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Septins are GTP-binding proteins that form filaments and
higher-order structures on the cell cortex of eukaryotic cells and
associate with actin and microtubule cytoskeletal networks.
When assembled, septins coordinate cell division and contrib-
ute to cell polarity maintenance and membrane remodeling.
These functions manifest themselves via scaffolding of cytosolic
proteins and cytoskeletal networks to specific locations on
membranes and by forming diffusional barriers that restrict lat-
eral diffusion of proteins embedded in membranes. Notably,
many neurodegenerative diseases and cancers have been char-
acterized as having misregulated septins, suggesting that their
functions are relevant to diverse diseases. Despite the impor-
tance of septins, little is known about what features of the
plasma membrane influence septin recruitment and alterna-
tively, how septins influence plasma membrane properties. Sep-
tins have been localized to the cell cortex at the base of cilia, the
mother-bud neck of yeast, and branch points of filamentous
fungi and dendritic spines, in cleavage furrows, and in retracting
membrane protrusions in mammalian cells. These sites all pos-
sess some degree of curvature and are likely composed of dis-
tinct lipid pools. Depending on the context, septins may act
alone or in concert with other cytoskeletal elements to influence
and sense membrane properties. The degree to which septins
react to and/or induce changes in shape and lipid composition
are discussed here. As septins are an essential player in basic
biology and disease, understanding the interplay between sep-
tins and the plasma membrane is critical and may yield new and
unexpected functions.

Septins are a conserved family of cytoskeletal GTP-binding
proteins that function in cytokinesis, cell polarity, and mem-
brane remodeling in many eukaryotic cell types (1, 2). To con-
tribute to these diverse process, septins polymerize into fila-
ments and higher-order structures that organize the cell cortex
into domains that are tightly controlled in time and/or space
(3). Higher-order septin structures act to recruit and/or inte-
grate protein networks at specific locations, an example being
contractile ring components in cell division (4 7). In addition,
septins are thought to alter lateral diffusion of proteins embed-
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ded in the plasma and endoplasmic reticulum (ER)*> mem-
branes and may influence local lipid composition (8-10). In
addition to membrane association, septins interact with,
respond to, and organize the actin and microtubule cytoskel-
etons (11). Although septins were discovered by Hartwell, Prin-
gle, and colleagues (12) in cell division cycle screens decades
ago, understanding of septins has lagged behind other cytoskel-
etal systems. Recent biochemical, structural, and biophysical
approaches, however, have made septins highly tractable and
brought about exciting advances. Despite this recent progress,
many fundamental questions remain in the septin field, in par-
ticular, the mechanisms by which septins associate with and
influence the cell cortex.

A better understanding of septin biology is of both biomedi-
cal and ecological importance. Human septin misregulation is
associated with numerous disease states, which range from can-
cers to neurodegenerative disorders (13). For example, septin
expression levels are altered in a variety of solid tumors, and
recently, it has been shown that cell lines overexpressing indi-
vidual septins are better at crawling in two-dimensional and
three-dimensional matrices (14, 15). In addition, the meth-
ylation status of septin 9 DNA is gaining use as a blood screen-
ing tool for colorectal cancers (16, 17). In neurons, septins are
thought to play an important role in the migration of neural
precursors and later in establishing proper morphology (18—
20). Moreover, in fungal pathogens, septins are generally
required for virulence and are thought to be directly involved in
host tissue entry (21). This includes a variety of human patho-
gens, such as Candida albicans, as well as devastating plant
crop pathogens, including Magnaporthe oryzae, the cause of
rice blast disease (22-24). Given this context, our current
understanding of septin form and function must be broadened.

Fortunately, numerous studies in the last 10 years have begun
to reveal basic properties of the septin proteins. The number of
septin genes varies widely between eukaryotic organisms, from
2 in nematodes to 13 in humans (25-27). Despite this variabil-
ity, single particle electron microscopy and crystallography
studies have shown that septins assemble into a conserved rod-
shaped heteromeric complex (also referred to as a protofila-
ment) (Fig. 14) (28 —30). Septins interact with one another via
two interfaces: a surface comprising the GTP-binding domain
and a surface created by the N and C termini, which are brought
into close proximity upon folding (28). Septins are thought to
interact with anionic phospholipids via a highly conserved
polybasic region near the N terminus composed of 2—6 posi-
tively charged residues (31, 32). The polybasic region of an indi-
vidual septin monomer is brought into the proximity of a poly-
basic region of an adjacent septin protein upon interaction at
the N- and C-terminal interface (Fig. 14). In addition, most
septins are predicted to have a C-terminal coiled coil domain.
This region remains functionally mysterious as it has failed to
resolve by x-ray crystallography, possesses high flexibility, and

2 The abbreviations used are: ER, endoplasmic reticulum; PI, phosphatidyli-
nositol; PI(4,5)P,, phosphatidylinositol 4,5-bisphosphate.
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FIGURE 1. Septin complex and filament formation. A, structure of the
human septin complex. The septin complex is arranged in a palindromic
order by alternating N and C termini (NC) and G-interface (G) associations.
Each septin contains predicted C-terminal coiled coil extensions, which have
remained mysterious in function. A polybasic stretch of amino acids is
thought to be important for membrane association (arrowheads), and poly-
merization occurs through terminal subunit interactions (arrows). The palin-
dromic and rod nature of the complex is conserved in yeast and Caenorhab-
ditis elegans. HSC, human septin complex; YSC, yeast septin complex; CeSC,
C. elegans septin complex. B, recent studies have begun to analyze the mech-
anism by which septins polymerize. Septin polymerization is characterized as
involving frequent annealing, or joining, of two short filaments into a longer
one on supported lipid bilayers. C, structural studies of septin filaments in low
salt solution and on model lipid membranes. Septins polymerize into paired
filaments in low salt solutions and single, branched, and tightly paired fila-
ments on lipid monolayers. Panel A is modified, with permission, from Ref. 28
(human and yeast complexes) © 2007 Macmillan Publishers Ltd., and Ref. 29
(C. elegans complex), © 2007 European Molecular Biology Organization. All
rights reserved. Panel Bis reproduced from Ref. 37, © 2014 National Academy
of Sciences. All rights reserved. Panel Cis reproduced from Ref. 36, © 1998 J. A.
Frazier et al., originally published in J. Cell Biol., and Ref. 33,© 2010 Elsevier Ltd.
All rights reserved.

produces variable phenotypes when removed from individual
septins (28, 29, 33, 34). These rod-shaped complexes serve as
the basic subunit of filament assembly.

Insights into how septins form filaments have come from
both structural studies and reconstitution of septin assembly on
synthetic lipid bilayers. Unlike actin and microtubules, the sep-
tin complex is non-polar along the long axis in recombinant
systems, with individual septins arranged in palindromic order
(Fig. 1A) (28, 29, 35). Pure yeast septin complexes form fila-
ments upon transfer to low salt buffer (~50 mm) or upon con-
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tact with a synthetic phospholipid surface (33, 36, 37). Consis-
tent with a non-polar organization, yeast septins on supported
lipid bilayers polymerize at both filament ends via a process that
involves annealing of short filaments into long filaments (Fig.
1B) (37). These assembled filaments may exist as individual
polymers, pairs, bundles, “gauzes,” and sheet-like arrangements
(Fig. 1C) (30, 33, 38—41). Collectively, these structures are
referred to as septin assemblies or higher-order structures. It is
generally thought that septins function in cells as higher-order
assemblies (42).

Septin function is intimately linked with cortical and cyto-
skeletal networks; however, detailed mechanistic studies of the
septin-membrane interactions are just beginning to be under-
taken. The goal of this review is to highlight both what is known
and what is unknown about the interplay between the septins
and the cell cortex. We will begin by discussing established and
emerging septin functions at the cell cortex followed by a
review of recent progress in understanding the dynamics and
organization of septin higher-order structures.

Function of Higher-order Structures at the Cell Cortex

When assembled on the cell cortex, septins integrate both
spatial and timing information to coordinate highly regulated
processes such as cytokinesis, ciliogenesis, or phagocytosis (43—
45). Frequently, septins localize to the cortex at boundaries
between cell compartments: the base of cell outgrowths (cilia,
dendritic spines, filopodia, and hyphal branches), as well as sites
of cell division (45— 48). At these transition zones, septins act as
platforms to convene cytoplasmic and cytoskeletal proteins.
This scaffold property is best described at the bud neck of Sac-
charomyces cerevisiae to which >60 proteins have been shown
to localize, most in a septin-dependent manner (Fig. 24) (5,
49 -51). Proteins that interact with septins can be categorized
into several functional groups: those involved in the cell cycle,
cell shape, polarity, and cytokinesis. Thus, assembled septins at
the bud neck of yeast integrate cell cycle regulation and mor-
phogenesis (52). In mammalian systems, higher-order septin
assemblies, in concert with anillin, are involved in organizing
cytokinetic machinery but do not appear to play any mechani-
cal role in division. Septins collaborate with anillin at the cell
cortex to recruit and stabilize myosin, actin, and regulatory
kinases at the site of cell division for coordinated contraction (6,
53-58). Subsequently, septins are important for the morphol-
ogy and maturation of the intercellular bridge and midbody and
thus for the resolution of division in animal cells (53, 58, 59).
Despite an abundance of interacting proteins, no general septin
interaction motifs have been described in the population of
proteins that depend on septins for localization. Likewise, it is
not known what septin domains are involved in scaffolding as
opposed to polymerization and membrane association. Al-
though it is clear that septins act as a scaffold, the mechanisms
controlling how septins interact with specific proteins is ripe
for investigation in cells and by reconstitution.

Increasing evidence suggests that septins influence animal
cell shape and cortical rigidity in interphase and during cell
division. In both cases, the effect of septins on plasma mem-
brane properties could simply be through organizing the acto-
myosin cortex, or may be due to a direct effect of septin fila-
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FIGURE 2. Septin function in eukaryotic cells. A, septins at the cell cortex scaffold proteins involved in cell polarity, cell shape, cell cycle, and cytokinesis. Septin
scaffolding is best studied at the mother-bud neck of S. cerevisiae, which serves as a site that integrates complex signals. B, septins have increasingly been
implicated in cytoskeletal remodeling. Here, septins have been shown to bundle and bend actin in vitro. C, septins are important players in animal cell cortical
rigidity. Cells that lack SEPT7 during cell division displayed an altered cell shape characterized as containing abundant blebs indicative of an unstable cell
cortex. D, septins are thought to act as lateral diffusion barriers in the plasma membrane and adjacent organelles. This may occur through enrichment of lipid
species, rendering the plasma membrane semipermeable, or it may occur through a structural mechanism. Recently, adjacent ER membranes in S. cerevisiae
have been shown to contain a diffusion barrier that is also septin-dependent. TM protein, transmembrane protein. Panel A is reproduced from Ref. 51 © 2013
by The American Society for Cell Biology. Panel B is reproduced from Ref. 61, © 2007 Macmillan Publishers Ltd. All rights reserved. Panel C is reproduced from

Ref.63,© 2012 J. K. Gilden et al., 10.1083/jcb.201105127, originally published in J. Cell Biol.

ments on the rigidity or composition of the plasma membrane
(1, 60). Septin function via actin coordination is supported by
recent analysis of septins in cellularizing Drosophila embryos,
in which it is clear that septins are required for normal cell
shape and septins contribute to the formation of tight, curved,
actin bundles in cells and with pure components (Fig. 2B) (61).
In addition, knockdown of septins in HeLa cells has been shown
to reduce cell stiffness to similar levels as treatment with latrun-
culin B, as measured by atomic force microscopy (62). In
T-cells, septin knockdown results in abnormal cell morphology
characterized by an increased frequency of blebs and extended
cell protrusions (Fig. 2C) (63). Notably, septin influence on
T-cell shape seems to occur as a response to malformed regions
of the plasma membrane, rather than being proactive in pre-
venting such deformations (63). Moreover, cells exposed to
hypotonic media, followed by regulatory volume decrease, form
a variety of septin structures including puncta and rings on
membrane invaginations (63). Cells lacking septins return to a
normal volume substantially slower than control cells, similar
to latrunculin treatment, yet no additive effect was observed
when septin knockdown was paired with actin depolymeriza-
tion. Might this work through septin coordination of actin to
drive retraction, or could septins themselves direct changes in
cell shape? Taken together, increasing evidence suggests that
septins are a major player in cortical integrity and cell shape,
likely in part through coordination with the actin cortex.

In addition to influencing actin at the cell cortex, cortical
septins also associate with microtubules directly and indirectly
in various contexts. In budding yeast, septins are important for
spindle positioning by scaffolding proteins responsible for
aligning the spindle between mother and bud (64). Similarly, in
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developing axon collateral branches, SEPT7 is important for
directing microtubules into filopodia, a process required for the
successful formation of branches (18). In non-adherent mye-
loid K562 cells, which possess an abundance of cortical micro-
tubules, septins form striking disc or ring-like structures at the
cell cortex (65). In the absence of microtubules, these disc
structures disperse and septins localize diffusely to the cell cor-
tex. Notably, in these cells, actin depolymerization had no effect
on septin localization. What are the properties of the mem-
brane at these microtubule-dependent sites of septin assembly
and what function do these septin discs serve? In addition, sep-
tins have been implicated in microtubule remodeling away
from the plasma membrane by numerous studies (66 — 69). The
emerging appreciation of septin interaction with other cyto-
skeletal networks is exciting, and coordination of these net-
works is likely an important conserved function.

Although septins respond to and recruit proteins to the cell
cortex, there are likely roles for septins in regulating membrane
properties. In combination with other mechanisms that gener-
ate cellular asymmetry, septins may compartmentalize cell
membranes by functioning as diffusion barriers (Fig. 2D) (9,
70). Septins are closely apposed to the plasma membrane, and
this may restrict the passage of integral membrane proteins of a
sufficient size. Alternatively, or in addition, septins or septin-
binding proteins may recruit, modify, or maintain a pool of
specific lipids leading to a selectively permeable barrier that
operates based on lipid preferences of the impacted proteins (8,
71). The diffusion barrier property of septin assemblies was
noticed, and has been most studied at the yeast mother-bud
neck where septins are thought to restrict diffusion of mem-
brane-associated proteins and lipids between mother and bud,
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in effect maintaining asymmetrically distributed membrane
proteins (72, 73). Interestingly, the septin hourglass at the bud
neck has also been shown to impose a diffusion barrier on other
organelles from the cortex, namely the ER. Septins interact with
membrane-associated ER proteins that may locally enrich sph-
ingolipids, allowing for selective inheritance of ER proteins (Fig.
2D) (8, 10, 74). Septins have also been localized to plasma mem-
brane-ER junctions in HeLa cells. At these sites, septins orga-
nize PI(4,5)P, microdomains and are involved in store-oper-
ated Ca®" entry (75). In addition, septins have been proposed to
act as a diffusion barrier for cytokinetic machinery during cyto-
kinesis, although an intact diffusion barrier is not required for
successful cell division (76, 77). A diffusion barrier function has
been evoked in mammalian systems as well at the base of cilia
and dendritic spines and in the diffusion of the Glutamate
Aspartate Transporter (GLAST) (20, 45, 78). Despite numerous
studies that have suggested septins are important for a diffusion
barrier function in cells, how septins restrict lateral diffusion in
and on membranes is unclear, and analysis in vitro could be
informative. Reconstitution of such behavior will help dissect
whether the diffusion barrier phenotype is a septin intrinsic
property if other proteins are involved. How lipid distribution
and membrane diffusibility are influenced by septins is an
important frontier for the field, and further study will help in
understanding how this property contributes to the many
mechanisms used by cells to generate asymmetry. Next, we will
discuss the dynamics of assembly and states of organization of
septin higher-order structures.

Path to the Plasma Membrane

The process by which septin complexes, the units of poly-
merization, are formed has only recently begun to be addressed.
A breakthrough in septin complex biochemistry came when
Sheffield et al. (79) were able to co-express three mammalian
septin genes on two plasmids in the same E. coli cell. When a
single septin protein is epitope-labeled, all three septins co-pu-
rify in rod-shaped complexes that resemble those immunopre-
cipitated from native cells (79). This expression system has
been adopted for yeast and Drosophila septins and demon-
strates the true “self-assembling” propensity of the septin com-
plex (80, 81). Despite this, recent work has shown that yeast
cells monitor the quality of septin complexes being incorpo-
rated into the higher-order structure at the bud neck. The
McMurray group (82) showed that septin proteins carrying
mutations in the G-interface are not assembled into higher-
order structures in the presence of wild type proteins. Are other
proteins, such as chaperones, involved in monitoring the for-
mation of stable septin complexes? The fact that these muta-
tions are localized to the G-interface may suggest a role for
GTPase function in the assembly of septin complexes, rather
than in the assembly or dynamics of septin filaments. Indeed,
septins have been found to hydrolyze and exchange nucleotide
very slowly in cells and in vitro, and the half-life of septin com-
plexes is correspondingly slow (83-86). Thus, although pro-
gress has been made in understanding the assembly process of
septin complexes, much work remains.

The existence of quality control systems in assembly of septin
complexes raises the possibility that septin protein synthesis
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could be spatially or temporally coordinated. A particularly
interesting recent study in the highly polarized cells of Ustilago
maydis, a fungal plant pathogen, showed that septin CDC3
mRNA is tethered to and likely translated on endosomes being
transported to the growing tip (87). Could organelle mem-
branes such as the endosome be a platform for coordinating the
local synthesis of different septins and for assembly of septin
complexes? Because of the variety of septin genes and isoforms
in higher eukaryotes (expressed in the same tissues), the num-
ber of possible septin complexes, as well as their potential
unique functions within a single cell, is extremely complex.
Understanding the process of septin complex assembly, such as
a localized production in territories of the cytosol or on endo-
somal membranes, may shed light on septin complex diversity
and function.

Once stably assembled, septin complexes are competent for
polymerization into filaments and higher-order structures. In
the cytoplasm, septins are thought to exist primarily as single
complexes as demonstrated by density centrifugation of soluble
proteins in lysates and by fluorescence correlation spectros-
copy in living cells (37, 88). Notably, the cytoplasmic septin
complex concentration in three fungal organisms has been mea-
sured at ~200 nM by fluorescence correlation spectroscopy, a
concentration well above a “critical concentration” for filament
formation with pure protein at low salt concentrations; how-
ever, only non-filamentous complexes were detected in cytosol
(37). Could a “capping protein” or posttranslational modifica-
tion prevent septin polymerization in the cytoplasm, or is the
cytoplasmic ionic strength too high to promote filament forma-
tion? In contrast, analysis of the fungal cell cortex by total inter-
nal reflective fluorescence microscopy has revealed that septins
existas a distribution of short filaments and dense higher-order
structures (37). The assembly and function of higher-order
structures on the cortex are the topics of the following section.

Formation of Higher-order Structures

How are septins recruited and stabilized on the plasma mem-
brane? As briefly described above, the septin-plasma mem-
brane association is thought to occur via an N-terminal polyba-
sic stretch interacting with anionic phospholipids. Mutational
analysis of the polybasic domain has produced variable results
and is complicated by the fact that it is within a region impor-
tant for polymerization and that most septin proteins have the
conserved domain (33, 89). Indeed, avidity through multiple
binding sites and polymerization could complicate the analysis
of a single protein’s polybasic mutations, and multiplicity of
weak binding sites could be a driving factor in stable septin
association with membranes (89). Notably, removal of the poly-
basic region of a single septin in yeast results in inviability,
although the interpretation of such a mutation is complicated
(42). In animal cells, it will be important to discern whether
septin cortical localization is due to direct association with
membrane or via association with other components of the cell
cortex. There is clear room for further structural and kinetic
analysis of how septins associate with membranes and how this
association may be regulated.

The role of specific lipids in promoting the recruitment and
shape of higher-order assemblies has also been challenging to

SASBMB

VOLUME 290-NUMBER 28-JULY 10, 2015



dissect. Experiments assessing phospholipid specificity in vitro
have produced variable results, depending on the septin con-
struct used and the organism of origin. Early experiments per-
formed with individual recombinantly expressed septins from
humans and yeast showed a preference for phosphorylated
phosphatidylinositides (31, 32). More recently, several groups
have shown that heteromeric septin complexes bind to and
form filaments on monolayers and bilayers containing phos-
phatidylinositol, phosphatidylinositol phosphate, and/or
PI(4,5)P,, but only a small number of different membrane com-
positions have been assessed (33, 37). In budding yeast, septins
appear mislocalized when PI 4-kinases are deleted or when PI
3-kinase is overexpressed, although these conditions risk being
highly pleiotropic and phenotypes could be the result of mislo-
calized septin regulators (32, 90). Experiments assessing lipid
binding specificity of pure heteromeric complexes across spe-
cies are needed. It is important to consider and test the possi-
bility that septins bind negatively charged phospholipids in
general beyond phosphatidylinositides and that septin-binding
proteins, many of which also contain lipid-binding motifs,
assist in septin recruitment to the cell cortex. It is also possible
that lipid composition influences the geometry of higher-order
septin organization, as demonstrated by Bertin et al. (33) on
monolayers containing PI(4,5)P,, where less paired, and more
sheet-like arrangements were observed as compared with
assemblies formed in low salt solution. Indeed, further work
should investigate what role local lipid composition has on the
location and morphology of higher-order assemblies.

It has recently been shown in fungi that upon binding to the
plasma membrane, septin complexes diffuse and collide to
form short septin filaments (37). Short filaments can anneal to
make longer filaments, which merge into higher-order struc-
tures. In addition, reconstitution of septin assembly on sup-
ported lipid bilayers showed that relatively long septin fila-
ments form in a matter of seconds from nanomolar septin
complex concentrations by a process that is largely driven by
annealing of short filaments on the bilayer, rather than solely by
the addition of single complexes to filament ends. Both the in
vitro and in vivo data in fungi suggest that the membrane can
promote polymerization by restricting diffusion to two dimen-
sionsand promoting favorable end-on interactions for polymer-
ization. However, it is also worth noting that in higher
eukaryotes, septins are seen to associate with other cytoskeletal
systems in the cytoplasm, and if septins are polymerized in this
context, it is conceivable that other cytoskeletal assemblies
could play a role in septin polymerization.

What determines the cortical locations where higher-order
septin structures form? Local signaling by Cdc42 and other
Rho-GTPases frequently demarcates sites of assembly at the
cell cortex (91). Cdc42 GTP cycling has been shown to be crit-
ical for septin ring formation in yeast and Cdc42-GDP, and its
effector Gicl can directly associate with and regulate the stabil-
ity of septin filaments (40, 92-94). Although Cdc42 has been
shown to promote assembly of the septin higher-order struc-
tures, it is possible that features of the plasma membrane at sites
of assembly such as composition and shape also play a role (93,
95). Recent work has shown that Cdc42 recruitment of septins
to an incipient bud site in yeast is followed by an exocytosis-
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FIGURE 3. Septin localization at sites of membrane curvature and higher-
order structure organization. A, septins localize to curved membranes in
diverse contexts. Septins localize to the cytokinetic furrow (green, SEPT2; red,
myosin llA), the base of axon branches (green, SEPT7; red, F-actin), and at the
base of branches in filamentous fungi (green, SEPT7; red, F-actin). B, septins
display properties that indicate their localization may be driven by mem-
brane shape. Septins tubulate giant unilamellar vesicles in vitro, and the
human and yeast septin complexes have been shown to hinge and curve,
respectively, along their length. HSC, human septin complex; YSC, yeast sep-
tin complex. C, structural organization of septin filaments in the yeast bud
neck. Prior to ring-splitting, septins localize along the mother-bud axis. After
cell division, septin filaments reorganize to run circumferentially. Panel A is
reproduced (from left to right) from Ref. 6, © 2007 Elsevier, Ref. 18, © 2012
Elsevier,and Ref. 48, ©2009 by The American Society for Cell Biology. All rights
reserved. Panel B is reproduced (from left to right) from Ref. 89, © 2009
Elsevier, Ref. 28, © 2007 Macmillan Publishers Ltd., and Ref. 35, © 2008
National Academy of Sciences. All rights reserved. Panel Cis reproduced from
Ref. 41,2014 Macmillan Publishers Ltd., All rights reserved.

driven sculpting of a septin ring or hourglass. Could it be that a
change in membrane properties, the result of exocytosis, helps
establish a stable septin higher-order structure (95)? Many sites
of higher-order septin assemblies, including the cytokinetic
furrow, the yeast bud neck, the base of filamentous fungal
branches and cilia, and the dendritic spines, have some degree
of membrane curvature (Fig. 34). Do septins recognize and/or
influence plasma membrane shape? Evidence for inducing
shape change comes from experiments using septins from brain
tissue and recombinant co-expression, which demonstrated
their propensity to tubulate giant unilamellar vesicles, although
more experiments are necessary to determine whether this
property is relevant in vivo (Fig. 3B) (89). If, in fact, septins do
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prefer and/or promote curvature, how might this work? Single
particle EM studies of the human septin complex have shown
that it is able to hinge in the middle up to 30° (28). Interestingly,
the yeast septin complex was not observed to hinge, but rather,
a high frequency of complexes was determined to possess cur-
vature along their length (Fig. 3B) (30). What role might a
curved membrane play on the septin assembly process? Are
plasma membrane curvature and lipid composition separable
factors? Are septins simply responding to curvature, or can they
also induce curvature in cells? Beyond looking at localized
small GTPase activity, it is critical to understand how mem-
brane shape and composition function to organize and sta-
bilize higher-order assemblies.

Once recruited to the membrane, filaments come together
into a variety of higher-order structures. The organization of
septin filaments within functional higher-order structures has
been extensively studied, particularly in S. cerevisiae, starting in
1976 with Byers and Goetsch’s detection of prominent fila-
ments at the mother-bud neck (96). As demonstrated by fluo-
rescence polarization microscopy, electron tomography, and
platinum replica EM of unroofed spheroplasts, septin filaments
possess a high degree of organization in higher-order structures
(38, 39, 41, 97, 98). Indeed, in the septin hourglass, pairs of
septin filaments were found to run parallel to the mother-bud
axis (Fig. 3C) (41). Immediately prior to cell division, the septin
hourglass splits into two rings, and this process has been char-
acterized as involving a major reorientation of septin filaments
to a circumferential organization (41, 97). The reorganization
at the hourglass to split ring transition is coincident with a
substantial loss of septin filaments as well as the rearrangement
and assembly of new filaments (Fig. 3C). How are transitions
between different septin organizations, such as single strands,
pairs, bundles, and gauzes, controlled in living cells? (33, 36).
Are septin filaments capable of self-assembling into complex
organizations, or do other proteins control their organization
(40)? In meshes, which population of filaments contacts the
membrane, and how does this relationship influence large rear-
rangements seen at cytokinesis? As the in situ higher-order
assemblies become clearer, future work will need to address
how regulatory proteins execute changes in dynamics and orga-
nization in sync with the cell cycle. Additionally, ultrastructure
studies of assemblies in the context of animal cells will be
critical.

Although substantial progress has been made in understand-
ing the assembly of septin higher-order structures, the process
by which septins disassemble remains elusive. What role does
changing membrane shape and lipid composition during cyto-
kinesis play in their disassembly? Although other proteins
involved in the process of S. cerevisiae septin ring splitting have
been identified, their mechanism of action remains unclear.
Numerous septins and septin regulators are phosphorylated at
some time in the cell cycle, and it is possible that opposing
dephosphorylation could trigger rearrangement or septin dis-
assembly (99). In addition, septins on supported lipid bilayers
have been shown to fragment (37). Might this property be cen-
tral to dynamic rearrangements?
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Concluding Comments

In conclusion, the septin cytoskeleton is an important and
remarkably exciting player in organizing the complex eukary-
otic cell cortex. Recent studies have revealed that the septins are
more dynamic than previously appreciated, they are intricately
associated with other cytoskeletal systems, and they have an
emerging role in responding to changes in plasma membrane
shape. Despite these advances, many fundamental questions
pertaining to their interplay with the plasma membrane and
cell cortex remain to be addressed. Recent advances in imaging,
the development of in vitro reconstitution techniques, and ever
increasing interest in the field have put the septins in a place
where these fundamental questions are capable of being
addressed in the near future.

Acknowledgments—We thank the laboratory staff for thoughtful dis-
cussion and critical reading of this review.

References

1. Gilden, J., and Krummel, M. F. (2010) Control of cortical rigidity by the
cytoskeleton: emerging roles for septins. Cytoskeleton 67, 477—486
2. Mostowy, S., and Cossart, P. (2012) Septins: the fourth component of the
cytoskeleton. Nat. Rev. Mol. Cell Biol. 13, 183-194
3. Spiliotis, E. T., and Gladfelter, A. S. (2012) Spatial guidance of cell asym-
metry: septin GTPases show the way. Traffic 13, 195-203
4. Hall, P. A, and Russell, S. E. (2012) Mammalian septins: dynamic hetero-
mers with roles in cellular morphogenesis and compartmentalization.
J. Pathol. 226, 287-299
5. Gladfelter, A. S., Pringle, J. R., and Lew, D.J. (2001) The septin cortex at the
yeast mother-bud neck. Curr. Opin. Microbiol. 4, 681—689
6. Joo, E., Surka, M. C., and Trimble, W. S. (2007) Mammalian SEPT?2 is
required for scaffolding nonmuscle myosin II and its kinases. Dev. Cel/ 13,
677-690
7. Feng, Z., Okada, S., Cai, G., Zhou, B., and Bi, E. (2015) MyosinlI heavy
chain and formin mediate the targeting of myosin essential light chain to
the division site before and during cytokinesis. Mol. Biol. Cell 26,
1211-1224
8. Clay, L., Caudron, F., Denoth-Lippuner, A., Boettcher, B., Buvelot Frei, S.,
Snapp, E. L., and Barral, Y. (2014) A sphingolipid-dependent diffusion
barrier confines ER stress to the yeast mother cell. eLife 3, e01883
9. Caudron, F.,, and Barral, Y. (2009) Septins and the lateral compartmental-
ization of eukaryotic membranes. Dev. Cell 16, 493-506
10. Chao, J. T., Wong, A. K., Tavassoli, S., Young, B. P., Chruscicki, A., Fang,
N. N, Howe, L. J., Mayor, T., Foster, L. ]., and Loewen, C.J. (2014) Polar-
ization of the endoplasmic reticulum by ER-septin tethering. Cel/ 158,
620-632
11. Spiliotis, E. T. (2010) Regulation of microtubule organization and func-
tions by septin GTPases. Cytoskeleton 67, 339 —345
12. Hartwell, L. H. (1971) Genetic control of the cell division cycle in yeast. IV.
Genes controlling bud emergence and cytokinesis. Exp. Cell Res. 69,
265-276
13. Dolat, L., Hu, Q., and Spiliotis, E. T. (2014) Septin functions in organ
system physiology and pathology. Biol. Chem. 395, 123-141
14. Mostowy, S., Bi, E., Fiichtbauer, E. M., Goryachev, A. B., Montagna, C.,
Nagata, K., Trimble, W. S., Werner, H. B., Yao, X., Zieger, B., and Spiliotis,
E. T. (2014) Highlight: the 5th International Workshop on Septin Biology.
Biol. Chem. 395,119-121
15. Dolat, L., Hunyara, J. L., Bowen, J. R,, Karasmanis, E. P., Elgawly, M.,
Galkin, V. E., and Spiliotis, E. T. (2014) Septins promote stress fiber-me-
diated maturation of focal adhesions and renal epithelial motility. /. Cell
Biol. 207, 225-235
16. Ladabaum, U,, Allen, J., Wandell, M., and Ramsey, S. (2013) Colorectal
cancer screening with blood-based biomarkers: cost-effectiveness of

SASBMB

VOLUME 290-NUMBER 28-JULY 10, 2015



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

JULY 10, 2015« VOLUME 290-NUMBER 28

methylated septin 9 DNA versus current strategies. Cancer Epidemiol.
Biomarkers Prev. 22, 1567-1576

Potter, N. T., Hurban, P., White, M. N., Whitlock, K. D., Lofton-Day, C.E,,
Tetzner, R., Koenig, T., Quigley, N. B., and Weiss, G. (2014) Validation of
a real-time PCR-based qualitative assay for the detection of methylated
SEPT9 DNA in human plasma. Clin. Chem. 60, 1183-1191

Hu, J., Bai, X., Bowen, J. R,, Dolat, L., Korobova, F., Yu, W., Baas, P. W,
Svitkina, T., Gallo, G., and Spiliotis, E. T. (2012) Septin-driven coordina-
tion of actin and microtubule remodeling regulates the collateral
branching of axons. Curr. Biol. 22,1109-1115

Tada, T., Simonetta, A., Batterton, M., Kinoshita, M., Edbauer, D., and
Sheng, M. (2007) Role of Septin cytoskeleton in spine morphogenesis and
dendrite development in neurons. Curr. Biol. 17, 17521758

Xie, Y., Vessey, J. P., Konecna, A., Dahm, R., Macchi, P., and Kiebler, M. A.
(2007) The GTP-binding protein Septin 7 is critical for dendrite branching
and dendritic-spine morphology. Curr. Biol. 17, 1746 1751

Bridges, A. A., and Gladfelter, A. S. (2014) Fungal pathogens are platforms
for discovering novel and conserved septin properties. Curr. Opin. Micro-
biol. 20, 42—48

Ryder, L. S., Dagdas, Y. F., Mentlak, T. A., Kershaw, M. J., Thornton, C. R,
Schuster, M., Chen, J., Wang, Z., and Talbot, N.]J. (2013) NADPH oxidases
regulate septin-mediated cytoskeletal remodeling during plant infection
by the rice blast fungus. Proc. Natl. Acad. Sci. U.S.A. 110, 3179 —-3184
Dagdas, Y. F., Yoshino, K., Dagdas, G., Ryder, L. S., Bielska, E., Steinberg,
G., and Talbot, N.J. (2012) Septin-mediated plant cell invasion by the rice
blast fungus, Magnaporthe oryzae. Science 336, 1590 -1595

Li, L., Zhang, C., and Konopka, J. B. (2012) A Candida albicans tempera-
ture-sensitive cdc12-6 mutant identifies roles for septins in selection of
sites of germ tube formation and hyphal morphogenesis. Eukaryot. Cell
11,1210-1218

Nishihama, R., Onishi, M., and Pringle, J. R. (2011) New insights into the
phylogenetic distribution and evolutionary origins of the septins. Biol.
Chem. 392, 681—687

Yamazaki, T., Owari, S., Ota, S., Sumiya, N., Yamamoto, M., Watanabe, K.,
Nagumo, T., Miyamura, S., and Kawano, S. (2013) Localization and evo-
lution of septins in algae. Plant J. 74, 605— 614

Cao, L., Yu, W., Wu, Y., and Yu, L. (2009) The evolution, complex struc-
tures and function of septin proteins. Cell. Mol. Life Sci. 66, 3309 —3323
Sirajuddin, M., Farkasovsky, M., Hauer, F., Kithlmann, D., Macara, L. G,,
Weyand, M., Stark, H., and Wittinghofer, A. (2007) Structural insight into
filament formation by mammalian septins. Nature 449, 311-315

John, C. M., Hite, R. K., Weirich, C. S., Fitzgerald, D. J., Jawhari, H., Faty,
M., Schlapfer, D., Kroschewski, R., Winkler, F. K., Walz, T., Barral, Y., and
Steinmetz, M. O. (2007) The Caenorhabditis elegans septin complex is
nonpolar. EMBO J. 26, 3296 —3307

Bertin, A., and Nogales, E. (2012) Septin filament organization in Saccha-
romyces cerevisiae. Commun. Integr. Biol. 5, 503—505

Zhang, J., Kong, C., Xie, H., McPherson, P. S., Grinstein, S., and Trimble,
W. S. (1999) Phosphatidylinositol polyphosphate binding to the mamma-
lian septin H5 is modulated by GTP. Curr. Biol. 9, 1458 —1467
Casamayor, A., and Snyder, M. (2003) Molecular dissection of a yeast
septin: distinct domains are required for septin interaction, localization,
and function. Mol. Cell. Biol. 23, 2762—2777

Bertin, A., McMurray, M. A., Thai, L., Garcia, G., 3rd, Votin, V., Grob, P.,
Allyn, T., Thorner, J., and Nogales, E. (2010) Phosphatidylinositol-4,5-
bisphosphate promotes budding yeast septin filament assembly and orga-
nization. J. Mol. Biol. 404, 711-731

Meseroll, R. A., Occhipinti, P., and Gladfelter, A. S. (2013) Septin phos-
phorylation and coiled-coil domains function in cell and septin ring mor-
phology in the filamentous fungus Ashbya gossypii. Eukaryot. Cell 12,
182-193

Bertin, A., McMurray, M. A., Grob, P., Park, S. S., Garcia, G., 3rd, Patan-
wala, [, Ng, H. L., Alber, T., Thorner, J., and Nogales, E. (2008) Saccharo-
myces cerevisiae septins: supramolecular organization of heterooligomers
and the mechanism of filament assembly. Proc. Natl. Acad. Sci. U.S.A. 105,
8274—8279

Frazier, ]. A, Wong, M. L., Longtine, M. S., Pringle, J. R,, Mann, M,
Mitchison, T. ., and Field, C. (1998) Polymerization of purified yeast sep-

SASBMB

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

MINIREVIEW: Septin Form and Function at the Cell Cortex

tins: evidence that organized filament arrays may not be required for sep-
tin function. J. Cell Biol. 143, 737-749

Bridges, A. A., Zhang, H., Mehta, S. B., Occhipinti, P., Tani, T., and Glad-
felter, A. S. (2014) Septin assemblies form by diffusion-driven annealing
on membranes. Proc. Natl. Acad. Sci. U.S.A. 111, 2146 -2151

Bertin, A., McMurray, M. A,, Pierson, J., Thai, L., McDonald, K. L., Zehr,
E. A, Garcia, G., 3rd, Peters, P., Thorner, J., and Nogales, E. (2012) Three-
dimensional ultrastructure of the septin filament network in Saccharomy-
ces cerevisiae. Mol. Biol. Cell 23, 423—432

Rodal, A. A., Kozubowski, L., Goode, B. L., Drubin, D. G., and Hartwig,
J. H. (2005) Actin and septin ultrastructures at the budding yeast cell
cortex. Mol. Biol. Cell 16, 372—384

Sadian, Y., Gatsogiannis, C., Patasi, C., Hofnagel, O., Goody, R. S., Farka-
sovsky, M., and Raunser, S. (2013) The role of Cdc42 and Gicl in the
regulation of septin filament formation and dissociation. eLife 2, e01085
Ong, K., Wloka, C., Okada, S., Svitkina, T., and Bi, E. (2014) Architecture
and dynamic remodelling of the septin cytoskeleton during the cell cycle.
Nat. Commun. 5, 5698

McMurray, M. A,, Bertin, A., Garcia, G., 3rd, Lam, L., Nogales, E., and
Thorner, J. (2011) Septin filament formation is essential in budding yeast.
Dev. Cell 20, 540 -549

Huang, Y. W., Yan, M., Collins, R. F., Diciccio, J. E., Grinstein, S., and
Trimble, W. S. (2008) Mammalian septins are required for phagosome
formation. Mol. Biol. Cell 19, 1717-1726

Ghossoub, R., Hu, Q,, Failler, M., Rouyez, M. C., Spitzbarth, B., Mostowy,
S., Wolfrum, U,, Saunier, S., Cossart, P., Jamesnelson, W., and Benmerah,
A.(2013) Septins 2,7 and 9 and MAP4 colocalize along the axoneme in the
primary cilium and control ciliary length. /. Cell Sci. 126, 2583-2594

Hu, Q., Milenkovic, L., Jin, H., Scott, M. P., Nachury, M. V., Spiliotis, E. T.,
and Nelson, W. J. (2010) A septin diffusion barrier at the base of the
primary cilium maintains ciliary membrane protein distribution. Science
329, 436 -439

Cho, S.J., Lee, H., Dutta, S., Song, J., Walikonis, R., and Moon, L. S. (2011)
Septin 6 regulates the cytoarchitecture of neurons through localization at
dendritic branch points and bases of protrusions. Mol. Cells 32, 89 —98
Gladfelter, A. S. (2010) Guides to the final frontier of the cytoskeleton:
septins in filamentous fungi. Curr. Opin. Microbiol. 13, 720726
DeMay, B. S., Meseroll, R. A., Occhipinti, P., and Gladfelter, A. S. (2009)
Regulation of distinct septin rings in a single cell by ElIm1p and Gindp
kinases. Mol. Biol. Cell 20, 2311-2326

Kinoshita, M. (2006) Diversity of septin scaffolds. Curr. Opin. Cell Biol. 18,
54— 60

McMurray, M. A, and Thorner, J. (2009) Septins: molecular partitioning
and the generation of cellular asymmetry. Cell Div. 4, 18

Kozubowski, L., Larson, J. R., and Tatchell, K. (2005) Role of the septin ring
in the asymmetric localization of proteins at the mother-bud neck in Sac-
charomyces cerevisiae. Mol. Biol. Cell 16, 3455—3466

King, K., Kang, H., Jin, M., and Lew, D.]. (2013) Feedback control of Swelp
degradation in the yeast morphogenesis checkpoint. Mol. Biol. Cell 24,
914-922

Renshaw, M. J., Liu, J., Lavoie, B. D., and Wilde, A. (2014) Anillin-depen-
dent organization of septin filaments promotes intercellular bridge elon-
gation and Chmp4B targeting to the abscission site. Open Biol. 4, 130190
Lewellyn, L., Carvalho, A., Desai, A., Maddox, A. S., and Oegema, K. (2011)
The chromosomal passenger complex and centralspindlin independently
contribute to contractile ring assembly. /. Cell Biol. 193, 155-169
Maddox, A. S., Lewellyn, L., Desai, A., and Oegema, K. (2007) Anillin and
the septins promote asymmetric ingression of the cytokinetic furrow. Dev.
Cell 12, 827-835

Kim, M. S,, Froese, C. D., Estey, M. P., and Trimble, W. S. (2011) SEPT9
occupies the terminal positions in septin octamers and mediates polymer-
ization-dependent functions in abscission. J. Cell Biol. 195, 815—826
Estey, M. P., Di Ciano-Oliveira, C., Froese, C. D., Bejide, M. T., and
Trimble, W. S. (2010) Distinct roles of septins in cytokinesis: SEPT9 me-
diates midbody abscission. /. Cell Biol. 191, 741-749

Kechad, A., Jananji, S., Ruella, Y., and Hickson, G. R. (2012) Anillin acts as
a bifunctional linker coordinating midbody ring biogenesis during cytoki-
nesis. Curr. Biol. 22, 197-203

JOURNAL OF BIOLOGICAL CHEMISTRY 17179



MINIREVIEW: Septin Form and Function at the Cell Cortex

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

El Amine, N., Kechad, A., Jananji, S., and Hickson, G. R. (2013) Opposing
actions of septins and Sticky on Anillin promote the transition from con-
tractile to midbody ring. J. Cell Biol. 203, 487-504

Tooley, A. J., Gilden, J., Jacobelli, J., Beemiller, P., Trimble, W. S., Ki-
noshita, M., and Krummel, M. F. (2009) Amoeboid T lymphocytes require
the septin cytoskeleton for cortical integrity and persistent motility. Nat.
Cell Biol. 11, 17-26

Mavrakis, M., Azou-Gros, Y., Tsai, F. C., Alvarado, J., Bertin, A., Iv, F,,
Kress, A., Brasselet, S., Koenderink, G. H., and Lecuit, T. (2014) Septins
promote F-actin ring formation by crosslinking actin filaments into
curved bundles. Nat. Cell Biol. 16, 322—334

Mostowy, S., Janel, S., Forestier, C., Roduit, C., Kasas, S., Pizarro-Cerd4, J.,
Cossart, P., and Lafont, F. (2011) A role for septins in the interaction
between the Listeria monocytogenes invasion protein InlB and the Met
receptor. Biophys. J. 100, 1949 -1959

Gilden, J. K, Peck, S., Chen, Y. C., and Krummel, M. F. (2012) The septin
cytoskeleton facilitates membrane retraction during motility and bleb-
bing. J. Cell Biol. 196, 103-114

Merlini, L., and Piatti, S. (2011) The mother-bud neck as a signaling plat-
form for the coordination between spindle position and cytokinesis in
budding yeast. Biol. Chem. 392, 805— 812

Sellin, M. E., Holmfeldt, P., Stenmark, S., and Gullberg, M. (2011) Micro-
tubules support a disk-like septin arrangement at the plasma membrane of
mammalian cells. Mol. Biol. Cell 22, 4588 — 4601

Bai, X., Bowen, J. R., Knox, T. K., Zhou, K., Pendziwiat, M., Kuhlenbiaumer,
G., Sindelar, C. V., and Spiliotis, E. T. (2013) Novel septin 9 repeat motifs
altered in neuralgic amyotrophy bind and bundle microtubules. J. Cell
Biol. 203, 895-905

Bowen, J. R,, Hwang, D., Bai, X., Roy, D., and Spiliotis, E. T. (2011) Septin
GTPases spatially guide microtubule organization and plus end dynamics
in polarizing epithelia. J. Cell Biol. 194, 187-197

Kremer, B. E., Haystead, T., and Macara, I. G. (2005) Mammalian septins
regulate microtubule stability through interaction with the microtubule-
binding protein MAP4. Mol. Biol. Cell 16, 4648 — 4659

Ageta-Ishihara, N., Miyata, T., Ohshima, C., Watanabe, M., Sato, Y.,
Hamamura, Y., Higashiyama, T., Mazitschek, R., Bito, H., and Kinoshita,
M. (2013) Septins promote dendrite and axon development by negatively
regulating microtubule stability via HDAC6-mediated deacetylation. Nat.
Commun. 4, 2532

Trimble, W. S., and Grinstein, S. (2015) Barriers to the free diffusion of
proteins and lipids in the plasma membrane. J. Cell Biol. 208, 259 -271
Roelants, F. M., Su, B. M., von Wulffen, ., Ramachandran, S., Sartorel, E.,
Trott, A. E., and Thorner, J. (2015) Protein kinase Gin4 negatively regu-
lates flippase function and controls plasma membrane asymmetry. J. Cell
Biol. 208, 299 -311

Takizawa, P. A., DeRisi, J. L., Wilhelm, J. E., and Vale, R. D. (2000) Plasma
membrane compartmentalization in yeast by messenger RNA transport
and a septin diffusion barrier. Science 290, 341344

Barral, Y., Mermall, V., Mooseker, M. S., and Snyder, M. (2000) Compart-
mentalization of the cell cortex by septins is required for maintenance of
cell polarity in yeast. Mol. Cell 5, 841-851

Luedeke, C., Frei, S. B., Sbalzarini, I., Schwarz, H., Spang, A., and Barral, Y.
(2005) Septin-dependent compartmentalization of the endoplasmic retic-
ulum during yeast polarized growth. /. Cell Biol. 169, 897—-908

Sharma, S., Quintana, A., Findlay, G. M., Mettlen, M., Baust, B., Jain, M.,
Nilsson, R., Rao, A., and Hogan, P. G. (2013) An siRNA screen for NFAT
activation identifies septins as coordinators of store-operated Ca>* entry.
Nature 499, 238 —242

Dobbelaere, J., and Barral, Y. (2004) Spatial coordination of cytokinetic
events by compartmentalization of the cell cortex. Science 305, 393—-396
Wloka, C., Nishihama, R., Onishi, M., Oh, Y., Hanna, J., Pringle, J. R,
Krauss, M., and Bi, E. (2011) Evidence that a septin diffusion barrier is
dispensable for cytokinesis in budding yeast. Biol. Chem. 392, 813—829
Hagiwara, A., Tanaka, Y., Hikawa, R., Morone, N., Kusumi, A., Kimura, H.,
and Kinoshita, M. (2011) Submembranous septins as relatively stable
components of actin-based membrane skeleton. Cytoskeleton 68,

17180 JOURNAL OF BIOLOGICAL CHEMISTRY

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

512-525

Sheffield, P.J., Oliver, C.]., Kremer, B. E., Sheng, S., Shao, Z., and Macara,
L. G. (2003) Borg/septin interactions and the assembly of mammalian sep-
tin heterodimers, trimers, and filaments. J. Biol. Chem. 278, 3483—-3488
Farkasovsky, M., Herter, P., Voss, B., and Wittinghofer, A. (2005) Nucle-
otide binding and filament assembly of recombinant yeast septin com-
plexes. Biol. Chem. 386, 643—656

Huijbregts, R. P., Svitin, A., Stinnett, M. W., Renfrow, M. B., and Ches-
nokov, L. (2009) Drosophila Orc6 facilitates GTPase activity and filament
formation of the septin complex. Mol. Biol. Cell 20, 270-281

Weems, A. D., Johnson, C. R., Argueso, J. L., and McMurray, M. A. (2014)
Higher-order septin assembly is driven by GTP-promoted conforma-
tional changes: evidence from unbiased mutational analysis in Saccharo-
myces cerevisiae. Genetics 196, 711-27

Mitchison, T.J., and Field, C. M. (2002) Cytoskeleton: what does GTP do
for septins? Curr. Biol. 12, R788 =790

Vrabioiu, A. M., Gerber, S. A., Gygi, S. P., Field, C. M., and Mitchison, T. .
(2004) The majority of the Saccharomyces cerevisiae septin complexes do
not exchange guanine nucleotides. J. Biol. Chem. 279, 3111-3118
McMurray, M. A., and Thorner, J. (2008) Septin stability and recycling
during dynamic structural transitions in cell division and development.
Curr. Biol. 18, 1203-1208

Versele, M., and 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

Baumann, S., Konig, J., Koepke, J., and Feldbriigge, M. (2014) Endosomal
transport of septin mRNA and protein indicates local translation on en-
dosomes and is required for correct septin filamentation. EMBO Rep. 15,
94-102

Sellin, M. E., Sandblad, L., Stenmark, S., and Gullberg, M. (2011) Decipher-
ing the rules governing assembly order of mammalian septin complexes.
Mol. Biol. Cell 22, 3152-3164

Tanaka-Takiguchi, Y., Kinoshita, M., and Takiguchi, K. (2009) Septin-
mediated uniform bracing of phospholipid membranes. Curr. Biol. 19,
140-145

Rodriguez-Escudero, I, Roelants, F. M., Thorner, J., Nombela, C., Molina,
M., and Cid, V. J. (2005) Reconstitution of the mammalian PI3K/PTEN/
Akt pathway in yeast. Biochem. J. 390, 613—623

Pringle, J. R, Bi, E., Harkins, H. A., Zahner, J. E., De Virgilio, C., Chant, J.,
Corrado, K., and Fares, H. (1995) Establishment of cell polarity in yeast.
Cold Spring Harbor Symp. Quant. Biol. 60, 729 —744

Caviston, J. P., Longtine, M., Pringle, J. R., and Bi, E. (2003) The role of
Cdc42p GTPase-activating proteins in assembly of the septin ring in yeast.
Mol. Biol. Cell 14, 4051-4066

Gladfelter, A. S., Bose, 1., Zyla, T. R,, Bardes, E. S., and Lew, D. J. (2002)
Septin ring assembly involves cycles of GTP loading and hydrolysis by
Cdc42p. J. Cell Biol. 156, 315-326

Iwase, M., Luo, J., Nagaraj, S., Longtine, M., Kim, H. B., Haarer, B. K,,
Caruso, C., Tong, Z., Pringle, J. R., and Bi, E. (2006) Role of a Cdc42p
effector pathway in recruitment of the yeast septins to the presumptive
bud site. Mol. Biol. Cell 17,1110-1125

Okada, S., Leda, M., Hanna, ., Savage, N. S., Bi, E., and Goryachev, A. B.
(2013) Daughter cell identity emerges from the interplay of Cdc42, sep-
tins, and exocytosis. Dev. Cell 26, 148 161

Byers, B., and Goetsch, L. (1976) A highly ordered ring of membrane-
associated filaments in budding yeast. /. Cell Biol. 69, 717-721

DeMay, B. S., Bai, X., Howard, L., Occhipinti, P., Meseroll, R. A., Spiliotis,
E. T, Oldenbourg, R., and Gladfelter, A. S. (2011) Septin filaments exhibit
a dynamic, paired organization that is conserved from yeast to mammals.
J. Cell Biol. 193, 1065-1081

Vrabioiu, A. M., and Mitchison, T.J. (2006) Structural insights into yeast
septin organization from polarized fluorescence microscopy. Nature 443,
466 —469

Hernéndez-Rodriguez, Y., and Momany, M. (2012) Posttranslational
modifications and assembly of septin heteropolymers and higher-order
structures. Curr. Opin. Microbiol. 15, 660 — 668

SASBMB

VOLUME 290-NUMBER 28-JULY 10, 2015



