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Abstract

Septins are GTP-binding proteins conserved across metazoans. They can polymerize into extended filaments and, hence, are considered
a component of the cytoskeleton. The number of individual septins varies across the tree of life—yeast (Saccharomyces cerevisiae) has
seven distinct subunits, a nematode (Caenorhabditis elegans) has two, and humans have 13. However, the overall geometric unit (an apo-
lar hetero-octameric protomer and filaments assembled there from) has been conserved. To understand septin evolutionary variation, we
focused on a related pair of yeast subunits (Cdc11 and Shs1) that appear to have arisen from gene duplication within the fungal clade.
Either Cdc11 or Shs1 occupies the terminal position within a hetero-octamer, yet Cdc11 is essential for septin function and cell viability,
whereas Shs1 is not. To discern the molecular basis of this divergence, we utilized ancestral gene reconstruction to predict, synthesize,
and experimentally examine the most recent common ancestor (“Anc.11-S”) of Cdc11 and Shs1. Anc.11-S was able to occupy the termi-
nal position within an octamer, just like the modern subunits. Although Anc.11-S supplied many of the known functions of Cdc11, it was
unable to replace the distinct function(s) of Shs1. To further evaluate the history of Shs1, additional intermediates along a proposed trajec-
tory from Anc.11-S to yeast Shs1 were generated and tested. We demonstrate that multiple events contributed to the current properties
of Shs1: (1) loss of Shs1–Shs1 self-association early after duplication, (2) co-evolution of heterotypic Cdc11–Shs1 interaction between
neighboring hetero-octamers, and (3) eventual repurposing and acquisition of novel function(s) for its C-terminal extension domain. Thus,
a pair of duplicated proteins, despite constraints imposed by assembly into a highly conserved multi-subunit structure, could evolve new
functionality via a complex evolutionary pathway.
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Introduction
Septins comprise a fourth cytoskeletal element, conserved from
fungi to metazoans (Pan et al. 2007; Nishihama et al. 2011; Auxier
et al. 2019). Each septin contains a GTP-binding fold (G domain)
preceded by an N-terminal extension (NTE) of variable length
and trailed by a C-terminal extension (CTE) of variable length. A
given septin associates with other septins in a defined order into
linear hetero-oligomeric complexes, which, in turn, have the ca-
pacity to assemble into higher-order structures. Similar to other
cytoskeletal components, septin-based structures can adopt
unique architectures and geometries in vivo and in vitro, including
linear filaments, arcs, spirals, hourglasses, and rings (Bertin et al.
2008, 2012; Garcia et al. 2011; Ong et al. 2014). Rather than purely

contributing to cell shape, septins reportedly have numerous
functions in different species, cell types, and subcellular loca-
tions. Such functions include: (1) serving as a diffusion barrier
tightly associated with the membrane between two distinct cellu-
lar compartments (such as in dividing cells, or to separate den-
dritic spines from the cell body in neurons) (Dobbelaere and
Barral 2004; Caudron and Barral 2009), (2) sensing membrane
curvature (Bridges et al. 2016; Cannon et al. 2019), and (3) acting as
a platform for recruitment of septin-associated proteins for infor-
mation exchange via signaling pathways (Neubauer and Zieger
2017; Perez et al. 2016). Many of these functions have been con-
served across eukaryotes; importantly, septin dysfunction in
humans has been linked to a number of diseases, including male
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infertility, cancer, and neurodegenerative diseases (Shen et al.
2017; Wang et al. 2018; Xu et al. 2018; Marcus et al. 2019).

Early studies on septins focused on the unicellular eukaryote
Saccharomyces cerevisiae. In this yeast, seven genes encoding dis-
tinct septins were identified—CDC3, CDC10, CDC11, CDC12, SHS1,
SPR3, and SPR28—the latter two are only expressed and func-
tional during sporulation (Kaback and Feldberg 1985; Ozsarac
et al. 1995; De Virgilio et al. 1996; Garcia et al. 2016; Heasley and
McMurray 2016). Disruption of CDC3, CDC10, CDC11, or CDC12
prevented completion of cytokinesis and resulted in cell death
(Hartwell 1978); labeling experiments later determined that the
cognate proteins localize to the division site (bud neck) between a
mother and daughter cell undergoing mitosis and form a com-
plex 3D super-structure there (Byers and Goetsch 1976; Haarer
and Pringle 1987; Cid et al. 1998; Bertin et al. 2012). Extensive ge-
netic and biochemical approaches determined that two copies of
each of the four essential septins form a linear apolar hetero-
octamer with a twofold axis of symmetry (Cdc11–Cdc12–Cdc3–
Cdc10–Cdc10–Cdc3–Cdc12–Cdc11), that hetero-octamers poly-
merize end-to-end via Cdc11–Cdc11 interaction to form long, lat-
erally paired filaments, and that formation of filaments is
essential for septin function in vivo (Bertin et al. 2008; McMurray
et al. 2011). Subsequent work showed that the fifth mitotically
expressed septin, Shs1, could also occupy the terminal position,
thus forming Shs1–Cdc12–Cdc3–Cdc10–Cdc10–Cdc3–Cdc12–Shs1
hetero-octamers (Garcia et al. 2011; McMurray et al. 2011; Bertin
et al. 2012; Booth et al. 2015; Finnigan, Takagi, et al. 2015).
However, it is clear that there are significant functional differen-
ces between Cdc11 and Shs1; the former subunit is essential for
filament formation and viability in vivo, whereas Shs1 is non-
essential under many standard growth conditions (Iwase et al.
2007; Garcia et al. 2011). Use of sensitized genetic backgrounds,
structural data, and biochemical assays revealed certain unique
roles for Shs1 within S. cerevisiae and related fungal species that
influence filament curvature and/or assembly state, association
with the plasma membrane, and coordinated recruitment of
non-septin binding partners, such as the myosin-binding protein
Bni5 (Egelhofer et al. 2008; Buttery et al. 2012; Meseroll et al. 2012,
2013; Booth et al. 2015; Finnigan, Booth, et al. 2015; Finnigan,
Takagi, et al. 2015).

The CTEs of both Cdc3 and Cdc12 were found to participate in
coiled coil (CC) interactions that serve as cross-bracing within
each hetero-octamer and that also provide contacts responsible
for the lateral pairing of septin filaments (Versele et al. 2004). As
the cell cycle proceeds, the hourglass-shaped septin-based collar-
like structure at the bud neck undergoes a transition to a split
(double ring) structure concomitant with the onset of cytokinesis
(Bertin et al. 2008, 2012; Garcia et al. 2011; McMurray et al. 2011).

Within each hetero-octamer, there are alternating interfaces
between neighboring subunits deduced from crystallized septin
complexes: the G interface, in which the GTP/GDP-binding pock-
ets in each subunit face each other; and the NC interface,
wherein helical elements within the N- and C-terminal sequen-
ces that are proximal and distal, respectively, to the G domain
face each other (Sirajuddin et al. 2007, 2009; Ong et al. 2014;
Brausemann et al. 2016). In a hetero-octamer, the central Cdc10–
Cdc10 pair associates via an NC interaction, whereas each Cdc10
associates with its flanking Cdc3 via a G interface, and so forth.

Across eukaryotes (with the exception of higher plants, which
lack septins), the number of septin subunits varies—for example,
one in the green alga Chlamydomonas reinhardtii, two in the nema-
tode Caenorhabditis elegans, five in the fruit fly Drosophila. mela-
nogaster, and 13 in Homo sapiens, which are differentially

expressed in specific cell types and tissues (Field et al. 1996; Adam
et al. 2000; Nguyen et al. 2000; Kinoshita 2003; John et al. 2007; Cao
et al. 2009; Nishihama et al. 2011; Pinto et al. 2017). However, the
hetero-octameric complex with distinct subunits occupying spe-
cific positions within the structure has been conserved from
yeast to humans (Bertin et al. 2008; McMurray and Thorner 2019;
Mendonca et al. 2019; Soroor et al. 2020). Phylogenetic analyses in-
dicate that during fungal and metazoan evolution gene duplica-
tions gave rise to the current repertoire of septin subunits (Pan
et al. 2007; Nishihama et al. 2011; Auxier et al. 2019). Such
increases in biological complexity across deep evolutionary time
wherein a multi-subunit complex acquires additional functional
components through gene duplication and divergence have
clearly occurred in other instances, including the V-type ATPase
(Finnigan et al. 2011, 2012), the proteasome (Wollenberg and
Swaffield 2001), the TRiC/CCT chaperonin (Gestaut et al. 2019),
and the NADH:ubiquinone oxidoreductase (Gabaldon et al. 2005).
However, how inclusion of a newly duplicated protein within an
existing multi-protein ensemble occurs is more challenging to ex-
plain for a non-essential subunit (such as Shs1 in the yeast septin
hetero-octamer) that has been maintained rather than pseudo-
genized and lost.

In addition, the molecular evolution of two subunits, both oc-
cupying the same position within a complex structure, presents a
number of biochemical constraints. In the case of the terminal
septin subunits, both Cdc11 and Shs1 must retain the ability to
bind guanine nucleotide as well as the capacity to associate with
the penultimate subunit Cdc12 via a G interface. On the other
hand, whether to preserve the capacity for homotypic NC inter-
face interaction, which supports formation of paired linear fila-
ments (as exhibited by Cdc11), or to evolve the capacity for
heterotypic interaction (such as exhibited by Shs1- and Cdc11-
capped hetero-octamers) and thereby acquire the capacity to
form more complex geometric arrangements in higher order
structures leaves room for why the advent of Shs1 may have pro-
vided some selective advantage.

Viewed in this light, Cdc11 and Shs1 provide a unique opportu-
nity to conduct an analysis grounded in evolutionary principles
to address questions relating to how a new subunit arising from
the duplication of a pre-existing one is first tolerated, retains the
capacity for integration into a complex structure, and diverges to
confer new properties without disrupting essential functions.
Understanding how protein complexes have increased in com-
plexity through evolutionary time remains a critical task for mul-
tiple fields of study. A detailed mechanistic history of how
protein complexes, protein–protein interfaces, and specific pro-
tein domains evolve can provide not only a proper, “vertical” his-
torical context for current day experimental comparisons of
existing proteins (Merkl and Sterner 2016), but may someday
have predictive power for understanding protein evolution within
rapidly evolving species such as micro-organisms.

Toward these ends, in this study, we utilized ancestral gene
reconstruction (Thornton 2004) (AGR) to predict, generate, and
test in modern S. cerevisiae cells the assembly, localization, and
function(s) of the pre-duplicated ancestral subunit (termed
“Anc.11-S”) of Cdc11 and Shs1, as well as four additional ances-
tors and three modern fungal septins. Our study determined that
Anc.11-S can partially replace modern Cdc11 in yeast yet was un-
able to form productive heterotypic interfaces with Shs1.
Furthermore, all tested ancestral and fungal septins seemed to
be able to associate with Cdc12 through the G interface, albeit
with very different apparent affinities. Evolution of the Shs1 sub-
unit involves multiple distinct changes including early loss of
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homotypic Shs1–Shs1 interactions, development of a distinct G
domain, development of an optimized Cdc11–Shs1 heterotypic
interaction, and very recent evolution of a modern function of its
CTE. These findings are the first to highlight the complex evolu-
tion of a unique pair of essential/non-essential components in a
highly conserved multi-protein complex.

Materials and methods
In silico reconstruction of ancestral protein
sequences
Putative septin orthologs of budding yeast Cdc11 or Shs1 within
the fungal kingdom were identified using BLAST (NCBI); these are
listed in Supplementary Table S1. Sequences were aligned using
three separate methods: MUSCLE (Edgar 2004), MSAprobs (Liu
et al. 2010), and PRANK (Loytynoja and Goldman 2005, 2008). For
each alignment, ancestral protein sequences for all shared ances-
tors were inferred with maximum-likelihood phylogenetics, using
PAML (Yang 2007) and PhyloBot (Hanson-Smith and Johnson
2016). All three approaches (Supplementary Figure S1) yielded a
consensus sequence for Anc.11-S, with differences concentrated
within the CTE domain. We chose to experimentally assay the
ancestral sequences from the MUSCLE approach, as the total
length of the protein was the longest of the three (418 residues)
indicating that MUSCLE yielded the most conservative alignment
of the three approaches. The posterior probabilities (PPs) from
reconstructed sequences are summarized in Supplementary
Table S2. For each ancestral gene, a set of residues with PP scores
below a determined threshold were randomly sampled and indi-
vidually tested in vivo compared to the original reconstruction;
these findings will be presented in a separate manuscript.

Yeast strains and plasmids
Saccharomyces cerevisiae strains used in this study can be found in
Table 1 and Supplementary Table S3 and plasmids used in this
study can be found in Table 2. Reconstructed ancestral genes
were generated by custom gene synthesis (Genscript) using a
yeast codon bias and carried in plasmid pUC57. For all constructs,
in vivo plasmid assembly (Finnigan and Thorner 2015) was used
to link together the necessary DNA components (promoter, cod-
ing regions, tags, terminators, and selection cassettes). A modi-
fied polymerase chain reaction (PCR)-based mutagenesis protocol
(Zheng et al. 2004) was used to introduce substitutions prior to as-
sembly. Briefly, a CEN-based plasmid was digested with a unique
restriction site downstream of a cloned promoter sequence and
co-transformed into yeast (standard lithium acetate-based proto-
col) (Gietz and Schiestl 2007) with the necessary amplified PCR
fragments containing homology to adjacent sequences.
Typically, a downstream drug-resistance cassette (Goldstein and
McCusker 1999) was also included for additional selection pur-
poses and for use in one-step chromosomal integration strate-
gies. Placement of DNA constructs at the required genomic loci
utilized upstream promoter sequence as well as the common
MX-based terminator sequence present on selection cassettes.
This “marker swapping” technique allowed for the integration of
the entire gene fusion. Given that there is still the possibility for
the marker cassette to swap without integration of the upstream
sequence (using the identical MX promoter sequences), all inte-
grations were confirmed using diagnostic PCRs to confirm the
presence of the desired integrated DNA construct in addition to
the switch in selection marker. Following in vivo plasmid assem-
bly, constructs were confirmed further using either in-house (UC
Berkeley DNA Sequencing Facility) or commercial (Genscript)

Sanger DNA sequencing. Following chromosomal integration,
modified loci were amplified by PCR, purified, and sequenced
(Genscript). Sequences of all the DNAs used in this study can be
found in Supplementary Figure S2.

Culture conditions
Budding yeast strains were grown on 2% agar plates or in liquid
culture (in a temperature-controlled floor shaker). Rich media
(YPD) consisted of 2% peptone, 1% yeast extract, and 2% dextrose.
Synthetic media included yeast trace nutrients, amino acids, and
ammonium sulfate. All sugar solutions (final concentrations in-
cluded 2% dextrose, 2% galactose, 2% raffinose with 0.2% su-
crose) were filter sterilized (not autoclaved). Plates contained
0.5 g/l of 5-fluoro-orotic acid (5-FOA) (to eliminate potential con-
taminants, the 5-FOA solution was heated to 70�C for 30 min be-
fore being cooled and filtered).

Fluorescence microscopy
All plasmid-carrying strains were selected by streaking for single
colonies at least twice on agar plates. Cultures were grown over-
night at 30�C, back diluted into rich medium for 4.0 or 4.5 h at
30�C, harvested, and examined within 30 min at room tempera-
ture under a fluorescence microscope (Leica, model DMI6000;
Leica Microsystems, Buffalo Grove, IL, USA), equipped with a
100� lens and appropriate cutoff filters for visualization of GFP
and mCherry (monomeric red fluorescent protein derivative)
fluorescence (Semrock), and images were acquired using a Leica
DFC340 FX camera. Image capture and analysis was performed
using software from the Leica Microsystems Application Suite
and ImageJ (Schindelin et al. 2015). Images were captured using
identical exposure times and evaluated in a single-blind manner.
Representative images for each strain are shown and rescaled in
the same way; adjustment of contrast was done per individual
image.

Data availability
The authors will make available the reagents (DNA plasmids or
yeast strains) and/or datasets used to confirm the conclusions of
this manuscript upon reasonable request. A Supplementary file
S1 is available at FigShare and contains DNA sequences used, ad-
ditional tables, and additional figures.

Supplementary material is available at figshare DOI: https://
doi.org/10.25387/g3.13205906

Results
Evolution of the terminal septins Cdc11 and Shs1
within fungi
From available fungal genome sequences, orthologs of Cdc11 or
Shs1 were collected (Supplementary Table S1) and a phylogeny
was constructed using the parameters and algorithms in
MUSCLE (Edgar 2004) (Figure 1A). Fungal septins closely related
to, but distinct from, Cdc11 and Shs1 served as an outgroup.
Three prediction programs: MUSCLE (Edgar 2004), MSAprobs (Liu
et al. 2010), and PRANK (Loytynoja and Goldman 2005, 2008) then
were used to deduce a pre-duplication ancestor, dubbed Anc.11-
S, and the resulting inferred sequences were compared
(Supplementary Figure S1). All three programs provided an over-
all consensus sequence for Anc.11-S with the major differences
within the CTE and lacking, in particular, the inserts in the G do-
main that are present in modern Shs1 (Figure 1B). Indeed, most
of the apparent Shs1 counterparts in other fungi have no (or only
much smaller) insertions at these positions. Hence, parsimony
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Table 1 Yeast strains used in this study

Strain Genotype Reference

BY4741 MATa his3D1 leu2D0 met15D0 ura3D0 Brachmann et al. (1998)
GFY-6a,b BY4741; cdc10D::S.c.CDC10::mCherry::ADH1(t)::S.p.HIS5 shs1DKanR þ pJT2022 Finnigan, Takagi, et al. (2015)
GFY-38 BY4741; shs1D::KanR Finnigan, Takagi, et al. (2015)
GFY-58c BY4741; cdc11D::S.c.CDC11::mCherry::ADH1(t)::S.p.HIS5 Finnigan, Takagi, et al. (2015)
GFY-87d BY4741; cdc10D::KanR shs1D::S.c.SHS1::GFP::ADH1(t)::NatRþ pJT2022 Finnigan, Takagi, et al. (2015)
GFY-137 BY4741; cdc10D::KanR shs1D::HygRþ pJT2022 Finnigan, Takagi, et al. (2015)
GFY-93 BY4741; cdc10D::KanR shs1D::S.c.shs1(D2-18)::GFP::NatR þ pJT2022 Finnigan, Takagi, et al. (2015)
GFY-139 BY4741; cdc12D::S.c.cdc12(K391N D392-407)::ADH1(t)::HygR shs1D::KanRþ pJT1622 Finnigan, Takagi, et al. (2015)
GFY-147 BY4741; cdc11D::KanR shs1D::S.c.SHS1::GFP::ADH1(t)::NatRþ pJT1520 Finnigan, Takagi, et al. (2015)
GFY-153 BY4741; cdc11D::KanRþ pJT1520 This study
GFY-123 BY4741; cdc11D::S.c.cdc11(D2-18)::mCherry::S.p.HIS5þ pJT1520 Finnigan, Takagi, et al. (2015)
GFY-165 BY4741; cdc11D::S.c.cdc11(D2-18D)::mCherry::S.p.HIS5 shs1D::HygRþ pJT1520 Finnigan, Takagi, et al. (2015)
GFY-161 BY4741; cdc11D::S.c.cdc11(D2-18)::mCherry::S.p.HIS5 shs1D::S.c.shs1(D2-

18)::GFP::NatRþ pJT1520
Finnigan, Takagi, et al. (2015)

GFY-160 BY4741; cdc11D::S.c.CDC11::mCherry::ADH1(t)::S.p.HIS5 shs1D::S.c.SHS1::GFP::ADH1(-
t)::NatRþ pJT1520

Finnigan, Takagi, et al. (2015)

GFY-163 BY4741; cdc11D::KanR shs1D::HygRþ pJT1520 Finnigan, Takagi, et al. (2015)
GFY-164 BY4741; cdc11D::S.c.CDC11::mCherry::ADH1(t)::S.p.HIS5 shs1D::HygRþ pJT1520 Finnigan, Takagi, et al. (2015)
GFY-293 BY4741; cdc11D::S.c.cdc11(D357-415)::mCherry::ADH1(t)::S.p.HIS5

shs1D::S.c.SHS1::GFP::ADH1(t)::NatR þ pJT1520
Finnigan, Takagi, et al. (2015)

GFY-302 BY4741; cdc12D::S.c.cdc12(K391N D392-
407)::ADH1(t)::HygR shs1D::S.c.SHS1::GFP::ADH1(t)::NatRþ pJT1622

Finnigan, Takagi, et al. (2015)

GFY-437 BY4741; cdc11D::NatR shs1D::HygR cdc12D::S.c.cdc12(W267A)::ADH1(t)::KanRþ
pJT1520/pJT1622

Finnigan, Takagi, et al. (2015)

GFY-476 BY4741; cdc11D::KanR shs1D::Anc.S::GFP::ADH1(t)::NatR þ pJT1520 This study
GFY-477 BY4741; cdc12D::S.c.cdc12(K391N D392-

407)::ADH1(t)::HygR shs1D::Anc.S::GFP::ADH1(t)::NatR þ pJT1622
This study

GFY-478 BY4741; cdc12D::S.c.cdc12(K391N D392-407)::ADH1(t)::HygR shs1D::Anc.11-
S::GFP::ADH1(t)::NatR þ pJT1622

This study

GFY-479 BY4741; cdc11D::Anc.11-S::GFP::ADH1(t)::NatR þ pJT1520 This study
GFY-480 BY4741; cdc11D::Anc.11-S::GFP::ADH1(t)::NatR shs1D::HygR þ pJT1520 This study
GFY-481 BY4741; cdc11D::Anc.11::mCherry::ADH1(t)::S.p.HIS5þpJT1520 This study
GFY-482 BY4741; cdc11D::Anc.11::mCherry::ADH1(t)::S.p.HIS5 shs1D::HygR þ pJT1520 This study
GFY-483 BY4741; cdc11D::KanR shs1D::Anc.11-S::GFP::ADH1(t)::NatR þ pJT1520 This study
GFY-485 BY4741; cdc11D::S.c.cdc11(D357-415)::mCherry::ADH1(t)::S.p.HIS5 shs1D::Anc.11-

S::GFP::ADH1(t)::NatR þ pJT1520
This study

GFY-486 BY4741; cdc11D::S.c.cdc11(D357-415)::mCherry::ADH1(t)::S.p.HIS5
shs1D::Anc.S::GFP::ADH1(t)::NatR þ pJT1520

This study

GFY-564 BY4741; cdc11D::S.c.cdc11(D2-18)::mCherry::ADH1(t)::S.p.HIS5 shs1D::Anc.11-S(D2-
18)::GFP::ADH1(t)::NatR þ pJT1520

This study

GFY-566 BY4741; cdc11D::Anc.11-S(D2-18)::GFP::ADH1(t)::NatR þ pJT1520 This study
GFY-582 BY4741; cdc11D::Anc.11(D2-17)::mCherry::ADH1(t)::S.p.HIS5 shs1D::HygR þ pJT1520 This study
GFY-583 BY4741; cdc11D::KanR shs1D::Anc.S(1-344)::S.c.SHS1(349-551)::GFP::ADH1(t)::NatR þ

pJT1520
This study

GFY-584 BY4741; cdc11D::KanR shs1D::Anc.11-S(1-307)::S.c.SHS1(349-551)::GFP::ADH1(t)::NatR

þ pJT1520
This study

GFY-586 BY4741; cdc11D::Anc.11(D2-17)::mCherry::ADH1(t)::Sp-HIS5þpJT1520 This study
GFY-637 BY4741; cdc11D::KanR shs1D::A.g.SHS1(1-335)::S.c.SHS1(340-

551)::eGFP::ADH1(t)::NatR þ pJT2022
Finnigan, Takagi, et al. (2015)

GFY-639 BY4741; cdc11D::KanR shs1D::S.c.SHS1(1-339)::A.g.SHS1(336-580)::GFP::ADH1(t)::NatR

þ pJT1520
Finnigan, Takagi, et al. (2015)

GFY-643 BY4741; cdc10D::KanR shs1D::A.g.SHS1(1-580)::GFP::ADH1(t)::NatR þ pJT2022 Finnigan, Takagi, et al. (2015)
GFY-644 BY4741; cdc10D::KanR shs1D::S.c.SHS1(1-339)::A.g.SHS1(336-

580)::eGFP::ADH1(t)::NatR þ pJT2022
Finnigan, Takagi, et al. (2015)

GFY-650 BY4741; cdc10D::KanR shs1D::Anc.11-S(1-307)::S.c.SHS1(349-551)::GFP::ADH1(t)::NatR

þ pJT2022
This study

GFY-653 BY4741; cdc10D::KanR shs1D::Anc.S(1-344)::S.c.SHS1(349-551)::GFP::ADH1(t)::NatR þ
pJT1520

This study

GFY-655 BY4741; cdc10D::KanR shs1D::A.g.SHS1(1-335)::S.c.SHS1(340-
551)::eGFP::ADH1(t)::NatR þ pJT2022

Finnigan, Takagi, et al. (2015)

GFY-660 BY4741; cdc11D::Anc.11-S(D2-18)::GFP::ADH1(t)::NatR shs1D::HygR þ pJT1520 This study
GFY-683 BY4741; cdc11D::KanR shs1D::A.g.SHS1(1-580)::GFP::ADH1(t)::NatR þ pJT1520 Finnigan, Takagi, et al. (2015)
GFY-695 BY4741; cdc11D::Anc.11-S(G30D)::GFP::ADH1(t)::NatR shs1D::HygR þ pJT1520 This study
GFY-718 BY4741; cdc11D::S.c.cdc11(G29D)::mCherry::ADH1(t)::KanR shs1D::Anc.11-

S(G30D)::GFP::ADH1(t)::NatR þ pJT1520
This study

GFY-760 BY4741; cdc10D::KanR shs1D::Anc.S::GFP::ADH1(t)::NatR þ pJT2022 This study
GFY-763 BY4741; cdc10D::KanR shs1D::Anc.S1::GFP::ADH1(t)::NatR þ pJT2022 This study
GFY-765 BY4741; cdc10D::KanR shs1D::Anc.S2::GFP::ADH1(t)::NatR þ pJT2022 This study
GFY-815 BY4741; cdc10D::KanR shs1D::Anc.11-S::GFP::ADH1(t)::NatR þ pJT2022 This study
GFY-860 BY4741; cdc11D::KanR shs1D::S.c.SHS1(1-348)::Anc.11-S(308-418)::GFP::ADH1(t)::NatR

þ pJT1520
This study

(continued)
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suggests that these inserts were absent initially and acquired
during the evolutionary trajectory toward modern S. cerevisiae
Shs1, as will be discussed later.

We chose the Anc.11-S deduced by MUSCLE as representative
of the most likely common ancestor for several reasons: (1) the
total length of the predicted protein (418 residues) was the lon-
gest of the three (Supplementary Figure S1) and (2) it lacked gaps
within its predicted CTE (Supplementary Figure S1). In the same
way, we also predicted, constructed, and studied a likely, most re-
cent common ancestor to all Cdc11-like subunits (Anc.11) and a

likely, most recent common ancestor to all Shs1-like subunits
(Anc.S), as well as two likely intermediates (Anc.S1 and Anc.S2)
within the lineage leading to modern budding yeast Shs1
(Table 1, Supplementary Tables S2 and S3, and Supplementary
Figure S3).

Alignment of Anc.11-S with S. cerevisiae Cdc11 and Shs1
revealed that 29% of the predicted ancestral residues are
retained in both modern S. cerevisiae subunits and that 50% of
the residues in the predicted ancestor are identical or similar to
at least one of those modern subunits (Figure 1B). As noted

Table 1 (continued)

Strain Genotype Reference

GFY-862 BY4741; cdc10D::KanR shs1D::Anc.S1(1-353)::S.c.SHS1(349-551)::GFP::ADH1(t)::NatR þ
pJT2022

This study

GFY-864 BY4741; cdc11D::KanR shs1D::S.c.SHS1(1-348)::Anc.S(345-534)::GFP::ADH1(t)::NatR þ
pJT1520

This study

GFY-867 BY4741; cdc10D::KanR shs1D::Anc.S2(1-347)::S.c.SHS1(349-551)::GFP::ADH1(t)::NatR þ
pJT2022

This study

GFY-868 BY4741; cdc10D::KanR shs1D::S.c.SHS1(1-348)::Anc.S2(348-542)::GFP::ADH1(t)::NatR þ
pJT2022

This study

GFY-869 BY4741; cdc10D::KanR shs1D::S.c.SHS1(1-348)::Anc.S(345-534)::GFP::ADH1(t)::NatR þ
pJT2022

This study

GFY-874 BY4741; cdc11D::KanR shs1D::S.c.SHS1(1-348)::Anc.S2(348-542)::GFP::ADH1(t)::NatR þ
pJT1520

This study

GFY-876 BY4741; cdc11D::KanR shs1D::Anc.S2(1-347)::S.c.SHS1(349-551)::GFP::ADH1(t)::NatR þ
pJT2022

This study

GFY-878 BY4741; cdc11D::KanR shs1D::Anc.S1(1-353)::S.c.SHS1(349-551)::GFP::ADH1(t)::NatR þ
pJT1520

This study

GFY-879 BY4741; cdc10D::KanR shs1D::S.c.SHS1(1-348)::Anc.S1(354-558)::GFP::ADH1(t)::NatR þ
pJT2022

This study

GFY-881 BY4741; cdc10D::KanR shs1D::S.c.SHS1(1-348)::Anc.11-S(308-418)::GFP::ADH1(t)::NatR

þ pJT2022
This study

GFY-893 BY4741; cdc11D::KanR shs1D::S.c.SHS1(1-348)::Anc.S1(354-558)::GFP::ADH1(t)::NatR þ
pJT1520

This study

GFY-922 BY4741; cdc11D::KanR shs1D::C.a.SHS1(1-366)::S.c.SHS1(349-551)::GFP::ADH1(t)::NatR

þ pJT1520
This study

GFY-925 BY4741; cdc11D::KanR shs1D::C.g.SHS1(1-367)::S.c.SHS1(349-551)::GFP::ADH1(t)::NatR

þ pJT1520
This study

GFY-926 BY4741; cdc11D::KanR shs1D::C.a.SHS1::GFP::ADH1(t)::NatR þ pJT1520 This study
GFY-929 BY4741; cdc11D::KanR shs1D::S.c.SHS1(1-348)::C.g.SHS1(368-533)::GFP::ADH1(t)::NatR

þ pJT1520
This study

GFY-931 BY4741; cdc10D::KanR shs1D::C.g.SHS1::GFP::ADH1(t)::NatR þ pJT2022 This study
GFY-935 BY4741; cdc10D::KanR shs1D::S.c.SHS1(1-348)::C.g.SHS1(368-533)::GFP::ADH1(t)::NatR

þ pJT2022
This study

GFY-936 BY4741; cdc10D::KanR shs1D::S.c.SHS1(1-348)::C.a.SHS1(367-666)::GFP::ADH1(t)::NatR

þ pJT2022
This study

GFY-938 BY4741; cdc11D::KanR shs1D::S.c.SHS1(1-348)::C.a.SHS1(367-666)::GFP::ADH1(t)::NatR

þ pJT1520
This study

GFY-939 BY4741; cdc11D::KanR shs1D::Anc.S1::GFP::ADH1(t)::NatR þ pJT1520 This study
GFY-940e BY4741; cdc10D::KanR shs1D::C.a.SHS1::GFP::ADH1(t)::NatR þ pJT2022 This study
GFY-943 BY4741; cdc11D::KanR shs1D::C.g.SHS1::GFP::ADH1(t)::NatR þ pJT1520 This study
GFY-944 BY4741; cdc11D::KanR shs1D::Anc.S2::GFP::ADH1(t)::NatR þ pJT1520 This study
GFY-948 BY4741; cdc10D::KanR shs1D::C.g.SHS1(1-367)::S.c.SHS1(349-551)::GFP::ADH1(t)::NatR

þ pJT2022
This study

GFY-949 BY4741; cdc10D::KanR shs1D::C.a.SHS1(1-366)::S.c.SHS1(349-551)::GFP::ADH1(t)::NatR

þ pJT1520
This study

GFY-974 BY4741; cdc11D::Anc.S::mCherry::ADH1(t)::S.p.HIS5 shs1D::HygR þ pJT1520 This study
GFY-975 BY4741; cdc11D::Anc.S::mCherry::ADH1(t)::S.p.HIS5þpJT1520 This study
GFY-1023 BY4741; cdc11D::Anc.11(D2-17)::mCherry::ADH1(t)::S.p.HIS5 shs1D::S.c.shs1(D2-

18)::GFP::ADH1(t)::NatR þ pJT1520
This study

GFY-1025 BY4741; cdc11D::Anc.11-S(D2-18)::mCherry::ADH1(t)::S.p.HIS5 shs1D::S.c.shs1(D2-
18)::GFP::ADH1(t)::NatR þ pJT1520

This study

GFY-1026 BY4741; cdc11D::Anc.11-S(G30D)::mCherry::ADH1(t)::S.p.HIS5
shs1D::S.c.shs1(G30D)::GFP::ADH1(t)::NatR þ pJT1520

This study

a For clarity, selection cassettes (e.g. NatR) only indicate the gene of interest; all are flanked by the commonly used prMX and MX(t) sequences.
b Abbreviations of the fungal genus and species are included for all modified genes: S.c., Saccharomyces cerevisiae, C.g., Candida glabrata, C.a., Candida albicans, A.g.,

Ashbya gossypii, and S.p., Schizosaccharomyces pombe.
c The URA3-based covering vector (expressing WT CDC11) was removed by multiple rounds of selection on medium containing 5-FOA.
d The GFP sequence used in these fusions includes an N-terminal linker sequence of GRRIPGLIN as well as F64L and S65T substitutions.
e The C. albicans protein is missing the residue N613 (which exists within a stretch of consecutive Asn residues) within this strain. The total septin protein size is

therefore expected to be 665 amino acids, not 666.
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above, compared to either the predicted Anc.11-S or modern S.
cerevisiae Cdc11, modern S. cerevisiae Shs1 has some extended
loops, two within its G domain and two within its CTE
(Figure 1B). With regard to the former, our predictive analysis
suggests that the origins of the 35-residue insertion after posi-
tion 41 first appeared early in the trajectory (Anc.S) to modern
S. cerevisiae Shs1 (Supplementary Figure S3). With regard to the
latter, our prior mutational analysis (Finnigan, Takagi, et al.
2015) has already demonstrated that the inserts found in the
CTE of Shs1 (prior to the predicted CC region) are not required
for its unique functions in vivo.

The approaches used here for AGR provide a confidence met-
ric (PP) for each predicted residue. For the residues in Anc.11-S,
67% were predicted with a confidence level of 0.60 or higher; and
similar levels were found for each of the other deduced ancestral
sequences (Supplementary Table S2). Visualization of these con-
fidence levels across all residues for each ancestral protein
(Supplementary Figure S4) revealed a number of common pat-
terns: (1) poorly supported residues at the extreme N-terminus of
each ancestor; (2) poorly supported residues within the segment
of CTEs that are most proximal (and presumably just serving
as a linker) to the G domain; and (3) in the lineage toward Shs1,
poorly supported residues at two sites within the G domain
corresponding to the position of inserts, such as the 35-residue
loop in modern S. cerevisiae Shs1. Importantly, however, these
patterns also include the appearance through evolutionary time
of strongly supported residue clusters. For example, residues
poorly supported at the extreme C-terminal ends of Anc.11-S and
Anc.11 acquire substantial and strongly conserved appendages
diagnostic of the Shs1 lineage (Supplementary Figure S4).

Anc.11-S is able to partially replace modern yeast
Cdc11
DNA encoding an optimized version (i.e. using modern S. cerevisiae
codon usage bias) for each predicted ancient septin was synthe-
sized de novo, C-terminally tagged in-frame with the coding se-
quence for either mCherry or GFP, cloned under control of the
natural CDC11 or SHS1 promoter, and inserted and expressed
from the corresponding native chromosomal locus in place of the
endogenous gene in S. cerevisiae. We first examined whether or
not integrated copies of Anc.11-S, Anc.11, or Anc.S could substi-
tute for the function of modern S. cerevisiae Cdc11 (Figure 2).
Budding yeast lacking Cdc11, but expressing Shs1, is inviable
(McMurray et al. 2011; Finnigan, Takagi, et al. 2015); hence, in all
cases, for these strain constructions and growth assays, the
Cdc11 deficiency was covered by a URA3-marked plasmid
expressing wild-type (WT) S. cerevisiae CDC11 to maintain viabil-
ity. The capacity of each construct to support growth could then
be tested by selecting for loss of the URA3-marked plasmid on
medium containing 5-FOA (Boeke et al. 1984). Serial dilutions of
the strains to be tested were spotted onto either a permissive me-
dium or a medium containing 5-FOA. The cells expressing Cdc11-
mCherry and Shs1-GFP (positive control) remained viable in the
absence of the CDC11 plasmid, whereas the cdc11D SHS1 strain
(negative control) was inviable when the CDC11 plasmid was ab-
sent, as expected (Figure 2A, lanes 1 and 2). Like cells expressing
Cdc11-mCherry, we found that cells expressing either Anc.S-11-
GFP or Anc.11-mCherry were viable in the absence of the CDC11
plasmid (Figure 2A, lanes 3 and 4), whereas cells expressing
Anc.S-mCherry were unable to grow (Figure 2A, lane 5). Thus,

Table 2 Plasmids used in this study

Plasmid Description Reference

pRS315 CEN, LEU2 Sikorski and Hieter (1989)
pJT2022 YCplac33 URA3 CDC10 McMurray et al. (2011)
pJT1622 YCplac33 URA3 CDC12 Versele et al. (2004)
pJT1520 pRS316 URA3 CDC11 Versele et al. (2004)
pGF-IVL-159a pRS315; prCDC11::Anc.11-S::GFP::ADH1(t)::NatR This study
pGF-IVL-168 pRS315; prCDC11::Anc.S::GFP::ADH1(t)::NatR This study
pGF-preIVL-59b pRS315; prSHS1::S.c.SHS1::GFP::ADH1(t)::NatR Finnigan, Takagi, et al. (2015)
pGF-IVL-286c pRS315; prGAL1/10::S.c.SHS1::GFP::ADH1(t)::KanR This study
pGF-IVL-287d pRS315; prGAL1/10::S.c.CDC11::mCherry::ADH1(t)::KanR This study
pGF-IVL-1278 pRS315; prGAL1/10::Anc.11-S::GFP::ADH1(t)::KanR This study
pGF-IVL-1279 pRS315; prGAL1/10::Anc.11::mCherry::ADH1(t)::KanR This study
pGF-IVL-1280 pRS315; prGAL1/10::Anc.S::GFP::ADH1(t)::KanR This study
pGF-IVL-1281 pRS315; prGAL1/10::Anc.S1::GFP::ADH1(t)::KanR This study
pGF-IVL-1282 pRS315; prGAL1/10::Anc.S2::GFP::ADH1(t)::KanR This study
pGF-IVL-1283 pRS315; prGAL1/10::C.g.SHS1::GFP::ADH1(t)::KanR This study
pGF-IVL-1284 pRS315; prGAL1/10::C.a.SHS1::GFP::ADH1(t)::KanR This study
pGF-IVL-1285 pRS315; prGAL1/10::A.g.SHS1::GFP::ADH1(t)::KanR This study
pGF-IVL-1286e pRS315; prGAL1/10::Anc.11-S(G30D)::GFP::ADH1(t)::KanR This study
pGF-IVL-1287 pRS315; prGAL1/10::Anc.11(G29D)::mCherry::ADH1(t)::KanR This study
pGF-IVL-1288 pRS315; prGAL1/10::Anc.S (G37D)::GFP::ADH1(t)::KanR This study
pGF-IVL-1289 pRS315; prGAL1/10::Anc.S1 (G37D)::GFP::ADH1(t)::KanR This study
pGF-IVL-1290 pRS315; prGAL1/10::Anc.S2(G30D)::GFP::ADH1(t)::KanR This study
pGF-IVL-1291 pRS315; prGAL1/10::C.g.shs1(G29D)::GFP::ADH1(t)::KanR This study
pGF-IVL-1292 pRS315; prGAL1/10::C.a.shs1(G43D)::GFP::ADH1(t)::KanR This study
pGF-IVL-1293 pRS315; prGAL1/10::A.g.shs1(G33D)::GFP::ADH1(t)::KanR This study
pGF-IVL-1343 pRS315; prGAL1/10::S.c.shs1(G30D)::GFP::ADH1(t)::KanR This study
pGF-IVL-1344 pRS315; prGAL1/10::S.c.cdc11(G29D)::mCherry::ADH1(t)::KanR This study

a The GFP sequence used in these fusions includes an N-terminal linker sequence of GRRIPGLIN as well as F64L and S65T substitutions. Ancestral (abbreviated
“Anc”) genes were synthesized de novo with a yeast codon bias. The commonly used prMX and MX(t) sequences were included flanking all drug resistance cassettes
(e.g. NatR).

b Abbreviations of the fungal genus and species are included for SHS1 and CDC11 genes: S.c., Saccharomyces cerevisiae, C.g., Candida glabrata, C.a., Candida albicans,
and A.g., Ashbya gossypii. The S.c.SHS1 gene has a silent substitution within codon 314 (Glycine).

c The GAL1/10 promoter included 814 base pairs of 50 UTR.
d Translational fusions to mCherry (235 amino acids) did not include any linker sequence.
e Gly-to-Asp substitutions within the (putative) P-loop were generated based on alignments to Sc-SHS1 for fungal orthologs and ancestral genes.
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Figure 1. Phylogeny of septins Cdc11 and Shs1 within fungal lineage. (A) Protein sequences were identified using BLAST (NCBI) and either S. cerevisiae
Cdc11 or S. cerevisiae Shs1 as a query sequence. Septin proteins used can be found in Supplementary Table S1. Sequences were aligned using MUSCLE
(Edgar 2004). Branch support expresses approximately likelihood ratio test statistics (Anisimova and Gascuel 2006; Anisimova et al. 2011), interpreted as
the ratio increase in model support for the existence of the branch relative to the next-best model in which the branch does not exist. The Cdc11
lineage is colored in blue, whereas the Shs1 lineage is colored in orange. The position of five reconstructed ancestral proteins is noted. (B) Alignment of
budding yeast Cdc11 (top) and Shs1 (bottom), and their predicted common Anc.11-S progenitor (middle), using CLUSTAL W (Thompson et al. 1994).
Identities (white letter in a black box) among all three, and similarities (bold letter in a gray box) where two of the three are identical or share standard
conservative substitutions, as well as inserts (yellow) of the indicated length (number of residues in parentheses) present within Shs1, are indicated.
Above the alignment are structural elements, based on (1) the crystal structure of an N- and C-terminally truncated version of S. cerevisiae Cdc11
(residues 20-to-298) determined at �3 Å resolution (Brausemann et al. 2016); (2) mammalian SEPT2 (Sirajuddin et al. 2007; Sirajuddin et al. 2009) because
the Cdc11 structure was solved by molecular replacement and refined using the crystal structure of SEPT2 as the model; and (3) prior sequence
alignments, structural predictions, and mutational analysis of both Cdc11 and Shs1 (Versele et al. 2004; Versele and Thorner 2004; Finnigan, Booth, et al.
2015; Finnigan, Takagi, et al. 2015). Septins possess sequence elements required for GTP binding that are conserved among all members of the Ras-
related super-family (highlighted within red boxes), dubbed the P-loop (G1), Switch I (G2), Switch II (G3), G4 and G5 motifs (Sprang 1997; Wittinghofer
and Vetter 2011).
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Anc.11-S and Anc.11 (but not Anc.S) were able to substitute for
modern S. cerevisiae Cdc11 based on this growth assay. We also
examined the cell morphology of strains harboring either Anc.11-
S or Anc.11 in place of yeast Cdc11. Compared to a WT strain
expressing an integrated copy of Cdc11-mCherry, cells expressing
either ancestral subunit appeared similar in shape and size
(Supplementary Figure S5). However, there was a subpopulation
that appeared to have elongated cell morphologies suggesting
that Anc.11-S or Anc.11 cannot provide a full replacement of
modern Cdc11 (Supplementary Figure S5). Nonetheless, we find it
quite remarkable that this predicted ancient progenitor possesses
the capacity to interface with modern septins sufficiently well to
maintain viability, support a normal growth rate, and exhibit
near-normal morphology in the majority of the cells.

To determine whether the presence of Shs1 contributed to the
ability of either Anc.11-S or Anc.11 to function in place of Cdc11,
we also tested the same three ancestral subunits in a strain lacking
both CDC11 and SHS1. Previous work (McMurray et al. 2011) found
that cells carrying a cdc11D shs1D double deletion, rather than being
inviable, are able to grow, albeit more slowly than normal cells and
with an aberrant, markedly elongated and branched morphology,
which also manifests at the macroscopic level as an altered colony

morphology (Supplementary Figure S6). We were able to readily re-
produce those findings (Figure 2B, lane 2). The explanation for the
viability of cells lacking both Cdc11 and Shs1 is that the remaining
septin hetero-hexamers are still able to form rudimentary fila-
ments via a non-native Cdc12–Cdc12 G interface association
(McMurray et al. 2011). When only Shs1 is present, it binds to
Cdc12, forming hetero-octamers, but Shs1 is unable to self-
associate via an NC interface (McMurray et al. 2011; Booth et al.
2015; Finnigan, Takagi, et al. 2015); hence, no filaments can assem-
ble and the cells are inviable. In contrast, when only Cdc11 is pre-
sent, it binds to Cdc12, restoring hetero-octamer formation and
mediating filament assembly via a robust Cdc11–Cdc11 NC inter-
face, and thus the cells are viable (Garcia et al. 2011; McMurray et al.
2011). The non-native homotypic interaction between Cdc12-
capped hetero-hexamers can be prevented by a mutation (W267A)
that disrupts the G interface (McMurray et al. 2011), and we con-
firmed that cdc12D shs1D cells carrying a cdc12(W267A) allele are in-
deed inviable (Figure 2B, lane 3). Most importantly, we found that,
in cells lacking both Cdc11 and Shs1, expression of either Anc.11-S
or Anc.11 was able to support normal growth (Figure 2B, lanes 4
and 5), as would be expected for authentic S. cerevisiae Cdc11 and
with a spot morphology resembling that of the control cells

Figure 2. Complementation tests of the ability of three predicted ancestral septins to functionally substitute for modern S. cerevisiae Cdc11 and Shs1. (A)
Ability of Anc.11-S, Anc.11, or Anc.S to rescue the inviability of cdc11D SHS1 cells. Strains GFY-160, GFY-153, GFY-479, GFY-481, and GFY-975 (all
initially harboring a URA3-marked covering plasmid expressing WT CDC11) were cultured in SD-URA medium overnight at 30�C and serial diluted
(fivefold) onto SDþAA or SDþAAþ5-FOA agar plates, as indicated, and incubated for 3 days before imaging. (B) Ability of Anc.11-S, Anc.11, or Anc.S to
maintain the viability of cdc11D shs1D cells. Strains GFY-160, GFY-163, GFY-437, GFY-480, GFY-482, and GFY-974 were tested as in (A). Red asterisk,
abnormal growth of cdc11D shs1D cells (GFY-163) is reflected in altered spot morphology (see also Supplementary Figure S6). (C) Promoter and locus for
Anc.11-S, or Anc.S expression does not alter phenotype. Strains GFY-160, GFY-163, GFY-483, GFY-480, GFY-476, and GFY-974 were assayed as in (A). SD,
synthetic drop-out medium with dextrose.
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(Figure 2B, lane 1) rather than that of the cdc11D shs1D cells
(Figure 2B, lane 2). These findings demonstrate that Anc.11-S and
Anc.11 can partially replace yeast Cdc11 in either the presence or
absence of modern Shs1. Equally as telling, we found that the ex-
pression of Anc.S-mCherry in cdc11D shs1D cells still resulted in no
growth (Figure 2B, lane 6), as might be expected for authentic S. cer-
evisiae Shs1. At the very least, this result indicates that the Anc.S
subunit is, in fact, produced and must associate with Cdc12,
thereby preventing any homotypic Cdc12–Cdc12 interaction. If
Anc.S were not actually produced, or not properly folded, or failed
to interact with Cdc12, then these cells would have been viable,
like the cdc11D shs1D strain itself.

To ensure that the observed results were not influenced by
the choice of promoter used for expression (as there is no pre-
dicted ancient promoter sequence), we tested the functions of
Anc.11-S and Anc.S, each driven by either the CDC11 promoter or
the SHS1 promoter at their native genomic loci. Regardless of
their mode of expression, identical results were obtained for both
proteins when each ancestral subunit was expressed in cdc11D

shs1D cells (Figure 2C). Therefore, the stark difference in their ob-
served phenotypes cannot be attributed to any difference in ex-
pression due to the promoters used or to the genomic location
from which they were produced.

Anc.S does not possess all of the properties of
modern S. cerevisiae Shs1
Saccharomyces cerevisiae cells lacking Shs1 are viable (Iwase et al.
2007; Garcia et al. 2011) and, conversely, cells expressing Shs1

as the only available terminal subunit for septin hetero-
octamers are inviable (McMurray et al. 2011; Finnigan, Takagi,
et al. 2015). Fortunately, we were able to devise previously three,
different “sensitized” genetic backgrounds in which the pres-
ence of Shs1 is required for cell survival (Finnigan, Takagi, et al.
2015). Thus, despite being “non-essential” in normal S. cerevisiae
cells, these three reporter strains permitted analysis of func-
tional elements in Shs1 (Finnigan, Takagi, et al. 2015), identifica-
tion of some of its interaction partners (Finnigan, Booth, et al.
2015), and inferences about its unique contributions to optimal
cell function (Egelhofer et al. 2008; Buttery et al. 2012; Meseroll
et al. 2012).

In the first of these special strains, Cdc10 (the central subunit
of septin hetero-octamers) is absent. Under standard laboratory
conditions (glucose as the carbon source and 30�C), this strain is
inviable. However, prior work showed that on galactose medium
at 22�C, cdc10D cells are able to grow (McMurray et al. 2011). The
mechanistic explanation, at least in part, for this behavior was
determined to be that, under those specific growth conditions,
Cdc11–Cdc12–Cdc3 hetero-trimers assemble, associate via a non-
native homotypic Cdc3–Cdc3 interaction, and the resulting
hetero-hexamers are able to form rudimentary filaments and
thereby support growth. However, we found that, in this context,
survival of the cells requires the presence of Shs1 (Finnigan,
Takagi, et al. 2015) (Figure 3A, lanes 1 and 2). In this case, viability
during strain construction was maintained by a URA3-marked
plasmid expressing WT S. cerevisiae CDC10 and the capacity of
any construct to support growth could then be tested by selecting

Figure 3. Use of three sensitized backgrounds that require S. cerevisiae Shs1 for viability to assess Anc.S function. (A) Ability of Anc.S to support the
viability of cdc10D cells on galactose medium at 22�C. Strains GFY-87, GFY-137, GFY-815, and GFY-760 (all initially harboring a URA3-marked covering
plasmid expressing WT CDC10) were cultured overnight in YPGAL at 22�C, spotted onto plates of SGAL medium in the absence and presence of 5-FOA,
as indicated, and incubated at 22�C for 5 days prior to imaging. (B) Ability of Anc.S to support the viability of cells expressing Cdc11(DCTE)-mCherry as
sole source of Cdc11. Strains GFY-160, GFY-293, GFY-485, and GFY-486 (all initially harboring a URA3-marked covering plasmid expressing WT CDC11)
were grown overnight in SD-URA at 30�C, serial diluted onto plates in the absence and presence of 5-FOA, as indicated, and incubated at 30�C for 3
days. (C) Ability of Anc.S to support the viability of cdc12-6 mutant cells. Strains GFY-302, GFY-139, GFY-478, and GFY-477 (all initially harboring a
URA3-marked covering plasmid expressing WT CDC12) were grown overnight in SD-URA at 30�C, spotted in the absence and presence of 5-FOA, as
indicated, and incubated for 3 days at 22�C.
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for loss of the URA3-marked plasmid on 5-FOA medium. Unlike
modern S. cerevisiae Shs1, expression of Anc.11-S or Anc.S did not
rescue the inviability of cdc10D cells lacking endogenous Shs1
(Figure 3A, lanes 3 and 4).

The second sensitized genetic background in which we found
that presence of Shs1 was essential for viability was in cells
expressing a C-terminally truncated cdc11 allele, Cdc11(D357–
415), tagged at its C terminus with mCherry as the sole source of
Cdc11 (Finnigan, Takagi, et al. 2015). In this case, viability during
strain construction was maintained by a URA3-marked plasmid
expressing WT S. cerevisiae CDC11. In this context too, unlike
modern Shs1 (Figure 3B, lane 2), expression of Anc.11-S or Anc.S
was unable to rescue the inviability of the cells expressing
Cdc11(D357–415)-mCherry (Figure 3B, lanes 3 and 4).

The third background in which the presence of Shs1 is re-
quired for normal growth is in cells carrying a temperature-
sensitive cdc12 allele, cdc12-6, incubated at what would otherwise
be a permissive temperature (22�C) (Figure 3C, lanes 1 and 2). It
has been shown elsewhere that although cdc12-6 cells are able to
survive at the lower temperature, they become inviable at a
higher temperature (37�C) because their septin filaments disas-
semble (Johnson et al. 2015). In this case, viability during strain
construction was maintained by a URA3-marked plasmid
expressing WT S. cerevisiae CDC12. As in the other two sensitized
backgrounds, Anc.11-S or Anc.S could not behave like modern S.
cerevisiae Shs1 (Figure 3C, lanes 3 and 4). Thus, these data indicate
that neither of these predicted progenitors (the original pre-
duplicated ancestor and the most recent common ancestor to all
Shs1-like septins) has yet acquired the full panoply of unique
characteristics that define modern Shs1.

Ancestral septins assemble into the septin collar
at the bud neck
To rule out in an independent way that any lack of functional
complementation for any trait examined was due to lack of in-
corporation of the reconstructed ancestral protein of interest into
septin-based structures, we examined localization of Anc.11-S
and Anc.S tagged at their C terminus with GFP by live cell imag-
ing using fluorescence microscopy (Figure 4). To mark the loca-
tion of septin-based structures unequivocally, these cells also
expressed an integrated copy of Cdc10-mCherry. To maintain
uniform conditions, because expression of Anc.S in cells lacking
both Cdc11 and Shs1 does not support growth (Figure 2), we
chose to examine expression and localization of these proteins in
a CDC11 shs1D strain. We found that, just like authentic Shs1-
GFP (expressed under the SHS1 promoter on a low-copy plasmid)
(Figure 4, top panels), both Anc.11-S-GFP (Figure 4, middle panels)
and Anc.S-GFP (Figure 4, bottom panels) localized prominently to
the bud neck in dividing cells and completely congruently with
the Cdc10-mCherry marker (despite the presence of endogenous
Cdc11, which might have been expected to compete with the an-
cestral proteins for binding to Cdc12). The same pattern was ob-
served for Anc.11-S-GFP and Anc.S-GFP in cells where the septin
collar was marked by expression of an integrated copy of Cdc11-
mCherry (Supplementary Figure S7). Similarly, in cells where the
septin collar at the bud neck was marked with Shs1-GFP, Anc.11-
mCherry also localized prominently to the bud neck, even though
Cdc11 was also present (Supplementary Figure S7). In the case of
Anc.S-GFP, there was a somewhat higher level of diffuse fluores-
cence in the cytosol than for the other two ancestral proteins
(Figure 4 and Supplementary Figure S7). Overall, these observa-
tions indicate that all three ancestral proteins are incorporated
well into the septin super-structure at the bud neck, and thus are

able to compete for occupancy with their modern septin counter-
parts, presumably because each is able to associate with Cdc12
via their G interface. Moreover, for Anc.S, the collective data up
to this point demonstrate that there must be in vivo function(s) of
Shs1-like septins that are separable from assembly into and lo-
calization within the septin collar at the bud neck, as we have
documented for modern Shs1 itself (Finnigan, Booth, et al. 2015;
Finnigan, Takagi, et al. 2015).

Interaction of ancestral septins with extant
subunits within and between hetero-octamers
To investigate how Anc.11-S and Anc.11 were participating in
contacts within and between septin hetero-octamers, we utilized
a previously studied septin allele (Bertin et al. 2008) that deletes
an alpha helix (a0), corresponding to residues 2–18 in both mod-
ern Cdc11 and Shs1, situated just upstream of their G domain.
This segment contains residues that participate in contacts im-
portant for formation of a fully functional NC interface
(Sirajuddin et al. 2007; McMurray et al. 2011). Shs1 is not essential
for growth or filament formation under most conditions, and it
has been demonstrated that end-to-end contacts between Cdc11-
capped hetero-octamers mediated by formation of homotypic
Cdc11–Cdc11 NC interfaces are necessary and sufficient for fila-
ment formation both in vivo and in vitro (Garcia et al. 2011;
McMurray et al. 2011). Thus, when present, how is Shs1 incorpo-
rated into the septin super-structure at the bud neck? Because
both in vivo and in vitro studies suggest that homotypic Shs1–Shs1
NC interaction does not occur (McMurray et al. 2011; Booth et al.
2015; Finnigan, Takagi, et al. 2015), one possibility to explain how
an Shs1-capped hetero-octamer is assembled into filaments is
that heterotypic Shs1–Cdc11 NC junctions can form between the
Shs1-capped end of a hetero-octamer and the Cdc11-capped end
of another hetero-octamer. In support of this possibility, we have
found that when the sole source of Cdc11 is a Cdc11(Da0) mutant,
which perturbs its NC interface, the cells are viable when they
also express Shs1, but not when Shs1 is absent or when an

Figure 4. Reconstructed ancestral septins localize to the yeast bud neck
congruent with endogenous septins. A CDC11 shs1D strain (GFY-6)
expressing Cdc10-mCherry from the chromosomal CDC10 locus to mark
the location of the septin collar at the bud neck was transformed with
plasmids expressing either S. cerevisiae Shs1-GFP (pGF-preIVL-59) (top
panels), Anc.11-S-GFP (pGF-IVL-159) (middle panels), or Anc.S-GFP (pGF-
IVL-168) (bottom panels). The cultures were incubated overnight in SD-
LEU at 30�C, back-diluted into YPD, grown for an additional 4.5 h at 30�C,
washed with water, and visualized under white light by Nomarski optics
(Differential Interference Contrast (DIC), leftmost images) and by
fluorescence microscopy with appropriate cutoff filters to detect
mCherry (middle images) and GFP (rightmost images), respectively.
Representative images, adjusted using ImageJ, are shown. Faint dotted
white lines demarcate the cell periphery. Scale bar, 3 lm.
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Shs1(Da0) mutant is co-expressed (Supplementary Figure S8A).
Thus, homotypic Cdc11(Da0)–Cdc11(Da0) interactions alone are
too weak to promote sufficient filament formation to maintain
viability, whereas Cdc11(Da0)–Shs1 NC interaction must retain
the capacity to do so. Additional support for the role of hetero-
typic Cdc11–Shs1 interactions in bolstering filament formation is
provided by our finding that under the conditions where cdc10D

cells are unable to grow in the absence of Shs1, they are able to
grow when Shs1(Da0) is present (Supplementary Figure S8B), pre-
sumably because, like Cdc11(Da0)–Shs1 interaction, the recipro-
cal Cdc11–Shs1(Da0) interaction retains some ability to promote
filament formation and/or stability.

These observations provided a means to examine whether
Anc.11-S or Anc.11 was able to form a heterotypic junction with
Shs1 when present as the sole source of a Cdc11-like septin.
Again, as before, viability during strain construction was main-
tained by a URA3-marked plasmid expressing WT S. cerevisiae
CDC11. We found that, unlike cells expressing modern Cdc11
(Figure 5A, lanes 1 and 2), cells expressing Anc.11-S(Da0) were in-
viable in both the presence and the absence of SHS1 (Figure 5A,
lanes 3 and 4), as well as when co-expressed with either
Cdc11(Da0) or Shs1(Da0) (Figure 5A, lanes 5 and 6). These findings
indicated that, unlike modern yeast Cdc11, the pre-duplicated
ancestor does not form (productive) heterotypic Anc.11-S–Shs1
interactions in vivo, despite its capacity to form homotypic

Anc.11-S–Anc.11-S junctions, as reflected in its ability to substi-
tute for modern Cdc11 in the absence of Shs1 (Figure 2). Telling,
however, Anc.11(Da0) tested in the same way was able to support
weak, but readily detectable, growth when Shs1 was present
(Figure 5B, lane 3), but not when it was absent (Figure 5B, lane 4)
or when paired with Shs1(Da0) (Figure 5B, lane 5). This observa-
tion suggests that early on the trajectory from the pre-
duplication ancestor to modern Cdc11, the capacity to form a
heterotypic junction with a Shs1-like counterpart emerged.

Previous studies (Nagaraj et al. 2008; Weems et al. 2014) have
demonstrated that a G29D mutation in the P-loop of the G domain
of Cdc11 (Supplementary Figure S9) weakens a contact important
for formation of a fully functional G interface between Cdc11 and
Cdc12. This perturbation does not prevent Cdc11 recruitment to the
end of a hetero-octamer under normal growth conditions (�30�C),
but does compromise this contact and likely the overall structure of
Cdc11 sufficiently to cause cells containing this allele to be inviable
at high temperature (37�C). Indeed, we have demonstrated previ-
ously that even at permissive temperature, and unlike a cdc11D

shs1D strain, cdc11D shs1D cells expressing Cdc11(G29D) are inviable
(Finnigan, Takagi, et al. 2015), suggesting that Cdc11(G29D) is still
able to cap the end of a hetero-octamer, but has such an altered
conformation that it is unable to form normal homotypic Cdc11–
Cdc11 NC interfaces. In marked contrast, cdc11D shs1D cells
expressing the equivalent variant of Shs1, Shs1(G30D), are viable

Figure 5. Complementation tests of the functionality of the NC and G interfaces of Anc.11-S and Anc.11. (A) Evidence that Anc.11-S can form a G
interface with Cdc12 but cannot form a heterotypic NC interface with Shs1. Strains GFY-160, GFY-164, GFY-566, GFY-660, GFY-564, and GFY-1025 (all
initially harboring a URA3-marked covering plasmid expressing WT CDC11) were cultured in SD-URA at 30�C overnight, serial diluted onto plates in the
absence and presence of 5-FOA, as indicated, and incubated at 30�C for 3 days prior to imaging. (B) Evidence that Anc.11 can form both a G interface
with Cdc12 and a heterotypic NC interface (albeit weak) with Shs1. Strains GFY-160, GFY-164, GFY-586, GFY-582, and GFY-1023 (all initially harboring a
URA3-marked covering plasmid expressing WT CDC11) were assayed as in (A). (C) Independent confirmation that Anc11-S forms a G interface with
Cdc12. Strains GFY-160, GFY-164, GFY-695, GFY-718, and GFY-1026 (all initially harboring a URA3-marked covering plasmid expressing WT CDC11)
were treated as in (A).
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(Finnigan, Takagi, et al. 2015), indicating that this septin is unable to
associate with Cdc12.

These observations provided a basis to test whether a deriva-
tive of Anc.11-S carrying the equivalent mutation, Anc.11-
S(G30D), would likewise still retain the capacity to associate with
Cdc12 in the hetero-hexamers present in cdc11D shs1D cells and
thus behave more like modern Cdc11, or be unable to associate
with Cdc12 and thus behave more like modern Shs1. We found
that cdc11D shs1D cells expressing Anc.11-S(G30D) were indeed in-
viable (Figure 5C, lane 3). When Anc.11-S(G30D) was paired with
either Cdc11(G29D) or Shs1(G30D), the strains remained inviable
(Figure 5C, lanes 4 and 5), as expected.

Evolution of the G domain and CTE of Shs1
Four of the five mitotically expressed yeast septins (excluding
Cdc10) contain prominent CTEs whose sequences each contain a
presumptive alpha-helical segment with a strongly predicted pro-
pensity to form a CC (Barth et al. 2008; Meseroll et al. 2012; Sala
et al. 2016). Previous work (Versele et al. 2004; Bertin et al. 2008,
2010) has shown that the CTEs of Cdc3 and Cdc12 form a parallel
CC that helps stabilize hetero-octamers and also forms an anti-
parallel four-helix bundle with its counterpart in a neighboring
filament to form the cross-bridges responsible for filament pair-
ing. Along these lines, we showed previously (Finnigan, Takagi,
et al. 2015) that neither Cdc3 nor Cdc12 could tolerate deletions of
the linker region in their CTE that separates their CC from their G
domain, whereas both Shs1 and Cdc11 were able to endure large
deletions of the corresponding regions [e.g. Shs1(D342-436) and
Cdc11(D301-357)] and still retain full function in vivo. Even more
strikingly, we previously demonstrated (Finnigan, Takagi, et al.
2015) that the CTEs of Shs1 and Cdc11 could be swapped; expres-
sion of a chimera between the G domain of one terminal subunit
fused to the CTE of its paralog allowed for retention of the func-
tion of that CTE and subsequent growth, but not if the same CTE
was appended to the central subunit Cdc10. Thus, the function(s)
of the CTEs of Cdc11 and Shs1 are separable and able to function
“in trans,” as long as they are located at the terminal end of a het-
ero-octamer.

The CTE of modern Shs1 is the longest of any of the four ex-
tant S. cerevisiae septins that have a CTE. To study the evolution
of modern yeast Shs1, we generated strains expressing (1) a full-
length septin of interest, (2) a chimera between the G domain of
S. cerevisiae Shs1 and the CTE of our predicted ancestral septins
(or from a different extant fungal species), and (3) the reciprocal
fusion between the CTE of S. cerevisiae Shs1 and the G domain of
a different subunit. For existing modern Shs1-like septins from
other fungal species, we chose Candida glabrata, Ashbya (now
Eremothecium) gossypii and Candida albicans (Supplementary Table
S3). Each construct was integrated into either a cdc10D shs1D

strain (covered initially by a URA3-marked CDC10 plasmid) or a
cdc11D shs1D strain (covered initially by a URA3-marked CDC11
plasmid) and expressed from the native SHS1 promoter at its nor-
mal chromosomal locus. Together, these 46 strains provided in-
formation and insight on the ability of each construct to
associate with Cdc12, form homotypic interactions between
hetero-octamers, and exhibit the unique properties that are at-
tributable to modern Shs1 in budding yeast and the degree of
functional divergence of the apparent Shs1 orthologs in other dis-
tant yeast species.

Expression of these constructs in the sensitized cdc10D back-
ground (on galactose medium at 22�C), which is inviable in the
absence of Shs1 (Figure 3A and Figure 6A, lanes 1 and 2), was
tested to determine whether any of them was capable of fulfilling

the functions of current-day S. cerevisiae Shs1. Turning first to ex-
tant Shs1 orthologs, C. glabrata Shs1 was able to support only
very weak growth when present in place of S. cerevisiae but func-
tioned significantly better when its own CTE was replaced with
the CTE of S. cerevisiae Shs1 (Figure 6A, lanes 3 and 4). Revealing,
the most robust rescue was observed when the CTE of S. cerevisiae
Shs1 was replaced with the CTE of C. glabrata (Figure 6A, lane 5).
Taken together these results suggest that the CTE of C. glabrata is
functionally equivalent to that of the CTE of endogenous Shs1,
and the poor ability of C. glabrata Shs1 to complement on its own
is likely due to its G domain does not form (1) productive contacts
with S. cerevisiae Cdc12 and/or (2) optimal NC interface contacts
with S. cerevisiae Cdc11 between neighboring hexamers in cdc10D

yeast. Similarly, as we have previously documented (Finnigan,
Takagi, et al. 2015), when the CTE of A. gossypii Shs1 was
substituted for the CTE of Shs1, it supported vigorous growth,
whereas neither A. gossypii Shs1 alone nor when the CTE of
A. gossypii Shs1 was replaced with that from S. cerevisiae could do
so (Figure 6A, lanes 6–8). Thus, when conveyed to S. cerevisiae
Cdc12 via the G domain of S. cerevisiae Shs1, the CTE of A. gossypii
clearly could supply near-normal Shs1 function, but its own G
domain has lost this ability. The most extreme case we examined
was the apparent Shs1 ortholog from C. albicans (Figure 6A, lanes
9–11); it is clear that the C. albicans CTE does not contain the char-
acteristic functions of S. cerevisiae Shs1.

Turning to the predicted ancestral proteins, we found that,
with regard to behaving like S. cerevisiae Shs1, neither Anc-11.S
nor Anc.S had the capacity to do so (Figure 6A, lanes 12–17), akin
to the C. albicans Shs1 ortholog. In contrast, although Anc.S1 itself
could not maintain cell viability, when the CTE of Anc.S1 was
replaced with the CTE of modern S. cerevisiae Shs1, some very
poor, but reproducible, growth was observed (Figure 6A, lanes 18
and 19), suggesting a gradual shift away from the Anc.S identity.
Moreover, even when brought to S. cerevisiae Cdc12 by the G do-
main of S. cerevisiae Shs1, it is clear that the CTE of Anc.S1 has
not acquired modern functionality (Figure 6A, lane 20). In distinct
contrast, Anc.S2 itself was able to complement the loss of S. cere-
visiae Shs1 rather well (Figure 6A, lane 21), even slightly better
than the C. glabrata Shs1 ortholog, and its CTE has acquired, at
least partially, the functionality of the CTE of modern S. cerevisiae
Shs1 (Figure 6A, lanes 22 and 23). Thus, by these criteria, the fully
functional roles of budding yeast Shs1 seem to have arisen rather
recently in the evolution of modern S. cerevisiae Shs1.

Expression of each of the constructs as a source of Shs1 in the
cdc11D background (Figure 6B) assessed whether any subunit was
able to associate with extant Cdc12 and mediate sufficient fila-
ment formation to maintain viability. Of the 21 proteins tested,
only full-length Anc.11-S and Anc.11-S in which its CTE was
replaced by the CTE of modern S. cerevisiae Shs1 supported
growth (Figure 6B, lanes 12 and 13). However, there was a subtle
difference in the colony morphology between these two strains:
yeast expressing the Shs1 CTE replacement on Anc.11-S appeared
to have a rougher colony edge, but not as pronounced as cdc11D

shs1D yeast (Figure 2). This may result from the inability of the
modern Shs1 CTE domain to contribute to assembly and/or func-
tion within hetero-octamers capped exclusively by the Anc.11-S
subunit. Thus, the G domain (residues 1–301) of the pre-
duplication progenitor possesses the capacity to form a G inter-
face with extant Cdc12 and to self-associate via homotypic
Anc.11-S–Anc.11-S NC interfaces to promote the assembly of
Anc.11-S-capped hetero-octamers into filaments (and its CTE
may be dispensable for these functions). As we have previously
observed, strains expressing A. gossypii constructs (Finnigan,
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Takagi, et al. 2015) or any other extant or ancestral septin subunit
(Figure 6B) were unable to maintain cell viability in this genetic
background. However, it remains unclear whether there are dif-
ferences in gene expression, protein stability, or assembly within
the octamer for these constructs that may explain the inability to
form functional septin filaments. Together, these findings pro-
vide another piece of independent evidence indicating that the
capacity to mediate homotypic NC association seems to have
been lost very early on in the divergence of Shs1 from Cdc11.

Overexpression reveals differential affinities for
septin-Cdc12 G interface formation
Expression of a protein or any of its variants from an endogenous
promoter at its normal chromosomal locus is the most stringent
and physiologically meaningful way in which to test biological
function. However, retention of partial function can often be un-
covered by examining whether any of the same set of proteins is
able to function when overexpressed because, as expected from
the Law of Mass Action, the effects of a weakened interface can
be overcome by raising the concentration of one of the compo-
nents, thereby pushing the equilibrium toward complex forma-
tion, especially in multi-protein ensembles (Sopko et al. 2006).

A previous dosage screen (Sopko et al. 2006) in S. cerevisiae had
suggested that production of either terminal septin subunit at a
very high level was toxic in otherwise normal cells. Indeed, when
we overexpressed either Shs1 or Cdc11 in otherwise WT cells us-
ing the galactose-inducible S. cerevisiae GAL1/10 promoter, growth
was markedly impeded (Figure 7, lanes 2 and 4). This growth-
inhibitory effect requires their ability to form a G interface be-
cause it was eliminated by equivalent P-loop mutations in each
protein [Shs1(G30D) and Cdc11(G29D)] (Figure 7, lanes 3 and 5).
Under these conditions, however, we cannot determine whether
the G interface with Cdc12 in question is the cause of the toxicity,
or non-native G–G homotypic association of the overproduced
septin itself [which is often observed in vitro; for review, see
McMurray and Thorner (2019)], or one or more unnatural hetero-
typic G–G associations with a different septin(s) with which it
might not normally interact (which has sometimes been ob-
served in vivo; Versele et al. 2004; McMurray et al. 2011). In any
event, by this same criterion, the Shs1 orthologs of C. glabrata and
A. gossypii have the capacity to form a G interface, likely with
some extant S. cerevisiae septin (Figure 7, lanes 6–9), but that the
Shs1 ortholog of C. albicans does not in the context of otherwise
WT yeast expressing both S. cerevisiae Cdc11 and Shs1 (Figure 7,
lanes 10 and 11 and Supplementary Figure S10). By the same rea-
soning, among the predicted ancestral subunits, Anc.11-S
behaves quite similar to either Cdc11 or Shs1 (Figure 7, lanes 12
and 13), whereas the toxicities of overexpressed Anc.11 (Figure 7,
lanes 14 and 15), Anc.S1 (Figure 7, lanes 18 and 19), and
Anc.S2 (Figure 7, lanes 20 and 21) likely arise from other causes
(e.g. aggregation or misfolding, perhaps). By contrast, Anc.S

Figure 6. Analysis of the Shs1-like functions of apparent Shs1 paralogs
from three distantly related yeast species and four predicted ancestral
intermediates in the lineage to modern S. cerevisiae Shs1. (A) The
sensitized Shs1-dependent cdc10D background was used to assess the
properties of Shs1-like gene products from Candida glabrata (C.g.),
Ashbya gossypii (A.g.) and Candida albicans (C.a.) and Anc.11-S, Anc.S,
Ans.S1, and Anc.S2 (see Figure 1A). Strains GFY-87, GFY-137, GFY-931,
GFY-948, GFY-935, GFY-643, GFY-655, GFY-644, GFY-940, GFY-949, GFY-
936, GFY-815, GFY-650, GFY-881, GFY-760, GFY-653, GFY-869, GFY-763,
GFY-862, GFY-879, GFY-765, GFY-867, and GFY-868 (all initially
harboring a URA3-marked covering plasmid expressing WT CDC10) were
cultured overnight in YPGAL medium at 22�C, spotted onto plates in the
absence and presence of 5-FOA, as indicated, and incubated for 5 days at
22�C before imaging. (B) Expression in a cdc11D shs1D strain background
was used to assess the Shs1-like properties of the same gene products as
in (A). Strains GFY-160, GFY-147, GFY-483, GFY-584, GFY-860, GFY-476,

Figure 6 Continued
GFY-583, GFY-864, GFY-939, GFY-878, GFY-893, GFY-944, GFY-876, GFY-
874, GFY-683, GFY-639, GFY-637, GFY-943, GFY-925, GFY-929, GFY-926,
GFY-922, and GFY-938 (all initially harboring a URA3-marked covering
plasmid expressing WT CDC11) were grown overnight in SD-URA at 30�C,
spotted in the absence and presence of 5-FOA, as indicated, and
incubated for 3 days at 30�C. Red asterisk, the WT strain (GFY-160, lane
1) includes an integrated copy of CDC11-mCherry as a positive control.
Strains harboring A. gossypii constructs were included for a complete
comparison to other extant and ancestral subunits; these were tested in
a previous study (Finnigan, Takagi, et al. 2015).
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seems to exhibit only a weak capacity for G interface formation

(Figure 7, lanes 16 and 17 and Supplementary Figure S10), similar

to the C. albicans Shs1 ortholog in a strain also expressing WT

Shs1 and Cdc11.

Discussion
Gene duplication events (at multiple scales) are an important

source of new material to fuel the evolution of biological systems

(Ohno 1970). When examining the evolution of large multimeric

protein-based structures in eukaryotes, it is clear that duplication

events have increased the number of individual polypeptides

that assemble into the fully functional complex or oligomeric en-

zyme (Magadum et al. 2013; Copley 2020). However, this trend

might seem counter-productive, in that, in some organisms, a

“simpler” version of the same protein complex has an identical

function, yet makes do with fewer separate parts (Finnigan et al.

2011; Finnigan et al. 2012). Therefore, it is critical to understand

this common tendency toward increased biological complexity at
a detailed mechanistic level.

Septin-based structures in eukaryotes have a deeply rooted evo-
lutionary history and a highly conserved overall organization in the
opisthokont lineage from single-celled yeast to humans (Nishihama
et al. 2011; Auxier et al. 2019; McMurray and Thorner 2019).
Yet, within any given fungal or mammalian organism (or, in metazo-
ans, cell type), septin hetero-octamers can be assembled from alter-
native sets of subunits, which, it has been proposed, arose from gene
duplication and divergence (Cao et al. 2009; Valadares et al. 2017).
Ostensibly, this diversification has allowed different combinations of
subunits associated with a common core structure to generate dis-
tinct supramolecular arrangements that fulfill separate physiologi-
cal functions using the same underlying scaffold (Barral and
Kinoshita 2008; Garcia et al. 2011, 2016; Vargas-Mu~niz et al. 2016;
Khan et al. 2018; Rosa et al. 2020).

Septin structures erected during vegetative growth of the bud-
ding yeast S. cerevisiae (Farka�sovsk�y 2020; Marquardt et al. 2019)
are assembled from two otherwise identical protomers: Cdc11-
capped hetero-octamers or Shs1-capped hetero-octamers.
Although each is likely symmetric (i.e. possessing the same termi-
nal subunit at each of its ends) (Khan et al. 2018), the possibility
of a mixed hetero-octamer (i.e. with Cdc11 at one end and Shs1 at
the other) has not been completely ruled out. In this study, we
deduced, constructed, and tested the properties of a predicted
likely common ancestor (Anc.11-S) of both Cdc11 and Shs1, as
well as proposed representatives of likely intermediates on the
trajectory to Cdc11 (Anc.11) and to Shs1 (Anc.S, Anc.S1, and
Anc.S2). We found that, like modern Cdc11 itself, both Anc.11-S
and Anc.11 were able to associate with the penultimate subunit
(modern Cdc12) via their G interface and able to maintain cell vi-
ability, indicating that they must also self-associate via forming
homotypic NC interfaces, thereby mediating polymerization of
hetero-octamers into functional filaments. Thus, it appears that
the capacity for promoting filament assembly was retained
within the Cdc11 lineage (Figure 8A). Preservation of such self–
self interactions has been observed in other cases where com-
plexity has increased due to gene duplication and divergence
(Pereira-Leal and Teichmann 2005; Pereira-Leal et al. 2007).

After duplication of the common ancestor, other potential
arrangements (aside from ‘Cdc11’–Cdc12 and ‘Cdc11’–‘Cdc11’) be-
came potential options, namely ‘Shs1’–Cdc12, ‘Shs1’–‘Cdc11’, and
‘Shs1’–‘Shs1’. With regard to the latter possibility, we found that,
like modern Shs1 itself, neither Anc.S, Anc.S1, nor Anc.S2
retained the capacity for homotypic association. Hence, it
appears that loss of a direct filament-promoting function oc-
curred early in the Shs1 lineage (Figure 8A). However, there was
the apparent gain of the capability for subunits in the Shs1 line-
age to form a heterotypic ‘Shs1’–‘Cdc11’ NC interface, which obvi-
ously would expand the repertoire of higher-order structures
achievable, perhaps providing an initial selective advantage for
acquisition and fixation of this property.

In contrast to the loss of homotypic NC interface formation,
our analysis revealed that, like modern Shs1, Anc.S, Anc.S1, and
Anc.S2 (as well as the Shs1 orthologs from three other extant
yeast species distant from S. cerevisiae) retained the capacity to
form a G interface with the penultimate subunit (modern Cdc12),
albeit with rather widely different apparent affinities. Of course,
it seems reasonable to assume that for all of the predicted ances-
tral septins tested that, at the same point in the evolutionary tra-
jectory, the Cdc12 equivalent with which they associated likely
differed in sequence to varying extents from that of modern
S. cerevisiae Cdc12. Likewise, we know that the sequences of the

Figure 7. Use of over-expression to assess the capacity for formation of
non-native septin interactions. The effects of over-expression driven by
the GAL1/10 promoter of Shs1-like gene products from Candida glabrata,
Ashbya gossypii, and Candida albicans and of all five predicted ancestral
species constructed in this work (Anc.11-S, Anc.11, Anc.S, Ans.S1, and
Anc.S2). An otherwise WT strain (BY4741) was transformed with
plasmids pRS315, pGF-IVL-286, pGF-IVL-287, pGF-IVL-1278 through pGF-
IVL-1293, pGF-IVL-1343, and pGF-IVL-1344, and cultures of the resulting
transformants were grown overnight under non-inducing conditions
(SþRAF/SUC-LEU medium) at 30�C, serial diluted onto plates containing
either a repressing (D; dextrose/glucose) or an inducing (GAL, galactose)
carbon source, as indicated, and incubated for 3 days at 30�C prior to
imaging. Growth of constructs marked with a red asterisk was also
monitored at 2 and 4 days in several strain backgrounds (Supplementary
Figure S10). RAF, raffinose; SUC, sucrose.
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Cdc12 partners for the Shs1 orthologs of the extant species tested
here also differ in sequence from that of modern S. cerevisiae
Cdc12 (Pan et al. 2007; Nishihama et al. 2011). This non-native

ancient-to-modern G interface between yeast Cdc12 and the an-
cient septins may also explain why we observed elongated cellu-
lar morphologies in strains expressing Anc.11-S or Anc.11 in vivo.

To assess the acquisition of the features that distinguish the
unique CTE of modern Shs1 from that of modern Cdc11, we uti-
lized three sensitized genetic backgrounds in which authentic
Shs1 must be present for the cells to remain viable. We found
that glimmers of the characteristics that distinguish the CTE of
modern Shs1 could be observed in Anc.S1 and were much more
robustly exhibited by Anc.S2, but only fully displayed by modern
Shs1 itself and preserved in orthologs from certain other yeasts
(especially C. glabrata and A. gossypii). Thus, the changes that
neo-functionalized Shs1 seem to have occurred in stepwise fash-
ion and emerged rather late in the Shs1 lineage (Figure 8A).
Indeed, although modern fungal Shs1 is “non-essential,” it makes
readily measurable contributions to optimal cell physiology, such
as reinforcing recruitment of certain septin-associated proteins
required for cytokinesis (Finnigan, Booth, et al. 2015) and
phosphorylation-dependent control of the geometries and disas-
sembly dynamics of higher-order septin-based structures
(McQuilken et al. 2017; Khan et al. 2018).

Prior work demonstrated that Cdc12 (and Cdc10) possesses
low, but readily detectable, GTPase activity, but Cdc3, Cdc11, and
Shs1 do not (Versele and Thorner 2004; Sirajuddin et al. 2009);
and recent work (Weems and McMurray 2017) indicates that,
when GTP-bound, Cdc12 associates preferentially with Cdc11,
whereas when GDP-bound, Cdc12 associates preferentially with
Shs1, explaining, at least in part, the basis of the differential in-
corporation of the two different terminal subunits into the corre-
sponding hetero-octamers. Our findings here, while consistent
with those conclusions, address how changes during the diver-
gence of the Cdc11 and Shs1 lineages from their common pre-
duplication ancestor have contributed to modulating their differ-
ential affinities for the formation of a G interface with Cdc12. We
found that Anc.11-S and Anc.11, like modern Cdc11, exhibited a
robust capacity for binding to Cdc12, whereas during the progres-
sion toward modern Shs1, due to cumulative sequence altera-
tions (possibly including numerous insertions in its G domain),
the affinity of Shs1 for Cdc12 has been significantly reduced
(Figure 8A), in agreement with earlier in vitro biochemical results
demonstrating that the off-rate for dissociation of Shs1 from pu-
rified recombinant Shs1-capped hetero-octamers is substantially
higher than for dissociation of Cdc11 from purified Cdc11-capped
hetero-octamers (Garcia et al. 2011).

In this regard, how high-level overexpression of Cdc11 or Shs1
(but no other septin) is toxic to the growth of otherwise WT yeast
cells involves inappropriate capping of hetero-octamer ends,
thereby preventing formation of functional filaments (which
occurs via polymerization of preformed hetero-octamers; Bridges
et al. 2014), but the mechanism by which each does so in the cell
is distinct. Even though it binds more weakly to Cdc12, excess
over-expressed Shs1 outcompetes the level of endogenous Cdc11,
resulting in mainly Shs1-capped hetero-octamers, which lack the
capacity for homotypic Shs1–Shs1 NC interaction, thereby block-
ing filament formation, as deduced previously (McMurray et al.
2011). By contrast, in the presence of a much greater than stoi-
chiometric level of Cdc11, it is possible that homotypic Cdc11–
Cdc11 NC interaction between free Cdc11 monomers and the
ends of Cdc11-capped hetero-octamers generates non-natural
hetero-decamers that are unable to polymerize via a homotypic
Cdc11–Cdc11 G interface. Alternatively, if a homotypic Cdc11–
Cdc11 G interface between such non-natural hetero-decamers is
able to form, the more extended structure of the resulting

Figure 8. Model for gene duplication and functional divergence in the
evolution of the essential septin Cdc11 and its non-essential paralog
Shs1 within the fungal clade. (A) A simplified phylogeny of the
evolutionary trajectory of the terminal septin subunits, highlighting the
findings made in this study. 1. All ancestors and tested modern fungal
subunits were able to form a G interface with the penultimate subunit
Cdc12 and assemble into the septin hetero-octamer in vivo. 2. Anc.11-S
was unable to form a heterotypic NC interface with modern Shs1,
whereas Anc.11 has acquired to a readily detectable degree the ability to
form a heterotypic NC interface with modern Shs1. 3. All Shs1 subunits
tested, including Anc.S, were unable to form functional homotypic NC
interface interactions. 4. The distinct function(s) of the Shs1 CTE evolved
late in the Shs1 lineage, after Anc.S1. 5. An optimal Shs1 G domain
appeared in Anc.S2. 6. Modulation of Shs1–Cdc12 association and/or
assembly at the G interface appears to occur after Anc.S2. (B) Model of
how duplication of Anc.11-S and the ensuing advents of modern Cdc11
and Shs1 allows for an expansion in the repertoire of potential filament-
forming complexity.
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filaments must be so aberrant as to preclude viability. We favor
somewhat the latter explanation because we observed (Figure 7)
that overexpression of the Cdc11(G29D) P-loop mutant, which
cripples its G interface (and likely alters conformation sufficiently
so as to also weaken its NC interface), completely eliminated its
overexpression-based toxicity (Figure 7). Of course, it is also pos-
sible that massive overexpression of GTP-bound Cdc11 [but, not
“empty” Cdc11(G29D)] titrates out protein chaperones needed for
folding of Cdc11 itself, thereby preventing efficient folding of the
other septin subunits and other essential cellular proteins
(Johnson et al. 2015).

The genomes of many species, especially mammals, encode
an assortment of alternative septin subunits, which can be differ-
entially expressed in different cell types and further diversified
by alternative splicing and other means, allowing for assembly of
distinct types of hetero-octamers in specific tissues or during dif-
ferent developmental programs (Hall and Russell 2012; Neubauer
and Zieger 2017). It has been unclear; however, the degree to
which existing septin assemblies could accommodate predicted
ancestral subunit(s) or modern septins that have evolved in ex-
tant, but distantly related, species. With regard to the latter
point, septins from certain heterologous sources have been tested
in S. cerevisiae. The apparent Cdc12 ortholog from the filamentous
fungus Aspergillus nidulans AspC was able to complement the invi-
ability of a cdc12D mutant only poorly, and when expressed in
WT cells, it promoted formation of atypical pseudohyphae rather
than normal buds, even though it appeared to localize at the bud
neck (Lindsey et al. 2010). Recently, the major isoforms of all 13
human septin gene products were tested for their ability to res-
cue cdc3D, cdc10D, cdc11D, and cdc12D mutant cells; and only com-
plementation of cdc10D cells was observed (Garge et al. 2020). Of
the 13 human septins, only four—two from homology Group 1A
(SEPT3 and SEPT9) and two from homology Group 1B (SEPT6 or
SEPT10)—were able to exhibit a Cdc10-like function in vivo but
could not fully replace the yeast subunit (Garge et al. 2020).
Phylogenetic analysis suggests that human Group 1A and IB
septins may share a common ancestor with S. cerevisiae Cdc10
(Pan et al. 2007). The most recent studies of the human hetero-
octamer support an organization (SEPT2–SEPT6–SEPT7–SEPT9–
SEPT9–SEPT7–SEPT6–SEPT2) in which a Group1A NC homodimer
forms the core of the human septin hetero-octamer (McMurray
and Thorner 2019; Mendonca et al. 2019; Soroor et al. 2020), just as
a Cdc10–Cdc10 NC homodimer forms the core of the yeast septin
hetero-octamer. So, the partial rescue by SEPT9 (and its paralog
SEPT3) of Cdc10 deficiency makes structural sense. By contrast,
the rescue of Cdc10-deficient cells by human SEPT6 (and its
paralog SEPT10), which occupies the same position in human
hetero-octamers as Cdc12 in S. cerevisiae hetero-octamers, is
harder to explain. Nonetheless, this reported complementation
presumably requires that SEPT6 (and SEPT10) be able to form a
functional NC homodimer that is able to engage at its flanks
yeast Cdc3 via a G interface, highlighting the incredible flexibility
inherent in septin–septin interaction. In this same regard, it has
been inferred that the (obligate) inclusion of Cdc10 at the central
position within the yeast hetero-octamer may have been coupled
to the loss of the ability of the Cdc3 subunit to hydrolyze its
bound GTP, an event that seems to have occurred prior to the
split between the yeast genera Saccharomyces, Ashbya, and
Kluyveromyce (Johnson et al. 2020). Indeed, biochemical studies of
the corresponding human proteins (Zent and Wittinghofer 2014)
demonstrate that SEPT9, like yeast Cdc10, is GTPase competent,
whereas the flanking septin, SEPT7, like yeast Cdc3, lacks the ca-
pacity to hydrolyze its bound GTP.

In conclusion, our study provides the first analysis in vivo of
predicted intermediates in the evolution of the two paralogs that
are able to occupy the terminal position in the septin hetero-
octamers of S. cerevisiae (Figure 8B). Our findings shed light on
why Cdc11 is essential and why Shs1 is not, define the complexi-
ties involved in maintaining ancestral protein interactions, and
delineate when the various functional features that define and
distinguish Cdc11 and Shs1 emerged and diverged. Future work
will focus on investigating whether any specific residue change
(or small set of residues) is necessary and/or sufficient to recapit-
ulate the steps in the progression from the ancestral state to their
modern counterparts.

Ethical statement
This work did not involve any human or animal subjects of any
kind.

Acknowledgments
We would like to thank the Thorner laboratory (UC Berkeley) and
Nogales laboratory (UC Berkeley) for useful comments and sug-
gestions and undergraduate researchers from the Finnigan labo-
ratory (Kansas State University) for assistance. The content is
solely the responsibility of the authors and does not necessarily
represent the official views of the National Institute of General
Medical Sciences or the National Institute of Health or the United
States Department of Agriculture.

J.Ta., C.C., A.D., Y.Y., M.H., and G.C.F. built and tested all
reagents (plasmids and yeast strains), performed experiments,
and analyzed data. V.H.-S. performed the phylogenic analysis
and ancestral reconstruction. J.Th., V.H.-S., and G.C.F. wrote the
manuscript.

Funding
This work was supported by a Miller Postdoctoral Research
Fellowship from the Miller Institute for Basic Research in Science,
University of California, Berkeley, an Institutional Development
Award (IDeA) P20 GM103418 to Kansas State University from the
National Institute of General Medical Sciences (NIGMS) of the
National Institute of Health (NIH), and USDA National Institute
of Food and Agriculture, Hatch Project 1013520 (all to G.C.F); NIH
R01 Research Grants GM21841 and GM101314 (to J.Th.); and NIH
NRSA F32 Research Grant 1F32GM108299-01 (to V.H.S.).

Conflicts of interest: All authors declare no financial or non-
financial conflicts of interest. V.H.S. is a current employee of
Verge Genomics, a venture-backed startup company; V.H.S. pri-
marily contributed to the study while working as a post-doctoral
research fellow at the University of California, San Francisco.

Literature cited
Adam JC, Pringle JR, Peifer M. 2000. Evidence for functional differen-

tiation among Drosophila septins in cytokinesis and cellulariza-

tion. Mol Biol Cell. 11:3123–3135.

Anisimova M, Gascuel O. 2006. Approximate likelihood-ratio test for

branches: a fast, accurate, and powerful alternative. Syst Biol. 55:

539–552.

Anisimova M, Gil M, Dufayard JF, Dessimoz C, Gascuel O. 2011.

Survey of branch support methods demonstrates accuracy,

16 | G3, 2021, Vol. 11, No. 1



power, and robustness of fast likelihood-based approximation

schemes. Syst Biol. 60:685–699.

Auxier B, Dee J, Berbee ML, Momany M. 2019. Diversity of opistho-

kont septin proteins reveals structural constraints and conserved

motifs. BMC Evol Biol. 19:4.

Barral Y, Kinoshita M. 2008. Structural insights shed light onto septin

assemblies and function. Curr Opin Cell Biol. 20:12–18.

Barth P, Schoeffler A, Alber T. 2008. Targeting metastable coiled-coil

domains by computational design. J Am Chem Soc. 130:

12038–12044.

Bertin A, McMurray MA, Grob P, Park SS, Garcia G, III, et al. 2008.

Saccharomyces cerevisiae septins: supramolecular organization of

heterooligomers and the mechanism of filament assembly. Proc

Natl Acad Sci U S A. 105:8274–8279.

Bertin A, McMurray MA, Pierson J, Thai L, McDonald KL, et al. 2012.

Three-dimensional ultrastructure of the septin filament network

in Saccharomyces cerevisiae. Mol Biol Cell. 23:423–432.

Bertin A, McMurray MA, Thai L, Garcia G, Votin V, et al. 2010.

Phosphatidylinositol-4,5-bisphosphate promotes budding yeast

septin filament assembly and organization. J Mol Biol. 404:

711–731.

Boeke JD, La Croute F, Fink GR. 1984. A positive selection for mutants

lacking orotidine-5’-phosphate decarboxylase activity in yeast:

5-fluoro-orotic acid resistance. Mol Gen Genet. 197:345–346.

Booth EA, Vane EW, Dovala D, Thorner J. 2015. A forster resonance

energy transfer (FRET)-based system provides insight into the or-

dered assembly of yeast septin hetero-octamers. J Biol Chem.

290:28388–28401.

Brachmann CB, Davies A, Cost GJ, Caputo E, Li J, et al. 1998. Designer

deletion strains derived from Saccharomyces cerevisiae S288C: a

useful set of strains and plasmids for PCR-mediated gene disrup-

tion and other applications. Yeast. 14:115–132.

Brausemann A, Gerhardt S, Schott A-K, Einsle O, Große-

Berkenbusch A, et al. 2016. Crystal structure of Cdc11, a septin

subunit from Saccharomyces cerevisiae. J Struct Biol. 193:157–161.

Bridges AA, Jentzsch MS, Oakes PW, Occhipinti P, Gladfelter AS.

2016. Micron-scale plasma membrane curvature is recognized by

the septin cytoskeleton. J Cell Biol. 213:23–32.

Bridges AA, Zhang H, Mehta SB, Occhipinti P, Tani T, et al. 2014.

Septin assemblies form by diffusion-driven annealing on mem-

branes. Proc Natl Acad Sci U S A. 111:2146–2151.

Buttery SM, Kono K, Stokasimov E, Pellman D. 2012. Regulation of

the formin Bnr1 by septins and a MARK/Par1-family septin-asso-

ciated kinase. Mol Biol Cell. 23:4041–4053.

Byers B, Goetsch L. 1976. A highly ordered ring of

membrane-associated filaments in budding yeast. J Cell Biol. 69:

717–721.

Cannon KS, Woods BL, Crutchley JM, Gladfelter AS. 2019. An amphi-

pathic helix enables septins to sense micrometer-scale mem-

brane curvature. J Cell Biol. 218:1128–1137.

Cao L, Yu W, Wu Y, Yu L. 2009. The evolution, complex structures

and function of septin proteins. Cell Mol Life Sci. 66:3309–3323.

Caudron F, Barral Y. 2009. Septins and the lateral compartmentali-

zation of eukaryotic membranes. Dev Cell. 16:493–506.

Cid VJ, Adamikova L, Cenamor R, Molina M, Sanchez M, et al. 1998.

Cell integrity and morphogenesis in a budding yeast septin mu-

tant. Microbiology. 144:3463–3474.

Copley SD. 2020. Evolution of new enzymes by gene duplication and

divergence. FEBS J. 287:1262–1283.

De Virgilio C, DeMarini DJ, Pringle JR. 1996. SPR28, a sixth member of

the septin gene family in Saccharomyces cerevisiae that is expressed

specifically in sporulating cells. Microbiology. 142:2897–2905.

Dobbelaere J, Barral Y. 2004. Spatial coordination of cytokinetic

events by compartmentalization of the cell cortex. Science. 305:

393–396.

Edgar RC. 2004. MUSCLE: multiple sequence alignment with high ac-

curacy and high throughput. Nucleic Acids Res. 32:1792–1797.

Egelhofer TA, Villen J, McCusker D, Gygi SP, Kellogg DR. 2008. The

septins function in G1 pathways that influence the pattern of cell

growth in budding yeast. PLoS One. 3:e2022.

Farka�sovsk�y M. 2020. Septin architecture and function in budding

yeast. Biol Chem. 401: 903-919.

Field CM, Al-Awar O, Rosenblatt J, Wong ML, Alberts B, et al. 1996. A

purified Drosophila septin complex forms filaments and exhibits

GTPase activity. J Cell Biol. 133:605–616.

Finnigan GC, Booth EA, Duvalyan A, Liao EN, Thorner J. 2015. The

carboxy-terminal tails of septins Cdc11 and Shs1 recruit

myosin-II binding factor Bni5 to the bud neck in Saccharomyces cer-

evisiae. Genetics. 200:843–862.

Finnigan GC, Hanson-Smith V, Houser BD, Park HJ, Stevens TH. 2011.

The reconstructed ancestral subunit a functions as both

V-ATPase isoforms Vph1p and Stv1p in Saccharomyces cerevisiae.

Mol Biol Cell. 22:3176–3191.

Finnigan GC, Hanson-Smith V, Stevens TH, Thornton JW. 2012.

Evolution of increased complexity in a molecular machine.

Nature. 481:360–364.

Finnigan GC, Takagi J, Cho C, Thorner J. 2015. Comprehensive ge-

netic analysis of paralogous terminal septin subunits Shs1 and

Cdc11 in Saccharomyces cerevisiae. Genetics. 200:821–841.

Finnigan GC, Thorner J. 2015. Complex in vivo ligation using homolo-

gous recombination and high-efficiency plasmid rescue from

Saccharomyces cerevisiae. Bio Protoc. 5:e1521.

Gabaldon T, Rainey D, Huynen MA. 2005. Tracing the evolution of a

large protein complex in the eukaryotes, NADH: ubiquinone oxi-

doreductase (Complex I). J Mol Biol. 348:857–870.

Garcia G, III, Bertin A, Li Z, Song Y, McMurray MA, et al. 2011.

Subunit-dependent modulation of septin assembly: budding

yeast septin Shs1 promotes ring and gauze formation. J Cell Biol.

195:993–1004.

Garcia G, Finnigan GC, Heasley LR, Sterling SM, Aggarwal A, et al.

2016. Assembly, molecular organization, and membrane-binding

properties of development-specific septins. J Cell Biol. 212:

515–529.

Garge RK, Laurent JM, Kachroo AH, Marcotte EM. 2020. Systematic

humanization of the yeast cytoskeleton discerns functionally re-

placeable from divergent human genes. Genetics. 215:1153–1169.

215:

Gestaut D, Limatola A, Joachimiak L, Frydman J. 2019. The

ATP-powered gymnastics of TRiC/CCT: an asymmetric protein

folding machine with a symmetric origin story. Curr Opin Struct

Biol. 55:50–58.

Gietz RD, Schiestl RH. 2007. Quick and easy yeast transformation us-

ing the LiAc/SS carrier DNA/PEG method. Nat Protoc. 2:35–37.

Goldstein AL, McCusker JH. 1999. Three new dominant drug resis-

tance cassettes for gene disruption in Saccharomyces cerevisiae.

Yeast. 15:1541–1553.

Haarer BK, Pringle JR. 1987. Immunofluorescence localization of the

Saccharomyces cerevisiae CDC12 gene product to the vicinity of the

10-nm filaments in the mother-bud neck. Mol Cell Biol. 7:

3678–3687.

Hall PA, Russell SE. 2012. Mammalian septins: dynamic heteromers

with roles in cellular morphogenesis and compartmentalization.

J Pathol. 226:287–299.

Hanson-Smith V, Johnson A. 2016. PhyloBot: a web portal for auto-

mated phylogenetics, ancestral sequence reconstruction, and

J. Takagi et al. | 17



exploration of mutational trajectories. PLoS Comput Biol. 12:

e1004976.

Hartwell LH. 1978. Cell division from a genetic perspective. J Cell

Biol. 77:627–637.

Heasley LR, McMurray MA. 2016. Roles of septins in prospore mem-

brane morphogenesis and spore wall assembly in Saccharomyces

cerevisiae. Mol Biol Cell. 27:442–450.

Iwase M, Luo J, Bi E, Toh-e A. 2007. Shs1 plays separable roles in sep-

tin organization and cytokinesis in Saccharomyces cerevisiae.

Genetics. 177:215–229.

John CM, Hite RK, Weirich CS, Fitzgerald DJ, Jawhari H, et al. 2007.

The Caenorhabditis elegans septin complex is nonpolar. EMBO J. 26:

3296–3307.

Johnson CR, Steingesser MG, Weems AD, Khan A, Gladfelter A, et al.

2020. Guanidine hydrochloride reactivates an ancient septin

hetero-oligomer assembly pathway in budding yeast. Elife. 9:

e54355.

Johnson CR, Weems AD, Brewer JM, Thorner J, McMurray MA. 2015.

Cytosolic chaperones mediate quality control of higher-order

septin assembly in budding yeast. Mol Biol Cell. 26:1323–1344.

Kaback DB, Feldberg LR. 1985. Saccharomyces cerevisiae exhibits a

sporulation-specific temporal pattern of transcript accumula-

tion. Mol Cell Biol. 5:751–761.

Khan A, Newby J, Gladfelter AS. 2018. Control of septin filament flexi-

bility and bundling by subunit composition and nucleotide inter-

actions. Mol Biol Cell. 29:702–712.

Kinoshita M. 2003. Assembly of mammalian septins. J Biochem. 134:

491–496.

Lindsey R, Ha Y, Momany M. 2010. A septin from the filamentous

fungus A. nidulans induces atypical pseudohyphae in the bud-

ding yeast S. cerevisiae. PLoS One. 5:e9858.

Liu Y, Schmidt B, Maskell DL. 2010. MSAProbs: multiple sequence

alignment based on pair hidden Markov models and partition

function posterior probabilities. Bioinformatics. 26:1958–1964.

Loytynoja A, Goldman N. 2005. An algorithm for progressive multi-

ple alignment of sequences with insertions. Proc Natl Acad Sci U

S A. 102:10557–10562.

Loytynoja A, Goldman N. 2008. Phylogeny-aware gap placement pre-

vents errors in sequence alignment and evolutionary analysis.

Science. 320:1632–1635.

Magadum S, Banerjee U, Murugan P, Gangapur D, Ravikesavan R.

2013. Gene duplication as a major force in evolution. J Genet. 92:

155–161.

Marcus J, Bejerano-Sagie M, Patterson N, Bagchi S, Verkhusha VV, et

al. 2019. Septin 9 isoforms promote tumorigenesis in mammary

epithelial cells by increasing migration and ECM degradation

through metalloproteinase secretion at focal adhesions.

Oncogene. 38:5839–5859.

Marquardt J, Chen X, Bi E. 2019. Architecture, remodeling, and func-

tions of the septin cytoskeleton. Cytoskeleton (Hoboken). 76:

7–14.

McMurray MA, Bertin A, Garcia G, Lam L, Nogales E, et al. 2011.

Septin filament formation is essential in budding yeast. Dev Cell.

20:540–549.

McMurray MA, Thorner J. 2019. Turning it inside out: the organiza-

tion of human septin heterooligomers. Cytoskeleton (Hoboken).

76:449–456.

McQuilken M, Jentzsch MS, Verma A, Mehta SB, Oldenbourg R, et al.

2017. Analysis of septin reorganization at cytokinesis using polar-

ized fluorescence microscopy. Front Cell Dev Biol. 5:42.

Mendonca DC, Macedo JN, Guimaraes SL, Barroso da Silva FL,

Cassago A, et al. 2019. A revised order of subunits in mammalian

septin complexes. Cytoskeleton (Hoboken). 76:457–466.

Merkl R, Sterner R. 2016. Ancestral protein reconstruction: techni-

ques and applications. Biol Chem. 397:1–21.

Meseroll RA, Howard L, Gladfelter AS. 2012. Septin ring size scaling

and dynamics require the coiled-coil region of Shs1p. Mol Biol

Cell. 23:3391–3406.

Meseroll RA, Occhipinti P, Gladfelter AS. 2013. Septin phosphoryla-

tion and coiled-coil domains function in cell and septin ring mor-

phology in the filamentous fungus Ashbya gossypii. Eukaryot Cell.

12:182–193.

Nagaraj S, Rajendran A, Jackson CE, Longtine MS. 2008. Role of nu-

cleotide binding in septin-septin interactions and septin localiza-

tion in Saccharomyces cerevisiae. Mol Cell Biol. 28:5120–5137.

Neubauer K, Zieger B. 2017. The mammalian septin interactome.

Front Cell Dev Biol. 5: E3.

Nguyen TQ, Sawa H, Okano H, White JG. 2000. The C. elegans septin

genes, unc-59 and unc-61, are required for normal postem-

bryonic cytokineses and morphogenesis but have no essential

function in embryogenesis. J Cell Sci. 113:3825–3837.

Nishihama R, Onishi M, Pringle JR. 2011. New insights into the phylo-

genetic distribution and evolutionary origins of the septins. Biol

Chem. 392:681–687.

Ohno S. 1970. Evolution by Gene Duplication. New York, NY:

Springer-Verlag.

Ong K, Wloka C, Okada S, Svitkina T, Bi E. 2014. Architecture and dy-

namic remodelling of the septin cytoskeleton during the cell cy-

cle. Nat Commun. 5:5698.

Ozsarac N, Bhattacharyya M, Dawes IW, Clancy MJ. 1995. The SPR3

gene encodes a sporulation-specific homologue of the yeast

CDC3/10/11/12 family of bud neck microfilaments and is regu-

lated by ABFI. Gene. 164:157–162.

Pan F, Malmberg RL, Momany M. 2007. Analysis of septins across

kingdoms reveals orthology and new motifs. BMC Evol Biol. 7:103.

Pereira-Leal JB, Levy ED, Kamp C, Teichmann SA. 2007. Evolution of

protein complexes by duplication of homomeric interactions.

Genome Biol. 8:R51.

Pereira-Leal JB, Teichmann SA. 2005. Novel specificities emerge by

stepwise duplication of functional modules. Genome Res. 15:

552–559.

Perez AM, Finnigan GC, Roelants FM, Thorner J. 2016.

Septin-associated protein kinases in the yeast Saccharomyces cere-

visiae. Front Cell Dev Biol. 4: E119.

Pinto APA, Pereira HM, Zeraik AE, Ciol H, Ferreira FM, et al. 2017.

Filaments and fingers: novel structural aspects of the single sep-

tin from Chlamydomonas reinhardtii. J Biol Chem. 292:10899–10911.

Rosa HVD, Leonardo DA, Brognara G, Brand~ao-Neto J, D’Muniz

Pereira H, et al. 2020. Molecular recognition at septin interfaces:

the switches hold the key. J Mol Biol. 432:5784–5801.

Sala FA, Valadares NF, Macedo JN, Borges JC, Garratt RC. 2016.

Heterotypic coiled-coil formation is essential for the correct as-

sembly of the septin heterofilament. Biophys J. 111:2608–2619.

Schindelin J, Rueden CT, Hiner MC, Eliceiri KW. 2015. The ImageJ

ecosystem: an open platform for biomedical image analysis. Mol

Reprod Dev. 82:518–529.

Shen YR, Wang HY, Kuo YC, Shih SC, Hsu CH, et al. 2017. SEPT12 phos-

phorylation results in loss of the septin ring/sperm annulus, defec-

tive sperm motility and poor male fertility. PLoS Genet. 13:e1006631.

Sikorski RS, Hieter P. 1989. A system of shuttle vectors and yeast

host strains designed for efficient manipulation of DNA in

Saccharomyces cerevisiae. Genetics. 122:19–27.

Sirajuddin M, Farkasovsky M, Hauer F, Kuhlmann D, Macara IG, et al.

2007. Structural insight into filament formation by mammalian

septins. Nature. 449:311–315.

18 | G3, 2021, Vol. 11, No. 1



Sirajuddin M, Farkasovsky M, Zent E, Wittinghofer A. 2009.

GTP-induced conformational changes in septins and implica-

tions for function. Proc Natl Acad Sci U S A. 106:16592–16597.

Sopko R, Huang D, Preston N, Chua G, Papp B, et al. 2006. Mapping

pathways and phenotypes by systematic gene overexpression.

Mol Cell. 21:319–330.

Soroor F, Kim MS, Palander O, Balachandran Y, Collins RF, et al. 2020.

Revised subunit order of mammalian septin complexes explains

their in vitro polymerization properties. Mol. Biol. Cell [Online

ahead of print, 2 Dec 2020] doi: 10.1091/mbc.E20-06-0398

Sprang SR. 1997. G protein mechanisms: insights from structural

analysis. Annu Rev Biochem. 66:639–678.

Thompson JD, Higgins DG, Gibson TJ. 1994. CLUSTAL W: improving

the sensitivity of progressive multiple sequence alignment

through sequence weighting, position-specific gap penalties and

weight matrix choice. Nucleic Acids Res. 22:4673–4680.

Thornton JW. 2004. Resurrecting ancient genes: experimental analy-

sis of extinct molecules. Nat Rev Genet. 5:366–375.

Valadares NF, d’ Muniz Pereira H, Ulian Araujo AP, Garratt RC.

2017. Septin structure and filament assembly. Biophys Rev. 9:

481–500.

Vargas-Mu~niz JM, Juvvadi PR, Steinbach WJ. 2016. Forging the ring:

from fungal septins’ divergent roles in morphology, septation

and virulence to factors contributing to their assembly into

higher order structures. Microbiology. 162:1527–1534.

Versele M, Gullbrand B, Shulewitz MJ, Cid VJ, Bahmanyar S, et al.

2004. Protein-protein interactions governing septin heteropen-

tamer assembly and septin filament organization in

Saccharomyces cerevisiae. Mol Biol Cell. 15:4568–4583.

Versele M, Thorner J. 2004. Septin collar formation in budding yeast

requires GTP binding and direct phosphorylation by the PAK,

Cla4. J Cell Biol. 164:701–715.

Wang X, Fei F, Qu J, Li C, Li Y, et al. 2018. The role of septin 7 in physi-

ology and pathological disease: a systematic review of current

status. J Cell Mol Med. 22:3298–3307.

Weems A, McMurray M. 2017. The step-wise pathway of

septin hetero-octamer assembly in budding yeast. Elife. 6:e23689.

Weems AD, Johnson CR, Argueso JL, McMurray MA. 2014.

Higher-order septin assembly is driven by GTP-promoted confor-

mational changes: evidence from unbiased mutational analysis

in Saccharomyces cerevisiae. Genetics. 196:711–727.

Wittinghofer A, Vetter IR. 2011. Structure-function relationships of

the G domain, a canonical switch motif. Annu Rev Biochem. 80:

943–971.

Wollenberg K, Swaffield JC. 2001. Evolution of proteasomal ATPases.

Mol Biol Evol. 18:962–974.

Xu D, Liu A, Wang X, Chen Y, Shen Y, et al. 2018. Repression of

Septin9 and Septin2 suppresses tumor growth of human glioblas-

toma cells. Cell Death Dis. 9:514.

Yang Z. 2007. PAML 4: phylogenetic analysis by maximum likeli-

hood. Mol Biol Evol. 24:1586–1591.

Zent E, Wittinghofer A. 2014. Human septin isoforms and the

GDP-GTP cycle. Biol Chem. 395:169–180.

Zheng L, Baumann U, Reymond JL. 2004. An efficient one-step site--

directed and site-saturation mutagenesis protocol. Nucleic Acids

Res. 32:e115.

Communicating editor: Brenda J. Andrews

J. Takagi et al. | 19


	tblfn1
	tblfn2
	tblfn3
	tblfn4
	tblfn5
	tblfn6
	tblfn7
	tblfn8
	tblfn9
	tblfn10

