic septin structures induced by FCF. Scale bars, 5 µm. 
 
Lack of membrane curvature preference in aberrant septin localization following 
co-overexpression of Cdc3 and Cdc10 
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The elongated cells produced upon co-overexpression of BiFC-tagged Cdc3 and Cdc10 

provided a range of PM curvatures, allowing us to ask if the intensity of BiFC signal 

correlated with apparent PM curvature. We assumed roughly cylindrical 3D shapes of 

elongated cells and roughly spherical shapes of round cells, and estimated PM 

curvature using 2D images and the Kappa plugin in ImageJ. In cells with round buds, 

septin filaments are found only at the bud neck, the site of the most curved regions of 

the PM, and our analysis recapitulated this result with Cdc12-GFP (Figure 5A). 

However, just because the yeast bud neck has the regions of highest PM curvature 

does not mean that yeast septins localize to all highly curved regions of the PM. Indeed, 

we could find examples of misshapen cells co-expressing BiFC-tagged Cdc3 and 

Cdc10 in which fluorescence was found exclusively at the bud neck but not elsewhere 

at the PM, including at regions of similar curvature away from the neck (Figure 5B, see 

blue arrowheads). [Note that the unusual but informative cell shown in Figure 5B is from 

a culture of diploid cells in which the gene SFP1 was deleted; diploid cells lacking Sfp1 

are smaller than wild-type cells (Ni and Snyder, 2001). The impetus for this experiment 

was a misleading observation in which wild-type diploid cells appeared to lack PM BiFC 

localization, so we used the SFP1 deletion to ask if larger cell size in diploids was 

responsible for this apparent difference. However, the loss of PM signal in wild-type 

diploids was not seen in other experiments with the original BiFC plasmid or with the 

³VWUHDPOLQHG´�%L)&�SODVPLG, hence we attribute the original observation to 

recombination that eliminated the septin genes.] 

 

The same kind of analysis revealed that while BiFC signal at the PM away from the bud 

neck varied in intensity along the PM, there was no clear correlation with membrane 

curvature (Figure 5C-E). While we cannot exclude the possibility that our single-focal-

plane images failed to capture more complex 3D PM contours with different curvatures 

in dimensions other than x-y, we interpret these data as evidence that the septin PM 

localization in cells co-overexpressing VC-tagged Cdc3 and Cdc10 is largely 

independent of PM curvature. Since new PM synthesis occurs mostly in the bud as it 

grows, if the Cdc3±Cdc10 complexes bind the PM as soon as they are able, then signal 
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variation along the PM may reflect the level of co-overexpression at the time when that 

part of the bud PM was being synthesized. 

 

AHs in the yeast septins Cdc12 (Cannon et al., 2019) and Shs1 (Woods et al., 2021) 

are sufficient to impart curvature preference in vitro, and mutating the Cdc12 AH 

eliminates curvature preference of complexes containing Cdc11 (which has no AH) in 

place of Shs1 (Cannon et al., 2019). The PM localization of BiFC signal arising from co-

overexpressed Cdc3-VC and Cdc10-VN did not appear to require a fully-functional AH 

from Cdc12 or Shs1, because PM localization was observed in cells carrying either an 

allele of CDC12 that truncates most of the helix (cdc12-6 (Cannon et al., 2019)) or a 

deletion allele of SHS1 (Figure 5F). For endogenous, wild-type septins, shifting cdc12-6 

FHOOV�WR�KLJK�WHPSHUDWXUH����Û&��WULJJHUV�UDSLG�(within 30 minutes (Kim et al., 1991; 

Barral et al., 2000) loss of membrane (bud neck) localization, but BiFC signal at the PM 

persisted for hours after LQFXEDWLRQ�DW���Û&��)LJXUH�5F). :H�QRWH�WKDW�DW���Û&�cdc12-6 

cells eventually become elongated (Kim et al., 1991), but elongation requires cell growth 

and growth in synthetic galactose medium is quite slow. In fact, in cdc12-6 cells DW���Û& 

the elongated bud phenotype resulting from co-overexpression was much less severe 

than in wild-type cells (Figure 5F, Table 1), but we cannot exclude that this simply 

reflects lower levels of co-overexpression in this genetic background. Complete deletion 

of the Cdc12 helix is lethal (Woods et al., 2021) as is combining the cdc12-6 and VKV�¨�

alleles (Finnigan et al., 2015), hence we could not test the effects on the absence of 

both helices on septin PM localization. 
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Figure 5. Plasma membrane mislocalization of co-overexpressed Cdc3 and Cdc10 is largely 
independent of membrane curvature and does not require the amphipathic helix of Cdc12 or 
Shs1. All cells were imaged following overnight culture in plasmid-selective liquid medium with 2% 
galactose. Images were inverted for clarity. (A-E) PM curvature was estimated from 2D fluorescent 
micrographs of yeast cells (inset above) using the Kappa plugin for ImageJ. Plots show local 
curvature and fluorescence intensity at each point along the trace of the plasma membrane (cell 
outline). (A) Cdc12-GFP in haploid cells of strain H06796 carrying the empty vector plasmid 
pRS316. GFP LED cube 100% intensity, 500-msec exposure. The cyan line with green points 
indicates the cell outline used for measurement. Yellow point marks the end of the outline. (B) BiFC 
signal in VIS�¨�VIS�¨ diploid cells (strain H07150; note that deletion of SFP1 is likely irrelevant to the 
phenotype) resulting from interaction of Cdc3-VC and Cdc10-VN co-expressed from plasmid E00432. 
GFP LED cube 100% intensity, 250-msec exposure. This cell, with an unusual shape and some 
fluorescence at the bud neck, was not representative of most cells in the culture. (C-E) As in (B) but 
with wild-type diploid cells (BY4743). GFP LED cube 100% intensity, 250-msec exposure. (F) 
5HSUHVHQWDWLYH�IOXRUHVFHQFH�PLFURJUDSKV�RI�FHOOV�RI�WKH�LQGLFDWHG�JHQRW\SH��³VKV�¨´��-7<������
cdc12-6, M-1726) carrying plasmid G00865. CFP LED cube, 100% intensity, 250-msec exposure for 
VKV�¨, 60-msec exposure for cdc12-6. :KHUH�LQGLFDWHG��FHOOV�ZHUH�LQFXEDWHG�DW���Û&�IRU���KU��6FDOH�
bars, 5 µm. 
 
Co-overexpression of Cdc3-VC and Cdc10 dominantly perturbs septin function in 
sporulation 
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Notably, the only case in wild-type S. cerevisiae cells in which septin complexes are 

normally found uniformly around the PM is at the late stages of sporulation, the process 

during yeast gametogenesis by which the haploid nuclei produced by meiosis are 

packaged into new membranes and cell walls (Fares et al., 1996; Pablo-Hernando et 

al., 2008). We induced co-overexpression of Cdc3-VC and Cdc10-VN in diploid cells 

induced to undergo sporulation and measured the ³success´ of sporulation by counting 

the number of spores produced per diploid cell. We previously showed that in septin 

mutants spore number is decreased, presumably because prospore membranes grow 

in the wrong directions without guidance from higher-order septin structures (Garcia et 

al., 2016; Heasley and McMurray, 2016). Sporulation is typically induced using medium 

lacking a nitrogen source and containing no or a low concentration of a non-fermentable 

carbon source. To induce PGAL expression in sporulation medium without adding 2% 

galactose, we integrated a plasmid encoding a fusion of the Gal4 DNA-binding domain 

with the VP16 transcriptional activation domain and an estrogen binding domain, which 

allows induction of PGAL expression via the addition of estradiol (Veatch et al., 2009). 

 

Sporulation proceeded normally in the presence of Cdc3-GFP overexpression: after five 

days in sporulation medium, when we examined 70 diploid cells that initiated 

sporulation, 54 (77%) produced the maximum four spores �³WHWUDGV´�, and only one 

(1.4%) produced a ³G\DG´ (two spores). By contrast, co-overexpression of Cdc3-VC and 

Cdc10-VN essentially inverted the frequencies of tetrads (1 of 70, 1.4%) and dyads (64 

of 70, 91%). Cdc3-GFP signal was mostly in the residual cytoplasm trapped between 

the four spores, with some signal that appeared to be nuclear (Figure 6A). BiFC signal 

was mostly at spore PMs, but in a more punctate pattern than what we saw in 

vegetatively proliferating cells (Figure 6A) or for normal septin localization in spores 

(Fares et al., 1996; Pablo-Hernando et al., 2008). Frequently, only one spore in a dyad 

had BiFC signal (Figure 6A), presumably reflecting random plasmid segregation during 

meiosis and synthesis of Cdc3-VC and Cdc10-VN after spore membranes closed. These 

data demonstrate perturbation of endogenous septin function in another context and 

that co-overexpressed Cdc3-VC and Cdc10 also bind pervasively to the newly-formed 

PMs of spores. 
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Plasma membrane mislocalization of co-overexpressed Cdc3-VC and Cdc10 
requires phosphotidylinositol-4,5-bis-phosphate but not the polybasic regions in 
Cdc3 

PI(4,5)P2 is enriched at the bud neck but is present throughout the PM (Garrenton et al., 

2010). Maintenance of PM PI(4,5)P2 requires the kinase Mss4, and PI(4,5)P2 is rapidly 

depleted from the PM when cells expressing a temperature-sensitive mutant (mss4-

102��DUH�VKLIWHG�WR���Û&�(Stefan et al., 2002). GFP-tagged wild-type Cdc10 also 

disappears from the bud necks of mss4-102 FHOOV�DW���Û&�(Bertin et al., 2010). To ask if 

the aberrant PM localization of co-overexpressed, BiFC-tagged Cdc3 and Cdc10 

requires PI(4,5)P2, we transformed haploid mss4-102 cells with a PGAL±Cdc3-VC±

Cdc10-VN plasmid and localized BiFC signal following induction with galactose. To our 

surprise, there was no PM signal even at the temperature permissive for colony growth 

���Û&���)LJXUH�6B). Instead, BiFC signal was mostly diffuse in the cytoplasm/nucleus 

and excluded from vacuoles (Figure 6B). The cells were also round, indicating a lack of 

perturbation of septin function. 

 

We introduced the same plasmid previously used by others to monitor PI(4,5)P2 

localization in mss4-102 cells ±± a fusion of GFP with a tandemly repeated PH domain 

from human PLCG��phospholipase C) (Stefan et al., 2002) ±± and also saw no PM 

signal (Figure 6C). When we mated the mss4-102 cells carrying the PI(4,5)P2 reporter 

plasmid to a wild-type haploid, restoring wild-type Mss4, we saw the expected PM 

signal (Figure 6D). To our knowledge, this is the first time this PI(4,5)P2 reporter has 

been tested in cells in which the only source of Mss4 is the mss4-102 allele present at 

the endogenous MSS4 locus. The mss4-102 allele was originally generated on a 

plasmid and characterized in cells carrying the plasmid and a deletion allele at the 

endogenous MSS4 locus (Stefan et al., 2002), and other studies reporting PI(4,5)P2 

localization used the same ³FRYHULQJ�SODVPLG´�approach (Garrenton et al., 2010). In 

studies of this (Stefan et al., 2002) and other temperature-sensitive mss4 mutants 

(Desrivières et al., 1998; Homma et al., 1998), significant defects in PI(4,5)P2 synthesis 

and/or associated phenotypes were reported at the temperature permissive for yeast 
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colony/culture growth. We interpret our data as evidence that: (i) DW���Û&�PI(4,5)P2 

levels at the PM in cells carrying the mss4-102 allele at the MSS4 chromosomal locus 

are too low to be detected with the GFP-2X-PH(PLCG) reporter; (iii) plasmid-encoded 

mss4-102 provides extra gene copies per cell that boost Mss4 protein levels and, 

consequently, activity at permissive temperatures; and (ii) the low PI(4,5)P2 levels at the 

PM in chromosomal mss4-102 cells do not support PM localization of co-overexpressed 

Cdc3 and Cdc10. Thus PM mislocalization of co-overexpressed Cdc3 and Cdc10 

requires PI(4,5)P2 at the PM, presumably via direct septin-phospholipid interaction. 

 

The Cdc10 polybasic region is thought to be particularly important for PI(4,5)P2-

mediated membrane interaction by septin hetero-octamers in vitro (Bertin et al., 2010). 

Because the Cdc10 polybasic region lies entirely within the D0 helix, which makes 

critical contacts across the NC interface, mutating those basic residues to Ala disrupts 

the NC interface and splits hetero-octamers into hetero-tetramers (Bertin et al., 2010). 

In an attempt to more specifically perturb PI(4,5)P2 interactions by the co-

overexpressed Cdc3±Cdc10 complex, we instead targeted the two polybasic regions in 

Cdc3. Mutating all the basic residues in both regions subtly perturbs filament assembly 

on synthetic membranes in vitro (Bertin et al., 2010). We deleted the N-terminal 100 

residues, which includes Lys90, Arg93 and Arg94 plus the intrinsically disordered N-

terminal extension (NTE) (Weems and McMurray, 2017), and additionally mutated 

Arg111, Arg112 and Lys115 to Ala. These mutations had no obvious effect (Figure S3, 

Table 1). Thus PM localization does not require the Cdc3 polybasic regions. 
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Figure 6. Co-overexpression of Cdc3-VC and Cdc10 perturbs septin function in sporulation 
and requires phosphotidylinositol-4,5-bis-phosphate (PI(4,5)P2) for plasma membrane 
mislocalization. (A) Cells of diploid strain H07172 carrying the indicated plasmids (³>PGAL±CDC3-
GFP@´��pMVB1��³>PGAL±CDC3-VC±CDC10-VN´��E00432) were induced to sporulate and transcribe 
PGAL by culturing in sporulation medium containing 1 uM estradiol IRU���GD\V�DW���Û&, then imaged 
for GFP or BiFC signal and transmitted light. GFP LED cube 100% intensity, 250-msec exposure. 
(B-C) Cells were imaged for GFP fluorescence and transmitted light following overnight culture at 
��Û& in plasmid-selective liquid medium with 2% galactose. Images were inverted for clarity. (B) 
mss4-102 strain CBY06598 carrying plasmid E00432. GFP LED cube 100% intensity, 250-msec 
exposure. (C) mss4-102 strain CBY06598 carrying plasmid pRS426GFP-�î3+�3/&į�. GFP LED 
cube 90% intensity, 250-msec exposure. (D) Cells from (C) were mated with wild-type haploid strain 
BY4742 by mixing on the surface of a rich agar plate and then mated cells were used to inoculate 
plasmid-selective liquid medium with 2% galactose. Cells were imaged after overnight culture at 
��Û&� GFP LED cube 70% intensity, 250-msec exposure. Scale bars, 5 µm. 
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Evidence for higher-order polymerization by PM-localized co-overexpressed Cdc3 
and Cdc10 
The weak PI(4,5)P2 affinity of any individual septin prevents monomers from localizing 

to the PM, and even septin hetero-octamers dissociate from membranes unless/until 

they polymerize into filaments with collectively strong PM avidity (Tanaka-Takiguchi et 

al., 2009; Bridges et al., 2014). Accordingly, whether or not yeast septins at the PM are 

polymerized into filaments has previously been assessed by fluorescence recovery after 

photobleaching (FRAP) (Caviston et al., 2003; Dobbelaere et al., 2003). 

Recovery/exchange is seen when the septin ring is still forming prior to bud emergence 

but not once the bud has emerged and before the hourglass-shaped septin ³collar´ 

splits into two rings. This period coincides with the stage at which arrays of septin 

filaments are found (Byers and Goetsch, 1976; Ong et al., 2014). Using PGAL-

overexpressed Cdc3-GFP, we recapitulated the lack of recovery/exchange in septin 

collars (Figure 7A), and found a similar lack of recovery/exchange in the PM-localized 

GFP signal resulting from PGAL co-overexpression of Cdc3-VC and Cdc10-GFP from the 

same plasmid (Figure 7B). These data suggest that Cdc3±Cdc10 PM localization 

involves oligomerization/polymerization into higher-order assemblies. 
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Figure 7. Lack of mobility/cytoplasmic exchange of PM-associated Cdc3-VC±Cdc10 
complexes. (A) Cells of strain BY4741 carrying pMVB1 �³&GF�-*)3´��RU�G01271 (³Cdc3-VC Cdc10-
GFP´��were cultured in plasmid-selective medium containing 2% galactose and then imaged for GFP 
signal �³SUH-EOHDFK´���7KH�areas circled with solid lines were then photobleached. 7KH�³EOHDFK´�
images were captured during the photobleaching. Fluorescence intensity was quantified within those 
areas (and, as a control, within unbleached areas circled with dashed lines) every 10 seconds for 
900 seconds thereafter. Images were inverted for clarity. (B) Fluorescence intensity of the areas in 
(A), plus areas from another Cdc3-VC Cdc10-GFP cell (red lines), plotted with time. Scale bars, 2 
µm. 
 
DISCUSSION 

The original impetus to create a BiFC co-overexpression plasmid was to monitor the 

kinetics of septin complex assembly in vivo, but our results suggest that septin folding 
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and assembly are not the rate-limiting steps toward generating fluorescence. For unsplit 

GFP, we presume that fluorophore maturation is on a similar time scale as septin 

synthesis/folding/assembly, such that slowing septin folding detectably slows signal 

accumulation. The added time required to reconstitute the split YFP may decrease the 

temporal sensitivity of the assay, such that slower septin folding makes an undetectable 

contribution to signal accumulation kinetics. Thus our single-plasmid BiFC approach 

may only be useful to detect severe septin folding/assembly defects. Since too severe a 

defect would slow or stop cell division, this assay may have a narrow range of utility. 

 

The unexpected PM localization and interference with endogenous septin function 

provided an opportunity for us to learn more about what normally regulates septin 

complex assembly and membrane association. While we are left with many unanswered 

questions, we propose the following model (Figure 8). For co-overexpression from a 

single plasmid, initiation of transcription in both directions from PGAL ensures that for 

every Cdc3-VC mRNA, there is one Cdc10 mRNA. In fact, in 2% galactose each burst of 

PGAL transcription produces >10 nascent mRNAs, with multiple bursts within a 30-

minute period (Lenstra et al., 2015). If the mRNAs are translated with similar efficiency, 

then a given cell could rapidly accumulate enough Cdc3-VC and Cdc10 to assemble 

hundreds or thousands of hetero-oligomers. Only Cdc3-VC±Cdc10 hetero-oligomers, 

and not homo-oligomers, are competent for PM localization. For PGAL co-overexpression 

from distinct plasmids, it is less likely that both septins are expressed at similar 

amounts, Cdc3-VC±Cdc10 encounters are less common, and PM localization is 

correspondingly less frequent. 
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Figure 8. Model for Cdc3±Cdc10 hetero-oligomer assembly and Cla4- and phospholipid-
dependent plasma membrane localization. Cartoon illustrations of septins Cdc3 (purple) and 
Cdc10 (red) are shown with the G interface and Cdc3 NTE diagrammed at top left. Putative and 
known sites of phosphorylation by Cla4 are illustrated near the interfaces. Cla4 phosphorylation and 
the VC fusion to the C terminus of Cdc3 favor NC interaction with Cdc10, which repositions the NTE 
of Cdc3 to allow G-dimerization with other molecules of Cdc10. Cdc10 NC-mediated 
homodimerization can further contribute to the assembly of long oligomers capable of stable 
association with PI(4,5)P2 in the PM via the polybasic region of Cdc10. Coordinated, bidirectional 
PGAL transcription of BiFC-tagged Cdc3 and Cdc10 promotes the synchrony of mRNA export and 
subsequent translation, favoring assembly by the tagged septins, though occasional incorporation of 
endogenous Cdc10 sequesters it away from essential hetero-octameric assemblies containing other 
septins and capable of forming filaments at the bud neck. 
 

Apart from the stoichiometry per se, the kinetics/timing of assembly is also likely to be 

important. We recently developed an assay for post-translational septin assembly in 

which we transiently overexpressed a single tagged septin from PGAL, then shut off new 

assembly (Hassell et al., 2022). The excess septin ±± super-stoichiometric to the 

endogenous septins ±± remained diffusely localized in the cytoplasm/nucleus, 

ostensibly ³ZDLWLQJ´ until newly-synthesized partner septins were synthesized and, via 

de novo folding, became available for new complex assembly (Hassell et al., 2022). In 

the meantime, the excess septins were kept assembly-competent by specific cytosolic 

chaperones, which we proposed to ³SURWHFW´�WKH�H[FHVV�VHSWLQV¶�dimerization interfaces 

from inappropriate interactions (Hassell et al., 2022). In particular, our data pointed to 
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chaperone occupancy of WKH�³*´�LQWHUIDFH�WKDW�VXUURXQGV�DQG�HQFRPSDVVHV�HDFK�

septin's guanine nucleotide binding pocket (Sirajuddin et al., 2007; Johnson et al., 2015; 

Hassell et al., 2022). If, rather than having to wait for them, plenty of molecules of the G-

dimer partner are immediately available, then two partner septins simultaneously in 

excess to the others ±± and in 1:1 stoichiometry to each other ±± could rapidly 

outcompete the chaperones to form a stable dimer. In a native hetero-octamer, Cdc3 

and Cdc10 form a G heterodimer and Cdc10 forms a homodimer YLD�WKH�RWKHU��³1&´��

interface (Sirajuddin et al., 2007; Bertin et al., 2008). Thus if many assembly-competent 

molecules of Cdc3 and Cdc10 became available at the same time, Cdc3±Cdc10±

Cdc10±Cdc3 heterotetramers could assemble rather efficiently. 

 

However, our FRAP data do not seem consistent with PM-associated tetramers, and 

instead point to some kind of higher-order polymer. Furthermore, we previously 

published evidence that, at endogenous expression levels, the intrinsically disordered 

NTE of Cdc3 occupies the G interface of newly-synthesized Cdc3 and prevents it from 

interacting with Cdc10 until Cdc3 has first interacted with Cdc12 via the NC interface, 

which re-positions the NTE away from the Cdc3±Cdc10 interface (Weems and 

McMurray, 2017). NTE interference presumably explains why Cdc3 and Cdc10 do not 

efficiently interact when co-expressed in E. coli (Versele et al., 2004). The NTE is 

adjacent to the D0 helix (residues 102-116), which XQGHUJRHV�D�³GRPDLQ�VZDS´�ZLWK�WKH�

D0 helix of Cdc12 (Valadares et al., 2017; Cavini et al., 2021) (Figure 8). If Cdc12 is not 

involved in the excess Cdc3±Cdc10 assembly, then what repositions the Cdc3 NTE? 

 

While using the AlphaFold Multimer tool (Evans et al., 2022) to predict the structures of 

yeast septin homo- and hetero-dimers, we noticed that the two highest-ranked models 

for the Cdc3±Cdc10 heterodimer unexpectedly involve the NC interface (Figure S4). In 

these models, the Cdc3 D0 helix swaps with that of Cdc10. Cdc3±Cdc10 NC interaction 

would expose two G interfaces for subsequent oligomerization events, providing a 

pathway to assembly of long polymers that could stably associate with the PM (Figure 

8). We note that, in addition to a Cdc10 residue in a key part of the G interface 

(Ser256), Cla4 phosphorylates Cdc10 Ser312 (Versele and Thorner, 2004), which is 
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conspicuously near the predicted NC interface with Cdc3 (Figure S4). Indeed, the side 

chain of Lys440 in Cdc3 is ~10 Å away, such that phosphorylation at Ser312 could 

introduce a long-range electrostatic interaction (Figure S4). Cla4 also phosphorylates 

Cdc3 (Versele and Thorner, 2004), and the four Ser residues in Cdc3 that match the 

sequence context of known Cla4 substrates (RXS) also cluster near the Cdc3±Cdc10 

NC interface (Figure S4). Thus a requirement for Cla4-mediated Cdc3 and/or Cdc10 

phosphorylation in NC-interface-mediated Cdc3±Cdc10 oligomerization could explain 

why Cdc3 and Cdc10 do not appear to oligomerize the same way when co-

overexpressed in E. coli or FOD�¨ yeast. Gin4 does not appear to phosphorylate Cdc3 or 

Cdc10 (Versele and Thorner, 2004), and its only known septin substrate, Shs1, was not 

found at the PM (Figure 3I). However, by phosphorylating a non-septin protein, Gin4 

regulates WKH�IXQFWLRQ�RI�30�³IOLSSDVHV´�WKDW�FRQWURO�ZKLFK�OLSLGV�DUH�H[SRVHG�RQ�ZKLFK�

PM leaflet (Roelants et al., 2015). The loss of PM localization in JLQ�¨ mutants may 

reflect changes in PM lipid composition that alter the availability of PI(4,5)P2 for binding. 

We propose that the polybasic region of Cdc10 mediates PI(4,5)P2 binding. 

 

How the 108-residue VC tag promotes PM localization is mysterious, as we are unaware 

of any prior evidence that suggests propensity for PM association. One possibility is 

that, being located near the normal location of direct interaction between the C-terminal 

extensions of Cdc3 and Cdc12 (Versele et al., 2004), it interferes with NC 

heterodimerization with Cdc12, and thereby indirectly favors Cdc3±Cdc10 NC 

interaction. The idea that co-overexpressed Cdc3-VC and Cdc10 may interact non-

natively via the NC interface provides a plausible explanation for the specificity of 

endogenous Cdc10 mis-localization. The endogenous Cdc3 we examined was not VC-

tagged (it was tagged with mCherry), so either it was not competent to co-assemble 

with the excess Cdc10, or it was able to co-assemble but those assemblies were not 

competent to localize to the PM. We favor the former explanation, for the following 

reason: if the presence of a few Cdc3-mCherry (or untagged Cdc3) molecules in an 

assembly containing mostly Cdc3-VC and Cdc10-VN was enough to block PM 

localization, then we should have seen a loss of PM BiFC signal in the cells expressing 

endogenous Cdc3-mCherry. The fact that endogenous Cdc3 lacking a VC tag neither 
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participated in, nor interfered with, PM mislocalization points to a requirement for the VC 

tag in a specific kind of interaction with Cdc10 (see above), not in PM mislocalization 

per se. 

 

In the absence of any Cdc10 overexpression, nearly a third of cells expressing Cdc3-VC 

as the sole source of Cdc3 were elongated (Table 1). Moreover, Cdc10 sequestration 

alone cannot explain the elongated cells we see upon co-overexpression, because at 

��Û&�LQ�WKH�VWUDLQ�EDFNJURXQG�LQ�ZKLFK�ZH�SHUIRUPHG�PRVW�RI�RXU�H[SHULPHQWV��%<������

viable FGF��¨ cells are mostly round (McMurray et al., 2011). Thus a parsimonious 

explanation for the severe elongation of most wild-type cells co-overexpressing Cdc3-

VC and Cdc10-VN is that it represents a defect in the assembly of functional septin 

hetero-octamers due to combination of Cdc10 sequestration and incorporation of VC-

tagged Cdc3. The requirement for Cdc10 in normal septin function can be bypassed by 

the small molecule guanidine hydrochloride (GdnHCl), which drives an alternative septin 

complex assembly pathway in which non-native Cdc3 homodimerization allows Cdc10-

less hexamer assembly by the other septins (McMurray et al., 2011; Johnson et al., 

2020). Consistent with septin dysfunction resulting from more than sequestration of 

endogenous Cdc10, addition of 3 mM GdnHCl to the medium did not block PM 

localization (Figure S5) and did not ameliorate the elongated morphologies resulting 

from Cdc3-VC and Cdc10-VN co-overexpression (Table 1). 

 

The septin complexes normally made during sporulation contain Cdc3 and Cdc10 but 

not Cdc12 or Shs1 (McMurray and Thorner, 2008; Garcia et al., 2016), and instead 

contain Spr28 and Spr3 (Garcia et al., 2016), the sporulation-specific counterpart of 

Cdc12. Spr3 also has a predicted AH with unknown contributions to curvature 

preference (McMurray, 2019). Spr3 is required for uniform PM localization by Cdc3 in 

spores (Pablo-Hernando et al., 2008) but since Spr3 is not expressed in vegetatively 

dividing cells, it cannot explain the BiFC PM localization we observe upon co-

overexpression of Cdc3 and Cdc10 in vegetative cells. Thus while direct evidence for 

yeast septin AH-mediated PM curvature preference in vivo is lacking, it seems possible 

that curvature-insensitive PM localization of co-overexpressed Cdc3 and Cdc10 could 
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represent assembly of a septin complex that lacks the two subunits with AHs known to 

impart curvature preference in vitro. Like the elongated buds we saw in vegetative cells, 

the severe sporulation defect we saw upon co-overexpression of Cdc3-VC and Cdc10-

VN presumably reflects compounding dysfunctions resulting from replacement of 

untagged Cdc3 in canonical septin hetero-octamers plus sequestration of untagged 

Cdc10 into non-functional Cdc3±Cdc10 hetero-oligomers. 

 

The large number of human septin genes and splice isoforms thereof provide the 

potential for a huge variety of septin complexes with distinct properties tailored to the 

needs of individual human cell types. While the abnormal PM localization that we 

describe here resulted from genetic engineering in the lab, coordinating the synchrony 

and extent of septin transcription may be yet another means by which human cells fine-

tune septin complex assembly, localization and function. In human cancers, individual 

septins are often highly overexpressed relative to other septins (Angelis and Spiliotis, 

2016). By adding small domains to the N terminus, the inclusion of alternative exons 

can shift the partner septins with which overexpressed human Septin 9 co-assembles 

(Devlin et al., 2021). Cancer cells may benefit from the assembly of non-canonical 

septin complexes driven by septin co-overexpression and ³H[WUD´�domains added to a 

flexible septin tail, akin to what we serendipitously found with a synthetic tag. 
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