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Abstract
Septins are a family of conserved proteins that form hetero-oligomeric complexes that assemble into
filaments. The filaments can be organized into linear arrays, coils, rings and gauzes. They serve as
membrane-associated scaffolds and as barriers to demarcate local compartments, especially for the
establishment of the septation site for cytokinesis. Studies in budding and fission yeast have revealed
many of the protein–protein interactions that govern the formation of multi-septin complexes. GTP
binding and phosphorylation direct the polymerization of filaments that is required for septin-collar
assembly in budding yeast, whereas a homolog of anillin instructs timely formation of the ring of
septin filaments at the medial cortex in fission yeast. These insights should aid understanding of the
organization and function of the diverse septin structures in animal cells.

Introduction
Genes that encode septins were identified first more than 30 years ago in budding yeast
(Saccharomyces cerevisiae) as temperature-sensitive mutations that prevent cytokinesis at a
restrictive temperature, resulting in formation of chains of multinucleated and multibudded
cells in which the buds are elongated [1]. S. cerevisiae cells express seven septins, five of which
are involved in mitosis (described below). Homologous genes have been identified and
characterized in many other eukaryotic species [2,3]. The genome of Drosophila
melanogaster encodes five septins, Caenorhabditis elegans two and Homo sapiens thirteen
(Table 1) [4] (for a comprehensive phylogeny, see [5]). In mammals, differential splicing and
alternative translation-initiation sites generate an even greater variety of septin isoforms in
specific cell types [5,6]. Interestingly, the genomes of aquatic green algae (Chlamydomonas
reinhardtii) and marine phytoplankton (Nannochloris spp.) encode bona fide septin orthologs,
but higher plants do not. Likewise, the genomes of protozoa, other eukaryotic protists
(Giardia) and the cellular slime mold (Dictyostelium discoideum) seem to lack septins.
Similarly, the genome of the planctomycete, Gemmata obscuriglobus (a budding microbe that
harbors a membrane-bounded nucleoid, but is classified with the bacterial phyla based on the
majority of its recognizable genes) lacks identifiable septins.

Septins are GTP-binding proteins that possess a characteristic primary structure (Figure 1a).
Septin monomers assemble into hetero-oligomeric (multi-septin) complexes (models based on
the available evidence are shown in Figure 1b). The complexes polymerize into filaments in
vitro (Figure 2a) [7–10] and in vivo (Figure 2b) [11–13]. A model of filaments in S.
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cerevisiae is shown in Figure 2c. To date, no crystal structure has been reported for an
individual septin, septin complex or septin filament. However, significant advances in
analyzing the composition and organization of mitotic septin complexes in yeast indicate that
general rules govern the assembly of septin complexes. In addition, new insights have been
obtained in yeast about the mechanisms that control septin-filament formation spatially and
temporally. These mechanisms are also likely to be conserved.

Septin functions
In budding yeast, septins (Cdc3, Cdc10, Cdc11, Cdc12 and Shs1/Sep7) form complexes that
assemble into a tubular ‘collar’ of highly ordered filaments at the cortex of the mother-bud
neck throughout the cell cycle, except for disassembly and reassembly during G1 (Figure 3).
In mitotic cells, these septins are implicated in bud-site selection, the establishment and
maintenance of polarized bud growth, the switch from polarized to isotropic bud growth, and
spindle positioning [14–16]. In meiotic cells, two sporulation-specific septins (Spr3 and Spr28)
replace Cdc12 and Shs1, respectively, and form an alternative complex with Cdc3, Cdc10 and
Cdc11 that localizes to the prospore envelope as it forms [17,18]. In fission yeast, septins Spn1,
Spn2, Spn3 and Spn4, which are homologous to Cdc3, Cdc10, Cdc11 and Cdc12, respectively
(Table 1), colocalize at the medial cortex (See Glossary) as a double-ring structure at the onset
of cytokinesis. However, unlike budding yeast mitotic septins, the mitotic septins in fission
yeast are neither essential for cell viability nor are they required to define the location of the
cell-cleavage plane because absence of all four septins only delays cytokinesis and results in
a chain-of-cells phenotype [19,20]. These observations indicate that septins might contribute
to the process of cell division through a more general role in either directing or enhancing the
efficiency and specificity of membrane remodeling [21]. In agreement with a role in membrane
synthesis, septins in animal cells associate with components of the secretory apparatus, such
as the exocyst complex and a SNARE protein (syntaxin) [22,23]. Moreover, although in many
higher cell types septins localize to the site of cytokinesis [2,3] and the metaphase plate [24],
a subset of septins is expressed highly in post-mitotic tissues such as brain [25], which indicates
that the contribution of septins to cell function is not confined to either cytokinesis or
chromosome dynamics.

At the molecular level, two roles for septins have been defined in yeast. First, the filaments
formed by septin complexes serve as a scaffold that recruits other proteins and, perhaps,
activates them [26]. In S. cerevisiae, the localization of at least 21 proteins at the bud neck
requires proper assembly of septin filaments. These proteins include many protein kinases (e.g.
Cdc5, Cdc15, Dbf2, Elm1, Gin4, Hsl1, Kcc4 and Ssk2), other enzymes (e.g. chitin synthases)
and components of the bud-site-selection machinery (for an exhaustive catalog, see [14,27]).
In many instances, the binding is direct [28]. A well-characterized example of this scaffold
role occurs in the so-called morphogenesis checkpoint (Box 1). The second function of septin
filaments is to establish discrete cellular compartments. For example, the membrane-associated
septins at the isthmus between a mother cell and its bud form a physical barrier that is necessary
to prevent diffusion of bud-specific proteins into the mother cell [29,30]. During cytokinesis,
the tubular collar of septin filaments is split into two separate ‘rings’ that seem to serve as
gaskets that confine and concentrate between them factors that are involved directly in
cytokinesis, such as the exocyst component Sec3, an adaptor protein Spa2 and an isoform of
chitin synthase Chs2 [31]. This compartmentalization function appears to be conserved in
fission yeast, where a double ring of septin filaments encompasses the contractile apparatus
and provides for efficient dissolution of the primary septum [32,33]. It appears that septins
might have a similar role in mammalian cells because septins are prominent components of
the cleavage furrow and a diffusion barrier within the cleavage furrow has been demonstrated
[34].
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Assembly of hetero-oligomeric multi-septin complexes in budding yeast
The GTP-binding domain of septins is distinct from, but homologous to, that of small Ras-like
GTPases. N-terminal to the GTP-binding domain is a phosphoinositide-binding motif (Figure
1a) [35,36], and plasma membrane phosphatidylinositol (4,5)-bisphosphate is important for
the maintenance of proper septin architecture in vivo [37]. To the C-terminal side, there is a
highly conserved sequence of unknown function that is unique to and a hallmark of septins.
Finally, a region at or near the C-terminus of most, but not all, septins is predicted to form a
coiled coil because of the presence of an extended string of hydrophobic residues in the
characteristic (but occasionally interrupted) 4–3 repeating pattern. Synthetic peptides that
correspond to the predicted coiled-coils alone do not adopt a stable helical structure, either by
themselves orwhenmixed withputative partner coiled-coil peptides from other septins [10]. A
predicted α-helical region that precedes the coiled-coil segment appears to promote and
stabilize coiled-coil formation, because a fragment of the C-terminus of Cdc12 that contains
both the predicted α-helix and the coiled-coil sequence heterodimerizes with the C-terminus
of Cdc3 [10]. Hereafter, we refer to the region that contains the predicted α-helix and the coiled-
coil element as the C-terminal extension (CTE) (Figure 1a).

The contacts that mediate the interactions between the mitotic septins of S. cerevisiae have
been mapped in detail [10]. Cdc3 and Cdc12 associate via their CTEs, and the CTEs are
sufficient for this interaction. Cdc10, which lacks a CTE, binds to the globular ‘head’ domains
of both Cdc3 and Cdc12, and binds more stably to the Cdc3–Cdc12 complex than to either
septin alone. Cdc11 binds strongly to Cdc12 only, and independently of the CTE of either
protein. Thus, Cdc12 serves as the linchpin of the complex because it binds Cdc3, Cdc10 and
Cdc11 simultaneously via three distinct interfaces.

Shs1 (a non-essential septin) binds only to Cdc11, an interaction that is mediated largely by
their CTEs. In addition, each septin (Cdc3, Cdc10, Cdc11 and Cdc12) can self-associate. In
this regard, the apparent molecular weight of recombinant complexes isolated at a moderate
salt concentration (0.25 M) is consistent with two copies of each septin in a 1:1:1:1
stoichiometry [10], whereas the amount of Cdc11 in native complexes that are isolated at higher
salt concentrations (0.5–1.0 M) is substoichiometric [8,38]. Likewise, in high-salt conditions,
the amount of Shs1 recovered in native complexes is substoichiometric [39]. Together, these
data indicate a model for the complex that is illustrated in Figure 1b. The Cdc3–Cdc12
heterotetramer forms the core of the complex: without this pair of septins, no stable complexes
are assembled and no polymerization occurs [10]. Indeed, CDC3 and CDC12 are essential
genes in S. cerevisiae and truncation of the CTEs that mediate their interaction is lethal, which
indicates that formation of this minimal complex is required for septin function in vivo.
Consistent with this view, the only septins in C. elegans are orthologs of Cdc3 and Cdc12
[40,41]. Only ARTS, an atypical septin-like protein in mitochondria [42], is suggested to
function individually.

Hetero-oligomeric, multi-septin complexes in fission yeast
For the most part, there is a one-to-one correspondence between septins in fission and budding
yeast, based on primary sequence similarity (Table 1). Although Spn5, Spn6 and Spn7 from
S. pombe have not been studied in detail, they probably represent sporulation-specific septins
[43]. The structure of the septin complex in mitotic cells in fission yeast has been analyzed in
detail [33], and is similar to that of budding yeast (Figure 1b). Spn1 (Cdc3) binds to Spn4
(Cdc12), and this complex is, in turn, stabilized by Spn2 (Cdc10). Spn3 (Cdc11) binds only to
Spn4 (Cdc12). The amounts of the various subunits present in and the sedimentation coefficient
of the complex are, again, consistent with two copies of each septin in a 1:1:1:1 stoichiometry.
Moreover in agreement with the view that the Spn1 (Cdc3)–Spn4 (Cdc12) heterotetramer forms
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the core of the complex, deletion of either of these subunits causes a much more severe
phenotype (cell-separation defect) than absence of either Spn2 (Cdc10) or Spn3 (Cdc11)
[33].

Hetero-oligomeric, multi-septin complexes in animal cells
Phylogenetic analysis reveals that some mammalian septins (Sept3, Sept9 and Sept12) are the
counterparts of Cdc10 (and Spn2) because they lack a CTE. Sept6, Sept8, Sept10 and Sept11
are mammalian counterparts of Cdc3 (Spn1), based on sequence similarity [5]. However, other
animal septins cannot be classified readily as obvious orthologs of particular classes of septin
in yeast, based on their primary structure alone [6]. However, all mammalian septin complexes
characterized to date contain both Sept6 (or its close paralogs, Sept8, Sept10 and Sept11) and
Sept7; in the fly, the orthologs of Sept6 and Sept7 are Sep2 and Pnut, respectively (Table 1)
[44]. The association of Sept6 and Sept7 requires their CTEs [45]. Based on these
considerations, we propose that the mammalian Sept6–Sept7 and fly Sep2–Pnut complexes
are the counterparts of the yeast Cdc3–Cdc12 and Spn1–Spn4 complexes (Figure 1b). All septin
complexes isolated from mammalian cells also contain either one or two additional septins:
one from the Sept2 group (Sept1, Sept2, Sept4 and Sept5), the ortholog of which in the fly is
Sep1; and/or, one from the Sept3 group (Sept3, Sept9 and Sept12), which, as mentioned
previously, lack a CTE, like yeast Cdc10 (Spn2). Moreover, the apparent stoichiometry and
molecular weight of all septin complexes from animal cells are most consistent with the
presence of two copies of each subunit [7,9,45]. Based on sequence similarities (if clear-cut),
the analogies in composition of the complexes, and the interrelationships discussed above, we
propose that septins can be classified into conserved groups (Table 1) and that similar models
for the corresponding complexes can be deduced (Figure 1b).

The exception that proves the rule?
In the nematode, C. elegans, only two septin genes have been found. Both proteins (Unc-59
and Unc-61) colocalize at the midbody, and each requires the other for proper localization, and
the phenotype of single mutants is identical to that of a double mutant [40,41]. Also, although
there is no direct biochemical evidence for their physical association, Unc-59 and Unc-61
interact in two-hybrid studies [46]. Based on these considerations and sequence similarities, it
seems likely that Unc-59 and Unc-61 function as an obligate complex that is the counterpart
of the yeast Cdc3–Cdc12 complex. These findings also support our conclusion that a Cdc3–
Cdc12-like hetero-oligomer is the non-reducible core that is required in all eukaryotes for septin
function in vivo. However, if Unc-59 and Unc-61 are the only septins in C. elegans and if,
when purified, they form filaments in vitro, they represent an exception to our suggestion,
based on the evidence from other organisms (described below), that three different types of
septin (Cdc3-, Cdc11- and Cdc12-like) are the minimum necessary for the assembly of septin
complexes into functional filaments.

Regulation of septin polymerization
Septins form filaments in all cell types that have been examined. In S. cerevisiae in G1, an
apparent cap, or patch, of septins in which the subunits are highly mobile as judged by
fluorescence recovery after photobleaching (FRAP) experiments [47,48] accumulates in the
juxta-membrane region immediately subtending the incipient bud site. Septins seem to be more
concentrated at the edge of this patch than at its center. As the cell cycle proceeds, concomitant
with the emergence of the bud, the septin-containing structure transforms into a tube-like,
hourglass-shaped collar that persists at the bud neck (Figure 3). At this stage, the subunits are
basically immobile in FRAP studies; and, using electron microscopy (EM), filaments of 10
nm diameter are visualized readily at the neck [8,11,12]. During cytokinesis, this cylinder of
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filaments splits into two separate rings. Similarly, in fission yeast, the band of septin filaments
that assembles at the medial cortex splits into two rings as the septum forms [19,20,32]. In
mammalian cells, actin fibers act as templates for septin filaments, and when actin is perturbed
in vivo, coils and rings of septins result [3,9,49]. In addition, SNARE proteins and microtubules
are reported to contribute to the localization and/or assembly of septin filaments in animal cells
[23,50–52]. Aberrant deposition of filamentous septin structures correlates with age-related
neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease [53,54], but whether
these aggregates are a cause or a consequence of these maladies is not known.

Three conditions must be fulfilled for robust polymerization of septin complexes into filaments
in vitro. First, a minimum complement of septin subunits must be present. With the notable
exception of Xenopus laevis Sept2 [55], single septins and complexes that are composed of
two different septins are not reported to polymerize in vitro. In all other cases examined, the
capacity to polymerize into filaments requires the presence of complexes that contain at least
three types of septin, for example, Cdc3–Cdc12–Cdc11 in budding yeast [10], Spn1–Spn4–
Spn3 and Spn1–Spn4–Spn2 in fission yeast [33], Sept6–Sept7–Sept2 in mammalian cells [9,
45] and Sep2–Pnut–Sep1 in flies [7]. Although the Cdc3–Cdc12–Cdc11-containing complex
polymerizes into filaments in vitro, Cdc10 makes crucial contributions to septin-filament
organization and stability in budding yeast (Box 2) [10], and Cdc10 counterparts in other
organisms presumably serve similar functions.

The other parameters that greatly influence septin polymerization in vitro are ionic strength
and, to a lesser extent, pH. Filament formation increases in low-salt conditions [7–9]. In
budding yeast [10], this effect has been attributed to the salt-sensitive nature of the interaction
between Cdc3 and Cdc11, an interface that is pivotal to polymer formation (Figure 2). The
physiological relevance of this property is unclear.

The last and, perhaps, most controversial, requirement for polymerization of septin complexes
is GTP binding. The signature motifs (G-boxes) of the GTPase superfamily are present in all
septin family members except ARTS, a splice variant of Sept4 that lacks the G4 box [56]. Many
septins bind and hydrolyze GTP [7,28,45,55]. However, the rates of nucleotide exchange and
hydrolysis observed in vitro are slow. This intrinsic property seems unaffected by cellular
factors because the turnover of GTP in septin complexes in vivo, judged by mass spectrometry,
is also very slow, at least in budding yeast [38]. Using radioactively labeled nucleotides (or
fluorescent or photo-activatable analogs), it has been shown that some septin subunits, for
example yeast Cdc10 and Cdc12, and fly Pnut and Sep1, bind GTP whereas others, for example
yeast Cdc3 and Cdc11, and fly Sep2, do not [7,28]. Nonetheless, mutating residues that should
contribute to GTP binding in many septins, based on analogy to other GTPases, alters
formation, appearance, localization and/or function of septin filaments [3,36,57–59]. In
budding yeast, mutations in the P-loop of Cdc10 and Cdc12 that prevent GTP binding in
vitro, permit assembly of hetero-oligomeric septin complexes of normal composition, but
prevent polymerization of these complexes into filaments and confer temperature-sensitive
growth defects in vivo [28]. Preventing GTP binding to both Cdc10 and Cdc12 has a strongly
synergistic effect and confers temperature-sensitive lethality. At the restrictive temperature,
such a double mutant forms the initial septin patch at the incipient bud site, but does not
assemble the filamentous septin collar at the mother-bud neck and, eventually, dies. Thus, it
seems that guanine-nucleotide binding to specific septins is necessary to place the complex in
a conformational state that is competent for polymerization.

The GDP:GTP ratio in septin complexes (~2) seems to be conserved [7,9,38]. Given the number
of different septins in these hetero-oligomers, the effects of nucleotide are potentially even
more complicated than in polymerization of αβ tubulin heterodimers into microtubules [60].
In α-tubulin, GTP is located at a non-exchangeable (N) site, whereas GTP binds to β-tubulin
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at an exchangeable (E) site; only αβ heterodimers in which the E site is occupied by GTP can
polymerize. However, after polymerization, this nucleotide hydrolyzes and becomes non-
exchangeable. Initially, a group who reported that addition of either GTP or GTPγS (but not
GDP) promotes the polymerization of frog recombinant Sept2 suggested that this sort of model
might apply to the assembly of septins into filaments [55]. However, no other published study
shows that a single septin can polymerize; moreover, even when hetero-oligomeric septin
complexes are used, regardless of species, no effect of exogenously added guanine nucleotide
on the rate or extent of polymerization has been seen [28,45]. Because guanine nucleotides are
present in purified complexes, but exogenously added guanine nucleotides have no ostensible
effect on either the rate or the extent of assembly of these complexes into filaments in vitro,
the tightly bound (non-exchangeable) guanine nucleotide that survives purification of the
complex must be sufficient to promote polymerization.

Might GTP hydrolysis control the timing of the assembly (and/or the disassembly) of septin
filaments? Two observations do not support such a regulatory role for formation and
breakdown of the septin filaments at the bud neck in S. cerevisiae, at least. First, using isotopic
labeling of cells and analysis of the nucleotide content of isolated septin hetero-oligomers by
liquid chromatography and tandem mass spectrometry, it appears that the bound guanine
nucleotides show either little or no turnover during one cell-cycle period [38]. Thus, GTP
binding and hydrolysis within septin hetero-oligomers is too slow to account for the rate of
assembly and disassembly of the filaments that is observed in vivo at the collar. However, the
measurements made are an ensemble average and do not exclude the possibility that a subset
of septins (that, perhaps, act as either nucleators or caps) might bind to and hydrolyze GTP
much faster than the mean value determined for the mixtures of complexes isolated from cells.
Second, and perhaps more tellingly, a cdc10 cdc12 double mutant in which both septins are
deficient in GTP hydrolysis (but not in GTP binding), displays no detectable defect in assembly
of the filamentous septin collar [28]. Thus, although GTP binding renders septin complexes
competent for polymerization, factors other than GTP hydrolysis probably regulate the
dynamics of septin filament formation and breakdown in the cell. Moreover, no GDP–GTP
exchange factors (GEFs) and GTPase-activating proteins (GAPs) for septins have been
identified.

Phosphorylation exerts temporal control on septin-collar assembly
The dynamics of septin-containing structures during the cell cycle of budding yeast is
illustrated in Figure 3 (Reviewed in [61]). After completion of cytokinesis and separation of
mother and daughter cells, the septin rings disassemble for a short period in G1. Whether
disassembly involves the degradation of septin subunits or whether septins are recycled has
not been determined, but a role for a specific post-translational modification (SUMOylation)
by small ubiquitin-like modifier (SUMO) has been proposed [62]. In fact, septins are, by far,
the most abundant substrates for SUMOylation in budding yeast. Preventing SUMO
attachment to septins Cdc3 and Cdc11 by mutagenesis of the relevant Lys residues to Ala
causes ‘old’ septin rings to persist. By contrast, preventing SUMO attachment to the same
septins by inactivation of the major SUMO ligase (by a siz1Δ mutation) does not cause the
same phenotype [63]. These newer findings cast doubt on the suggestion that SUMOylation
is required for disassembly of septin rings after completion of cytokinesis. In the next cell
cycle, the initial recruitment of the septin patch to the incipient bud site and its transition into
a rimmed disk depends on function of the small, Rho-family GTPase, Cdc42 (Reviewed in
[61]). It has been reported that the effects of Cdc42 require the conversion of Cdc42–GTP to
Cdc42–GDP [64], via the action of either the cognate Cdc42–GAPs (Rga1, Rga2 and Bem3)
[47] or, as yet, unknown effectors [65].
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Phosphorylation by two protein kinases, Cla4 [28,66–68] and Gin4 [39,48,69], plays a
prominent role in initiating and/or stabilizing filament assembly during collar formation during
emergence of the bud. Cla4 is a clear-cut ortholog of mammalian p21-activated protein kinases
(PAKs), and the closest mammalian relative of Gin4 is the neuron-specific, AMPK-related,
kinase-family member, BRSK1. Evidence supports the view that both kinases are recruited to
the bud site early in the cell cycle, at least in part, by direct binding to septins; and, Gin4
phosphorylates Shs1 exclusively, whereas Cla4 phosphorylates Cdc10, Cdc3 and Cdc11.
Mutation of at least one of the Cla4 sites in Cdc10 (Ser256 to Ala) has readily discernible
effects on cell morphology and septin architecture [28]. It is noteworthy that, as with other
PAKs, Cla4 is activated through binding of Cdc42–GTP to an N-terminal Cdc42 and/or Rac-
interactive-binding (CRIB) domain. Considering that Cdc42 function is implicated in bud
emergence, stimulation of Cla4 activity by Cdc42 provides a mechanism to couple the timing
of this event to assembly of the septin collar. Intriguingly, Cdc42 is also an important regulator
of septin assembly in mammalian cells. This occurs, at least in part, through its binding to the
Borg proteins, which are also septin-binding proteins [70], although there are no clear Borg
orthologs in yeast [71]. To our knowledge, the role of PAK in the formation and function of
septin filaments has not yet been investigated in mammals.

At the end of the cell cycle in budding yeast, during cytokinesis, septin-collar scission into
separate rings correlates with dephosphorylation of Shs1 by phosphoprotein phosphatase 2A
(PP2A), specifically an isoform that contains Rts1, a homolog of the mammalian B′-type
regulatory subunit [48]. Also, direct phosphorylation by Cdc28, an ortholog of mammalian
cyclin-dependent kinase 1 (Cdk1/Cdc2), of the extreme C-terminus of Cdc3 has been
implicated in septin disassembly [72]. Conversely, two G1-cyclins (Pcl1 and Pcl2) that
associate with a different cyclin-dependent kinase, Pho85 (ortholog of mammalian Cdk5)
[73], localize to the bud neck at the time of septin-collar assembly [74]. In collaborative studies,
we find that Pcl1–, Pcl2– or Pcl9–Pho85 complexes are able to phosphorylate Cdc3, Cdc10
and Cdc12 efficiently in vitro (R. Sopko, J. Moffat, M. Versele, J. Thorner and B.J. Andrews,
unpublished), but the in vivo significance of these phosphorylation events is still under study.
Furthermore, as mentioned earlier, there are additional protein kinases (and phosphoprotein
phosphatases) that localize to the bud neck [14,27]. Clearly, we are just beginning to understand
how phosphorylation of septins (and septin-associated proteins) influences the different facets
of septin organization, dynamics and function.

Role of anillin in septin-ring formation
Anillin is an animal protein that interacts with septins and mediates the septin-filament
assembly that is templated by actin [9,44,75,76]. Anillin also interacts with type II myosin and
contributes to spatial regulation of the contractile activity of the actomyosin that is involved
in cytokinesis [77]. Apparent anillin homologs in fission yeast, Mid1 and Mid2, which recruit
type II myosins (Myo2 and Myp2), are important for organization of the septin rings at the
medial cortex at the end of anaphase, and Mid2 binds septins directly [19,20,32]. In contrast
to animal anillins, Mid2 does not contain an F-actin-binding domain. FRAP experiments show
that the septin rings are destabilized if Mid2 is absent, which indicates that Mid2 is important
for stability of septin filaments. Indeed, ectopic expression of a stable, truncated derivative of
Mid2 (endogenous expression of Mid2 is restricted to anaphase) leads to persistent septin rings,
presumably because disassembly is impeded. Although septins are recruited to the medial
cortex of fission yeast cells in the absence of Mid2 (possibly by association with membrane
phosphoinositides), they do not coalesce into a proper ring structure that, presumably,
corresponds to authentic filament formation [33]. The closest counterpart of Mid2 in budding
yeast appears to be Bud4, which localizes to the bud neck and associates with other markers
of the bud neck, such as IQGAP (Iqg1) [78], which, in fission yeast, are also recruited early to
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the medial cytokinetic ring [32]. Together, these data make a strong case for an important role
of anillin in septin-filament polymerization and stabilization to promote cytokinesis.

Possible role for chaperones in septin-filament dynamics
Septins, if purified individually and then mixed in vitro, do not assemble into hetero-oligomeric
complexes. In contrast, stoichiometric hetero-oligomeric complexes can be purified readily if
the different septin subunits are co-expressed in E. coli or insect cells [9,10,45]. It has been
observed recently that overexpression of a dominant-negative mutant of the yeast chaperone
Hsp104 (G217S T499I), which is also nucleotide-binding-defective, results in the formation
of aberrant septin structures and altered bud morphology in otherwise wild-type cells, and the
mutant also colocalizes with the misplaced septins [79]. Strikingly, the effect of the Hsp104
mutant is suppressed by point mutations in the CTE of Cdc12. These findings raise the
possibility that assembly and/or disassembly of septin complexes and/or polymers involves
Hsp104, but it remains to be shown whether the activity of wild-type Hsp104 is crucial for
septin dynamics and whether other chaperones contribute when Hsp104 is absent (because
hsp104Δ cells are viable). Nonetheless, a potential role for this universal family of chaperones
(Hsp104 in eukaryotes and ClpB in prokaryotes) [80] in either assembly or preventing the non-
specific aggregation of septin complexes might explain why hetero-oligomeric septin
complexes cannot be reconstituted from purified individual subunits.

Concluding remarks
It is clear that septin filaments are obligate heteropolymers in all cell types examined, and that
filament formation is required for the physiological function of septin-containing structures as
scaffolds and compartment barriers. Moreover, the building block that polymerizes to form
these filaments is itself a preformed, multimeric complex of at least three classes of septins
(with the exception of C. elegans in which two different septins appear to suffice). Therefore,
it seems more than appropriate to classify septin filaments in the same category as other, better-
studied cytoskeletal polymers, such as actin microfilaments, microtubules and intermediate
filaments. However, in contrast to these other elements of the cytoskeleton, septin
polymerization is less dynamic and does not appear to be associated with performance of
mechano–chemical work. These features are reflected in what is known about the mechanisms
that control filament assembly. In budding yeast, at least, septin phosphorylation and
dephosphorylation occur at the stately pace of the cell cycle, and GTP binding and hydrolysis
occur exceedingly slowly. Although GTP binding is crucial to the appearance and function of
septin structures in vivo, and to the ability of septin complexes to form filaments in vitro [28],
how guanine nucleotides promote septin polymerization at the structural level is enigmatic. To
address this issue, one major challenge in septin biochemistry is to find ways to manipulate
the guanine nucleotide content of purified, pre-assembled septin complexes. Now that hetero-
oligomeric septin complexes can be prepared and purified readily, a realistic, crucial goal is to
determine high-resolution, three-dimensional structures of septin complexes (including
mutants that assemble into complexes, but do not polymerize into filaments) and, eventually,
septin filaments. Equally unexplained and relatively unexplored, but no less intriguing, are the
roles of phosphoinositide binding, phosphorylation and SUMOylation in the dynamics and
function of septins.

Box 1. The morphogenesis checkpoint

One set of proteins that is recruited to the septin collar in budding yeast includes the protein
kinases Hsl1 and Swe1 (the S. cerevisiae homolog of Wee1 [87]) and a protein-arginine
methyltransferase called Hsl7 [84–86] (Figure I). In response to perturbation of septin
filament (or actin filament) organization, Swe1 is stabilized and, hence, its ability to
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phosphorylate a conserved tyrosine residue in the cyclin B-bound form of the Cdc28 cyclin-
dependent kinase persists. This modification inhibits the activity of cyclin-B-bound Cdc28,
thereby causing a significant G2 delay and thus blocking timely entry into mitosis (reviewed
in [88]).

Swe1 is stabilized when morphogenesis at the bud neck is compromised because the
mechanism for Swe1 inactivation and ubiquitin-mediated degradation requires its
recruitment to the bud neck. Swe1 is marked for destruction by multi-site phosphorylation,
which only occurs when it is located at the bud neck. Septins are required for the recruitment
of Hsl1 and Hsl7 to the septin collar, and Hsl1 and Hsl7 are required, in turn, for efficient
tethering of Swe1 at the bud neck. It is reported that direct binding of Cdc11 and Cdc12 to
the C-terminal regulatory domain of Hsl1 relieves autoinhibition and stimulates Hsl1
phosphotransferase activity in vitro [89]. Hsl1 phosphorylates Hsl7 directly, but it does not
phosphorylate Swe1 [90]. Instead, two other protein kinases, Cla4 (a PAK) and Cdc5 (the
yeast Polo/PLK ortholog), which are targeted sequentially to the bud neck in a septin-
dependent manner, are responsible for the stepwise phosphorylation and downregulation
of Swe1 [91]. This scheme provides a mechanism that links the proper assembly of septin
filaments with efficient passage into mitosis. Unanswered questions include the identity of
the crucial substrates of Hsl1, and why Hsl7 is a protein-arginine methyltransferase, given
that this activity is not involved in degradation of Swe1 [92,93].

Box 2. Roles of Cdc10 in the organization of septin filaments

Although a purified recombinant Cdc3–Cdc12–Cdc11 complex polymerizes in vitro, the
resulting filaments are unstable, short and display marked curvature (Figure Ia, right). By
contrast, filaments generated from a purified Cdc3-Cdc12-Cdc11-Cdc10 complex are more
stable, much longer and straighter (Figure Ia, left). Moreover, in the absence of Cdc10,
filaments are not paired, whereas when Cdc10 is present, filaments are almost invariably
paired and in register (Figure Ia; bar, 100 nm). In vivo, a septin collar forms in cells
(cdc10Δ) that lack Cdc10, but the septins that are present (Cdc12–GFP in the example
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shown) are distributed asymmetrically at the bud neck, displaying a marked bias towards
the bud (Figure Ib, bottom) compared with the distribution in normal cells (Figure Ib, top)
[10,94]. Moreover, unlike wild-type cells, no filaments can be discerned by EM in
negatively-stained grazing-sections of the bud necks of cdc10Δ cells [8]. The most abundant
septin complex isolated from mammalian cells is composed of Sept6, Sept7 and Sept2. This
is the presumed equivalent of Cdc3–Cdc12–Cdc11 (see Table 1 and Figure 1b). A
corresponding hexameric complex with 2:2:2 stoichiometry can be reconstituted, via
recombinant DNA-expression methods, and polymerizes into filaments [9,45]. However,
in cell extracts, Sept9 (which, like Cdc10, lacks a CTE) co-purifies with the Sept6–Sept7–
Sept2 complex. Thus, it seems reasonable to speculate that Sept9 might fulfill a similar role
to Cdc10 and act as a linker between individual filaments. If so, including Sept9 in the
complexes should result in reconstituted filaments that are more stable, longer and more
cross-braced. In any event, the fact that heterodimers of Sept9–Sept7 and Sept9–Sept11 (a
close paralog of Sept6) form readily in vitro [83] shows that the human Cdc10-like septin
associates, as does yeast Cdc10, with Cdc3-like and Cdc12-like partners.
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Glossary
Incipient bud site 

the cortical site at the periphery of an S. cerevisiae cell where the future bud will
emerge.

Septin patch or cap 
a somewhat amorphous accumulation of septins at the incipient bud site that
forms in G1 cells prior to bud emergence in which the septins are highly mobile
(as determined by FRAP analysis).

Septin disk or ring 
a flattened life preserver-like structure, in which the septins are more
concentrated at the edges than at the center, that forms at the time of bud
emergence and in which septins still display a high rate of exchange.

Septin collar 
a tubular structure with flared ends (hourglass-shaped) whose walls are composed
of arrays of highly ordered septin filament that persists at the bud neck for most

Versele and Thorner Page 14

Trends Cell Biol. Author manuscript; available in PMC 2007 January 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of the cell cycle, which can be readily detected by electron microscopy in grazing
thin-sections of the bud neck and in which septins are immobilized.

Split septin rings 
the two separate rings formed from the septin collar during cytokinesis, in which
septins again display a high rate of exchange and which disassemble completely
after cell division and prior to the next cell cycle; this splitting is thought to form
a privileged compartment wherein factors essential for cytokinesis are
concentrated.

Medial cortex 
the cytoskeletal structure that assembles in the middle of an S. pombe cell during
M-phase that demarcates the site where cytokinesis will occur.

Polarized versus isotropic bud growth 
in S. cerevisiae, during initial emergence of the bud in late G1-phase, new
membrane is deposited primarily at the bud tip, which results in polarized (apical)
bud growth, and, if anisotropic growth persists, in a markedly elongated bud. In
a normal cell cycle, shortly after bud emergence, bud growth switches to a mode
in which membrane deposition is distributed more evenly (isotropic growth),
resulting in a rounded or oval-shaped bud.

Prospore envelope 
the membranes that encase each of the four newly-forming haploid spores after
the completion of meiosis II and during the early stages of sporulation.

Versele and Thorner Page 15

Trends Cell Biol. Author manuscript; available in PMC 2007 January 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. The primary structure of a typical septin and organization of septin complexes
(a) The recognizable motifs and domains in the primary structure of a septin. The GTP-binding
domain (solid blue) contains all five of the signature motifs (G-boxes) that are found in other
members of the super-family of GTPases [81,82]. The predicted coiled-coil sequence in the
C-terminal extension (dark gray box) is preceded by a sequence that is predicted to form an
α-helix (open box). (b) Proposed organization of multi-septin hetero-oligomers in eukaryotes.
Models of the mitotic complexes in budding and fission yeast are adapted from Versele et al.
[10] and An et al. [33], respectively. The other models are inferred from the yeast archetypes,
based on sequence relatedness, similarities in the primary structure and phylogenetic analysis
[5]. Some models are supported by data on individual septin-septin interactions [7,9,45]. In
the human complex, Sept9 is shown as the counterpart of Cdc10 (Table 1), based on sequence
similarity and phylogenetic-tree analysis [5], the lack of a CTE, and the association between
Sept9 and both Sept11 (a Cdc3 ortholog) and Sept7 (a Cdc12 ortholog) [83]. The N-terminal
domain of Sept9 is required for its interaction with Sept7 and Sept11, which is similar to the
interaction of Cdc10 with Cdc3 and Cdc12. However, there is evidence that the C-terminal
portions of Sept7 and of Sept11 are required for their interaction with Sept9 [83], unlike the
interactions of Cdc3 and Cdc12 with Cdc10 [10].
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Figure 2. Septin filaments from budding yeast
(a) EM images of negatively-stained preparations of filaments reconstituted from purified,
recombinant septin complexes. A multimeric complex of budding yeast septins (Cdc3–Cdc12–
Cdc11–Cdc10), purified from E. coli cells in which all four proteins are co-expressed, was
dialysed into low-salt buffer. Previously unpublished images (left and middle panel) are
courtesy of Sang-Shin Park (this laboratory) and Patricia Grob (laboratory of Eva Nogales,
Univ. of California, Berkeley, USA); right panel, reproduced with permission from [10]. Scale
bars, 100 nm. (b) EM images in negative-contrast of septin structures at the cell cortex of yeast
spheroplasts, prepared by a rapid-freeze, deep-etch technique. Scale bars, 200 nm. Reproduced,
with permission, from [13]. (c) Model of the polymerization of septin complexes into paired,
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linear filaments. End-to-end association of Cdc3 in one Cdc3–Cdc12–Cdc11 complex with
Cdc11 in another complex yields filaments with a defined polarity; Cdc10 serves as a bridge
to stabilize and pair the strands. A parallel arrangement of filaments is depicted, but an anti-
parallel arrangement has not been ruled out by direct experimental evidence. Dimensions are
from [8,10].
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Figure 3.
Schematic depiction of septin recruitment and septin-collar formation during the cell cycle of
budding yeast. Recruitment of either a patch or cap of septins to the incipient bud site and its
rapid conversion into a rimmed disk require the small GTPase, Cdc42. Stabilization of the disk
and its transformation into a filamentous collar requires phosphorylation by two proteins
kinases, Cla4 and Gin4 (and, perhaps, others), plus binding of GTP to Cdc10 and Cdc12 in the
septin complex. At cytokinesis, the collar splits into two separate rings, which are disassembled
after cell separation. Confocal fluorescence images (GFP–Cdc12) were kindly provided by
Jeroen Dobbelaere (ETH, Zürich, Switzerland).
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