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Abstract
Septins are conserved GTP-binding proteins that assemble into hetero-oligomeric complexes and
higher-order structures such as filaments, rings, hourglasses or gauzes. Septins are usually
associated with a discrete region of the plasma membrane and function as a cellular scaffold or
diffusion barrier to effect cytokinesis, cell polarity, and many other cellular functions. Recent
structural studies of septin complexes have provided mechanistic insights into septin filament
assembly, but key questions about the assembly, dynamics, and function of different septin
cellular structures remain largely unanswered.

Introduction
Septins were initially discovered in the 1970s in the budding yeast Saccharomyces
cerevisiae as “neck filaments” encircling the mother-bud neck (Figure 1, A and B) 1. Septins
are GTP-binding proteins that are conserved in organisms ranging from yeast to humans,
with a notable absence in plants 2. The number of septin genes varies widely in different
organisms, with two in Caenorhabditis elegans, seven in S. cerevisiae, and 14 in humans 2.
Septins form hetero-oligomeric complexes, which are further assembled into different
higher-order structures, such as filaments and rings, that are either associated with other
cytoskeletal networks (actin and tubulin) or localized to a discrete region of the plasma
membrane to act as a cellular scaffold and/or diffusion barrier to affect diverse cellular
functions, including cytokinesis, mitosis, exocytosis, apoptosis, neuronal spine
morphogenesis, spermiogenesis, and several checkpoint pathways 3-6. Overexpression or
mutations of the septins are associated with serious human diseases, such as cancer,
neurodegenerative diseases, and infertility 6. Despite significant progress made in the last
few years, many key questions regarding septin structure and function remain unanswered.
Here, we review our current knowledge about the assembly, dynamics, and function of the
septins, with a focus on the budding yeast system.

Architecture of septin complex and higher-order assemblies
The structure and assembly of septins have been discussed in great detail recently 5, 7. Here,
we provide a brief summary and highlight new discoveries and major questions. All septins
share a basic structure (Figure 1D): a variable N-terminal region, a polybasic region that
binds to phospholipids, and a conserved GTP-binding domain. Most septins also contain a
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predicted coiled-coil domain in their C-termini. Recombinant septins 8-11 or septins purified
from budding yeast 12, Drosophila 13, and mammalian cells 11 form rod-shaped hetero-
oligomeric complexes (Figure 1E, high salt; and 1F), which polymerize end-to-end into
long paired linear filaments (Figure 1E, low salt). These filaments are further assembled into
other higher-order structures, such as rings (Figure 2, 0 min), hourglasses (Figure 1, A and
B; and Figure 2, 27 and 81 min) or gauzes (Figure 1C).

The assembly of septin complexes from mammalian cells 14, C. elegans 9, and budding
yeast 15 requires conserved interactions between adjacent guanine nucleotide-binding
domains (G interface) as well as the N- and C-terminal extensions (NC interface) (Figure
1F). Despite having different numbers of septins in the stable complex, the overall
mechanism underlying septin complex formation and filament assembly is similar in
different organisms (Figure 1F). Interestingly, filament assembly by the C. elegans and
mammalian septin complexes involves G-interface interactions between the septin building
blocks while filament assembly by the budding yeast septin complexes involves NC-
interface interactions 9, 14, 15. The significance of this difference is unknown.

The function of the coiled-coil (CC) region of the septins is not entirely clear. Though the
CC region is not required for the assembly of some septin complexes 14, abundant evidence
indicates that interactions between the CC regions of neighboring septin subunits play a
critical role in stabilizing septin complex and filament assembly 8-10, 16. In addition, CC
interactions are thought to mediate filament pairing that is frequently observed in vitro and
in vivo (Figure 1, A, C, and E) 1, 12, 15, 17, 18.

What is the function of GTP binding and hydrolysis by the septins? Nucleotide binding
appears to play a structural role in septin function 10, 11, 13, 19-21. For example, it could
help septins fold into a correct conformation for septin complex and filament assembly, akin
to the GTP binding by the α-tubulin subunit of the αβ heterodimers 19. In contrast, the
function and mechanism of GTP hydrolysis remains elusive. Comparison of the crystal
structures of the GDP- and GTP-bound forms of the mammalian Sept2 has revealed a
critical residue, threonine (Thr)-78, involved in GTP binding and hydrolysis 14, 22. The
Thr-78 is conserved only in a subset of septins 22. For example, mammalian Sept2 and
Sept7 have the Thr residue but Sept6 does not. In budding yeast, a corresponding Thr
residue is conserved in the septins Cdc10 (Thr-74) and Cdc12 (Thr-75) but not Cdc3,
Cdc11, and Shs1, which is consistent with the observed GTPase activities displayed by
individual septins 16. Mutational change of the Thr into alanine in CDC10 or CDC12 causes
temperature-sensitive growth, demonstrating the importance of this residue in septin
functions 22. However, the Thr-78 mutant of mammalian Sept2 is deficient in both GTP
binding and hydrolysis, and the Thr mutants of Cdc10 and Cdc12 have not been
biochemically characterized, making it difficult to assign functional significance specifically
to GTP hydrolysis.

In principle, the GTPase activity of the septins could be stimulated by GTPase-activating
proteins or by polymerization 5, 23. To date, evidence supporting either possibility is
lacking. Interestingly, Orc6, part of the origin recognition complex for DNA replication in
Drosophila, interacts with the septin complex and plays an essential role in cytokinesis 24.
Orc6 stimulates the GTPase activity of the septin complex and promotes septin filament
assembly or disassembly in the absence or presence of exogenously added GTP, respectively
25. However, the mechanism underlying the Orc6 activities remains to be determined.

The architecture and assembly mechanism for other higher-order structures such as septin
rings and hourglasses or gauzes are largely unknown. Based on biochemical and EM studies
1, 12, 15, 17, the septin hourglass at the mother-bud neck prior to cytokinesis likely possesses
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a “gauze-like” structure consisting mainly of circumferential rings of paired septin filaments
that are connected by many intersecting short filaments and a few long filaments (Figure
1G). The molecular basis for the existence of the three types of filaments (the paired ring
filaments and the putative intersecting short and long filaments) is not known, although
different septin complexes 15, 26, post-translational modifications of septins, and septin-
associated regulators may account for the assembly of distinct types of septin filaments. The
septin gauze model is supported by the striking observation that PIP2
(phosphatidylinositol-4,5-biphosphate)-containing monolayer promotes “septin mesh”
assembly, which involves cross-linking of long paired septin filaments by short septin
filaments. And the cross-linking depends on the C-terminal extension of Cdc11 18.

In the context of the gauze model (Figure 1G), it is possible that the newly assembled septin
ring and the subsequent septin hourglass at the mother-bud neck may have an overall similar
pattern of filament arrangement but differ mainly in filament quantity, with the ring having
far fewer filaments than the hourglass. At the end of mitosis, the septin hourglass is
instructed by a cell cycle signal (see the next section) to split into two cortical rings. In the
proposed gauze model, during septin hourglass splitting, the septin filaments in the
circumferential rings may be selectively disassembled and re-assembled into short filaments
that are parallel to the mother-daughter axis. This would be consistent with an observed 90°
rotation of the GFP probe in GFP-tagged septin filaments associated with the splitting event
27. The validity of the septin gauze model requires further investigation.

Septin organization, dynamics and regulation during the cell cycle
In budding yeast, septins clearly undergo cell cycle-triggered organizational changes (Figure
2) 4, 5, 7. Upon the start of a cell cycle, a nascent septin ring is assembled at the presumptive
bud site (Figure 2, 0 min). This ring is dynamic as indicated by fluorescence recovery after
photobleaching (FRAP) 28, 29. Coincident with bud emergence or shortly after, the septin
ring expands into a stable hourglass that spans the neck region between the mother and the
daughter compartments (Figure 2, 27 and 81 min). Around the onset of cytokinesis, the
septin hourglass is split into two dynamic rings that sandwich the cytokinesis machinery
(Figure 2, 114 and 141 min). Similar morphological and dynamic changes in septin
structures are also observed during the budding cycle of the dimorphic fungus Candida
albicans 30. In contrast to S. cerevisiae and C. albicans, cytokinesis in the dimorphic fungus
Ustilago maydis is accompanied by a unique change in septin higher-order structures, going
from an hourglass to a single cortical ring 31.

Septin ring biogenesis
The most commonly observed septin higher-order structures in different organisms are small
rings (0.5 – 3.5 μm in diameter), such as those formed at the division site of various fungi
30-35, the base of dendritic spines in hippocampal neurons 36, 37, the annulus of
spermatozoa 38, 39, and the base of primary cilia 40. These rings are thought to function as
diffusion barriers and/or cellular scaffolds to maintain distinct membrane domains.

Despite a host of cellular functions associated with the septin ring, the underlying
mechanism for its biogenesis remains unknown in any organism. Here, we discuss a model
of how Cdc42 may control septin ring assembly in S. cerevisiae. Cdc42, a master regulator
of eukaryotic cell polarity 41, 42, controls polarized assembly of actin cables and the septin
ring at the same time and location 42. Actin cables guide exocytosis components to the
presumptive bud site (PBS) to establish a polarized membrane domain within the septin ring
42. Upon bud emergence, actin cables and the septin ring are spatially segregated, with the
cables aligned towards the bud tip or cortex to continue its guiding role in vesicle transport,
whereas the septin ring is left at the base of the bud to maintain the bud-neck integrity and
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restrict polarity determinants to the bud cortex. In S. cerevisiae, Cdc42-controlled septin ring
assembly can be divided into three general steps: septin recruitment and membrane
association, ring assembly, and ring maturation (Box 1, Figure 3) 4, 28, 42, 43. The core
concept of small GTPase-controlled septin ring assembly and mutual enhancement of actin
and septin organization during cell polarization is likely applicable to other systems.

Regulation of septin organization and dynamics
The mechanism underlying cell cycle-triggered transitions in septin organization or
dynamics in any system remains largely unknown. In S. cerevisiae, cyclin-dependent
kinases (CDKs), polarity factors, and post-translational modifications of the septins
(phosphorylation and SUMOylation) are involved 7. G1 cyclin-bound CDK plays a dual role
in initial septin ring assembly. One role is an indirect, but essential, function that is mediated
by the polarity factor Cdc42 (Figure 3) 43, 44, 60, and the other role is via direct
phosphorylation of the septins 61. The Nim1-related kinase Gin4 is associated with the
septins at the bud neck throughout the cell cycle 62, and Gin4 directly phosphorylates Shs1
63. This phosphorylation likely affects septin ring-to-hourglass transition 7, 62, 64.
Interestingly, Gin4 and CDK/G1 cyclin act sequentially to phosphorylate Cdc11 to control
septin ring and/or hourglass assembly that is required for proper hyphal development in C.
albicans 65. Together, these observations suggest that the initial septin ring and hourglass
assembly is regulated by phosphorylation involving localized kinases exerting local effects
on the assembly of a subset of septin structures, a point that is vividly demonstrated in the
filamentous fungus Ashbya gossypii 34.

Septin hourglass splitting is controlled by the mitotic exit network (MEN) 44, 66, 67, a
kinase cascade that is activated by the small GTPase Tem1 68, 69. The MEN controls the
mitotic exit by reducing CDK activity, and also controls cytokinesis by a mechanism that is
yet to be fully elucidated. CDK inactivation at the mitotic exit appears to be sufficient for
septin hourglass splitting 44, 67. The core components of the MEN pathway are conserved in
other fungi and mammalian cells 68, 69. Interestingly, the hourglass-to-single-ring transition
that occurs during cytokinesis in the dimorphic fungus U. maydis involves disassembly of
the old hourglass and re-assembly of the new septin ring, and this dramatic transition
depends on the germinal center kinase Don3 31. Don3 is homologous to Sid1, an essential
kinase in the septation initiation network (SIN, equivalent to the MEN in S. cerevisiae) in
the fission yeast S. pombe. Inactivation of CDK is required for the proper localization of
Sid1 70 and thus for its localized kinase activity. It is unknown whether Sid1 is required for
septin ring splitting during cytokinesis in S. pombe. Nonetheless, these observations suggest
that inactivation of CDK at the end of mitosis is essential for septin hourglass-to-ring
transition in diverse organisms, which may define a unifying mechanism underlying septin
re-arrangements during cytokinesis.

After cytokinesis and cell separation, the old septin ring at the division site is disassembled
and a new septin ring is formed adjacently (Figure 3, 24 and 36 min) 43. Timely
disassembly of the old septin ring is presumably important for the assembly and function of
the new septin ring at the PBS, as pulse labeling of septin subunits indicates that septin
subunits are re-cycled from the old ring to the new ring during successive cell divisions 71.
Disassembly of the old septin rings appears to be regulated by protein phosphatase 2A 29. In
addition, septins are major targets of SUMOylation during mitosis in S. cerevisiae 72.
However, the significance of this modification remains unclear 72, 73.

Mammalian septins are also phosphorylated by various kinases such as CDK5 74, casein
kinase II 75, cGMP-dependent protein kinase PKG-I 76, and dual-specificity tyrosine
phosphorylation-regulated kinase 1A 77. In addition, Sept5 is ubiquitinated by the E3 ligase
Parkin, which regulates the degradation of Sept5 78. The functional consequences of these
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post-translational modifications have been studied to various degrees, but it remains
unknown how the modifications may contribute to the assembly and disassembly of septin
higher-order structures.

Septin functions: scaffold model versus diffusion-barrier model
Two non-mutually exclusive models have been proposed to account for the diverse
functions of the septins. The scaffold model posits that septin structure serves as a cellular
scaffold that tethers proteins at a specific cellular location to perform their unique functions
79, 80. The diffusion-barrier model posits that septin structure functions as a diffusion barrier
at a discrete region of the PM that prevents membrane and membrane-associated proteins
from crossing the membrane boundary 81, 82. Here, we discuss different cellular functions in
the context of these models, focusing on cytokinesis in budding yeast.

Scaffold model cytokinesis, exocytosis, checkpoint pathways, and other cellular functions
Cytokinesis in fungi and animal cells involves the function of a contractile actomyosin ring
(AMR), membrane trafficking coupled with extracellular matrix remodeling, and
spatiotemporal coordination of these processes. In budding yeast, the sole type-II myosin,
Myo1, co-localizes with the septin ring at the PBS, and with the septin hourglass at the
mother-bud neck from bud emergence until septin hourglass splitting 83, 84, which coincides
with the onset of cytokinesis 66. The split septin rings, then sandwiches, the AMR and other
components of the cytokinesis machinery 44, 66, 85. Before the septin hourglass splitting, the
neck localization of Myo1 and many other cytokinesis proteins depends on the septins 68.
Strikingly, in a septin mutant (cdc3-ts) where the septin hourglass at the mother-bud neck is
disrupted, septins (such as Cdc12) and Myo1 are still co-localized at other cortical sites,
highlighting their close association 86. These observations suggest that the septin ring and
the hourglass likely function as a scaffold to localize and concentrate cytokinesis proteins at
the division site for AMR assembly prior to cytokinesis.

Septins also function as a cellular scaffold in many other processes. For example, in budding
yeast, the septin hourglass is involved in bud site selection by anchoring landmark proteins
that specify the next budding site 42. The septin hourglass is also involved in chitin
deposition. During early stages of budding, chitin synthase III, including its catalytic subunit
Chs3 and its activator Chs4, is localized to the mother side of the neck in a septin-dependent
manner 87. This spatiotemporally restricted chitin synthesis is required for maintaining the
neck integrity during polarized bud growth 88. Because Chs3 undergoes dynamic cycling
between the neck and chitosomes (specialized trans-Golgi network/early endosome-like
structures) via exocytosis and endocytosis, respectively 89, 90, the septin hourglass can also
be considered as a scaffold or platform for localized exo- and endocytosis. Finally, the
septin scaffold plays important roles in several checkpoint pathways, including the
morphogenesis checkpoint [see review 91 for details], the spindle position checkpoint 92
and the DNA damage checkpoint 93, by tethering factors involved in these processes at the
mother-bud neck.

Septins also function as a scaffold during cytokinesis in mammalian cells. Septins interact
directly with non-muscle myosin-II, and disruption of this interaction results in the
dissociation of myosin-II from Rho-activated myosin kinases and citron kinase during
cytokinesis, suggesting that septins may promote efficient activation of myosin-II by
bringing the myosin and its activating kinases together during cytokinesis 94. Septins may
also function as a scaffold during exocytosis. In rat brains and neuroendocrine PC12 cells,
septins are associated with the exocyst, a conserved multi-subunit protein complex required
for the tethering of post-Golgi vesicles to the PM, and appear to promote polarized neurite
outgrowth 95, 96. Because septins also interact with the PM and syntaxins 46, 97, septins may
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act as a scaffold to facilitate vesicle tethering by interacting with multiple exocytosis factors
at the PM 98.

Despite nearly 100 proteins that localize to the mother-bud neck in a septin-dependent
manner in S. cerevisiae 3, 7, very few have been demonstrated to interact directly with
individual septins. Perhaps septin higher-order structures such as septin complexes,
filaments, rings, or hourglasses are required for interactions with specific non-septin
proteins. This issue must be addressed in order to gain a better understanding of the septin
scaffold model.

Diffusion-barrier model: cytokinesis, cell polarization, and other cellular functions
During cytokinesis in budding yeast (Figure 2, 114 min), the split septin rings sandwich the
AMR and other cortical factors at the division site. Such factors include the polarisome
component Spa2, the exocyst subunit Sec3 and the secretory cargo Chs2 (chitin synthase II)
85. Conditional disruption of the septin rings during cytokinesis causes the dispersal of
cortical factors from the division site, resulting in the inhibition of cytokinesis and cell
separation 85. These observations led to the idea that the septin rings function as diffusion
barriers that restrict diffusible cytokinesis factors to the division site 85. A similar function
has been proposed for mammalian septins during cytokinesis 99.

During polarized bud growth, the septin hourglass is also thought to function as a diffusion
barrier to restrict polarity and exocytosis factors 81, transmembrane proteins 82, and other
cortical proteins such as Lte1, an activator of the mitotic exit network, to the bud cortex 92.
Similarly, a septin-based diffusion barrier is required for the compartmentalization of the
endoplasmic reticulum membrane during polarized bud growth 100 and for preventing the
segregation of aging factors, such as the episomal DNA circles, from the mother cell to the
bud 101.

Similar to the budding process in S. cerevisiae, spine morphogenesis in hippocampal
neurons involves polarized assembly of two cellular structures, actin arrays and a septin
ring, initially at the same cellular location, which are then spatially segregated with the actin
arrays pointing towards the spine cortex and the septin ring retaining at the base of the spine
to mediate the establishment and maintenance of polarized membrane domains, respectively
36, 37. Recently, a septin ring at the base of the primary cilium in mouse kidney cells and
embryonic fibroblasts as well as Xenopus is thought to function as a diffusion barrier in
restricting membrane proteins, including signaling receptors, in the cilium 40, 102, very much
like the septin ring in the annulus of spermatozoa, which separates the membrane domains
between the midpiece and the principal piece of the sperm tail 38, 39, 103.

Despite the implication of septin rings as diffusion barriers in a variety of settings, it is
unknown in any system how the septin ring interacts with the PM to generate a physical
barrier or alternatively, how the septin ring may act as a scaffold to enable the generation of
a diffusion barrier by non-septin proteins. This central issue must be addressed in order to
gain a deeper understanding of the diffusion-barrier model.

Concluding remarks
Biological systems are, in essence, three dimensional maps of interconnected cellular
structures that perform specific functions. In this context, many key questions regarding the
structure-function relationships of the septins remain unanswered. For example, the basic
rules governing the number, composition, and assembly of distinct septin complexes for a
given organism or cell type remain unknown. The role of GTP binding and hydrolysis in
septin filament assembly (and, possibly, other aspects of septin function) is poorly

Oh and Bi Page 6

Trends Cell Biol. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



understood. The architecture and assembly mechanism of septin ring and hourglass are
largely unknown. For example, it is a mystery how the septin hourglass, which lacks
apparent structural polarity, is regulated to allow asymmetric binding of different proteins to
discrete regions of the hourglass [see reviews 3, 7 for comprehensive lists of protein
localization patterns at the mother-bud neck and for more discussions on this issue]. It also
remains to be determined whether common principles and molecular pathways are involved
in the simultaneous assembly of polarized actin arrays and a septin ring at a given location
in yeast, neurons, and spermatozoa for the purpose of polarity establishment and
maintenance.

Box 1

A model for Cdc42-controlled septin ring assembly in yeast

Cdc42 controls septin ring assembly via three steps: septin recruitment and membrane
association, ring assembly, and ring maturation (Figure 3). Step1: septin recruitment and
membrane association. During this stage, septin complexes are continuously recruited to
the PBS to increase local concentration for filament and ring assembly. Newly recruited
septins are usually in the form of a disorganized “cloud” or “patch” with stripes of
filament-like structures 43. Septin recruitment completely depends on Cdc42 43, 44.
Gic1 and Gic2, a pair of structurally related, CRIB (Cdc42/Rac Interactive Binding)
motif-containing effectors of Cdc42, interact directly with the septins and are essential
for septin recruitment at 37°C 43. At the low temperatures, the polarisome 45, which
contains the formin Bni1 (also an effector of Cdc42) as its centerpiece 42, may define a
parallel pathway for septin recruitment. Once recruited to the PBS, the septin complexes
are closely associated with the plasma membrane (PM) via interactions between the
polybasic region of the septins and the phospholipids of the PM 46-49. The strength of
these interactions will increase during the process of septin ring assembly and
maturation, as more septin subunits are incorporated into the higher-order structures.
Transmembrane proteins may also be involved in septin-membrane interaction in yeast,
spermatozoa and myelinating glia 50-52, which resembles the transmembrane proteins
(occludins, claudins etc.) in the tight junctions of epithelial cells that anchor cortical actin
filaments to the PM via adaptor proteins 53. Step2: ring assembly. The recruited septins at
the PBS undergo a major organizational change from a disorganized septin cloud to an
organized smooth ring of ~ 1.0 μm in diameter within minutes (Figure 3, 24 and 36 min)
43. In fibroblasts, when the stress fibers are disrupted by actin depolymerization drugs,
the septin filaments are organized into small rings of ~0.6 μm in diameter, suggesting
that septin filaments may possess an intrinsic propensity to bend into small rings 11. The
variation in ring size, from the 0.6 μm in spermatozoa to the 1 μm in budding yeast and
the ~3.5 μm ring in fission yeast, may reflect distinct angles of bending by distinct septin
complexes 14 and/or modulations of a default ring size of ~0.6 μm by distinct regulators.
The cycling of Cdc42 between its active GTP-bound and inactive GDP-bounds states is
critical for septin ring assembly 54. Consistently, the GTPase-activating proteins (GAPs)
for Cdc42 may promote septin ring assembly by facilitating the “unloading” of septin
complexes from the recruitment pathways via their GAP activity 28, 33, 54, 55. The PAK
Cla4, an effector of Cdc42, also regulates septin ring assembly by directly
phosphorylating a subset of septins 16. Step 3: ring maturation. Upon bud emergence, the
dynamic septin ring at the PBS is transformed into a stable septin hourglass at the
mother-bud neck. Although the mechanism underlying this transformation remains
unknown, the LKB1-related kinase Elm1 56, one of its target kinases, Gin4 57, and two
other septin-associated proteins (Bni5 and Nap1) 58, 59 appear to be involved, as cells
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lacking any of these factors can assemble a seemingly normal septin ring, but not a
normal hourglass.
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Fig. 1.
Structures of septin complexes and higher-order assemblies in budding yeast and beyond.
(a) Left: concentric rings of septin filaments in a septin hourglass visualized in a grazing
section of the mother-bud neck (scanned from the original EM picture published in [1];
courtesy of B. Byers). CW, cell wall; PM, plasma membrane. Right: higher magnification of
a portion of the image at the left showing diagonal short filaments (parallel to the black line)
involved in connecting the rings of septin filaments in the hourglass (reproduced from [1] by
copyright permission). (b) Left: septin filaments of an hourglass visualized in a transverse
section of the mother-bud neck showing close association of the filaments with the PM
(scanned from the original EM picture published in [1]; courtesy of B. Byers). M,
mitochondrion. Right: higher magnification of a portion of the image at the left showing
interactions of the septin filaments with themselves and the PM. f, filaments; lc, lateral
connections; mc, membrane connections (reproduced from [1] by copyright permission). (c)
A portion of the septin “gauze” (presumably from the hourglass structure at the mother-bud
neck) from a piece of isolated cell cortex visualized by rapid-freeze and deep-etch EM
(reproduced from [17] with permission). Arrow, long paired filaments. A single pair of
filaments is highlighted in red. (d) Motifs of a generic septin molecule. PB, polybasic
region; G domain, guanine nucleotide binding domain; CC, coiled-coil region; N and C, N
and C termini of a septin. (e) Native septin complexes (High salt) and their assembled paired
filaments (Low salt) visualized by negative-stain EM (reproduced from [12] by copyright
permission). (f) Left: septin subunit arrangement in the recombinant septin complex Cdc3/
Cdc10/Cdc11/Cdc12 (reproduced from [15] with permission). Right: comparison of the
structures of the septin complexes from budding yeast (top), human (middle), and C. elegans
(bottom). Blue and red rectangle boxes, the G domain of a septin; blue and red coils, the
coiled-coil region of a septin; N and C, the N- and C-termini of a septin. The guanine
nucleotides (GDP or GTP) bound in the mammalian, but not the budding yeast and C.
elegans, septin complexes are known and thus indicated. (g) Models for the arrangements of
septin filaments in the septin hourglass (the “septin-gauze” model) and the split septin rings.
Top: the septin hourglass (see the enlarged boxed area) is chiefly made of paired septin
filaments (vertically arrayed double red lines) in the form of concentric rings or a spiral that
are inter-connected by short filaments (diagonally arrayed thin red lines) as well as some
long paired septin filaments (horizontal double red lines). M, mother; D, daughter; Blue
circle, nucleus. Bottom: the split septin rings (see the enlarged boxed area) consist of an
array of short septin filaments (red lines) in parallel to the long mother-daughter axis.
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Fig. 2.
Septin organization and dynamics during the cell cycle in budding yeast. After the launch of
a new cell cycle in late G1, a septin ring is assembled at the presumptive bud site (0 min).
This nascent septin ring is dynamic by FRAP analysis. Upon bud emergence in S phase, the
septin ring is converted into a stable hourglass structure, which is maintained at the bud neck
during polarized bud growth from S to late anaphase (27 and 81 min). Around the onset of
cytokinesis in telophase, the septin hourglass is split into two dynamic cortical rings
sandwiching the division machinery (114 min). The septin rings remain at the old division
sites for both the mother and the daughter cells until the next round of budding when the
“old rings” are disassembled while the new rings are assembled at the presumptive bud site.
The transitions in septin organization during the cell cycle are regulated by CDK/cyclins,
protein kinases and phosphatases etc (see text for details). Image acquisition and processing
for this figure (courtesy of S. Okada): a wild-type haploid cell carrying GFP-tagged Cdc3
was analyzed by 3D spin-disk time-lapse microscopy (20 Z-sections of 0.3 - μm were
collected for each time point; interval, 3 - min). The images shown above are snap-shots of
3D reconstructions of the cell from selected time points of a time-lapse series and at an
appropriate angle of rotation to show septin structures of interest.
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Fig. 3.
A model for Cdc42-controlled septin ring assembly in budding yeast. Budding yeast
undergoes asymmetric division by default, which means that at the time of cytokinesis and
cell separation, the daughter cell (D, 0 min) is substantially smaller than the mother cell (M,
0 min). Consequently, the mother cell enters a new cell cycle immediately after cell division
whereas the daughter cell stays in G1 for longer period to reach a critical cell mass required
for the launch of a new cell cycle. Thus, in this figure, only the septin ring assembly at the
mother side is depicted. We propose that septin ring assembly at the presumptive bud site
(PBS, 0 min) involves three steps: septin recruitment and membrane association, ring
assembly, and ring maturation (see text for details). Single arrows, the PBS and the septin
structures of interest (“septin cloud”, 24 min; “septin ring”, 36 min; “septin hourglass”, 78
min). Image acquisition and processing for this figure are the same as described for Figure 2.
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