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eptins are a family of GTP-binding,
membrane-interacting  cytoskeletal
proteins, highly conserved and essential
in all eukaryotes (with the exception of
plants). Septins play important roles in
a number of cellular events that involve
membrane remodeling and compart-
mentalization. One such event is cyto-
kinesis, the last stage of cell division.
While cytokinesis is ultimately achieved
via the mechanical contraction of an
actomyosin ring at the septum, determi-
nation of the location where cytokinesis
will take place, and recruitment of fac-
tors involved in signaling events lead-
ing to septation requires the activity of
septins. We are working towards dissect-
ing the properties of septins from the
budding yeast Saccharomyces cerevisiae,
where they were first discovered as cell
cycle mutants. In our studies we have
employed several complementary elec-
tron microscopy techniques to describe
the organization and structure of septins
both in vitro and in situ.

The four essential mitotic yeast septins
form an octameric, rod-shaped, symmet-
ric complex with the order: cdcll-cdcl2-
cdc3-cdcl0-cdel0-cde3-cdel2-cdcll.
Under physiological salt concentration
the

track” paired filaments via end-one inter-

rods self-assemble into “railroad
action of cdcll subunits. Importantly,
septin polymerization is greatly facili-
tated by septin interaction with PI(4,5)
P,-containing membranes, a lipid enriched
at the bud neck. This addendum concen-
trates on our latest studies, involving the
characterization of the yeast septin orga-
nization in situ. Using electron tomogra-

phy we have shown that, at the bud neck,
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septins form an array of highly organized,
orthogonal set of filaments connected to
the membrane.

Septins were discovered in budding
yeast about forty years ago in a screen for
cell division cycle mutants.! Since then,
septins have been shown to be conserved
from fungi to mammals® and to constitute
a fourth cytoskeletal system in eukary-
otic cells.’ Septins, like tubulins and
actins, bind nucleotides. However they
do not exhibit any apparent nucleotide-
dependent dynamics, and while guanine
nucleotide binding promotes septin sta-
bility, hydrolysis is not needed in vivo.*
A unique property of septins is that they
contain a lipid-binding motif that allows
them to interact directly with membranes.
This property is important for their cel-
which
remodeling and compartmentalization
processes.®” Among such functions is their
essential role in cytokinesis. Septins have
been shown to be either up- or down-reg-
ulated in cancer cells,*® and they appear
to be involved in a variety of neurologi-
cal pathologies, such as Alzheimer and
Parkinson diseases.!®!!

lular roles, involve membrane

Budding Yeast Septins: Molecular
Organization, Self-Assembly and
Lipid Interactions

In budding yeast septin’s essential func-
tion in cytokinesis involves their role as a
scaffold for the recruitment of both struc-
tural and signaling proteins in the septa-
tion process.'” Septins also form a barrier
that prevents the diffusion of proteins
between daughter and mother cells.'*!

Depending on the organisms, the

number of septin genes varies from 2 for
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Figure 1. Electron microscopy characterization of bud neck septin filaments in S. cerevisiae. (A) Projection view of a 50 nm section from a dividing
budding yeast. Grazing filaments are seen close to the membrane (arrow). (B) Single slice from a tomographic reconstruction of a grazing section of
budding yeast. Circumferential filaments are indicated with arrows. (C) Schematic representation of septin filaments at the bud neck based on tomo-
graphic analysis, with circumferential filaments shown in green and axial filaments drawn in red.

C. elegans to 14 for humans.? In all cases,
a subset of septins assembles in a specific
manner into symmetrical rods that serve
as structural units for the polymeriza-
tion of filaments. In budding yeast, four
septins are essential during mitosis: Cdc3,
Cdc10, Cdcl11 and Cdcl2. We have shown
that they form an octameric complex in
the order: Cdcl1-Cdcl12-Cdc3-Cdcl0-
Cdc10-Cdc3-Cdcl12-Cdcll.  In
salt conditions (below 150 mM) those
octamers assemble into non polar paired
filaments.® During mitosis, a fifth sub-
stoichiometric septin, Shsl, is expressed.
Although Shsl is dispensable for cell sur-
vival, it dramatically affects the organiza-
tion of the septin complex. Shsl has the
ability to replace the end subunit, Cdcll,
and then make the septin complex spon-
taneously assemble into a ring-like struc-
ture.!® The phosphorylation state of Shsl
generally disrupts ring assembly, but a spe-

low

cific phophomimetic mutant site gives rise
to an orthogonal array of filaments.'®

The quaternary organization of septins
is not only affected by specific septin com-
position and post-translational modifica-
tions, but by their interaction with specific
lipids. In budding yeast, during cytokine-
sis, septins are localized at the bud neck
where they interact directly with the cell
membrane.” Biochemical and cellular
assays have shown septins to bind to phos-
phoinositides.! To get further insights into
the septin-lipid interaction and its effect
on septin ultrastructural organization,
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we have used a lipid monolayer assay. We
showed that budding yeast septins inter-
act with PI(4,5)P,, specially through a
basic domain in Cdcl0. PI(4,5)P, facili-
tates septin filament assembly, even under
conditions that prevent polymerization in
solution. Furthermore, on PI(4,5)P, —con-
taining lipid monolayers septin filaments
are tightly paired, and can further orga-
nize into sheets or orthogonal arrays."”

Budding Yeast Septins: In Situ
Ultrastructure

Our in vitro studies have demonstrated
that septin organization is highly vari-
able and plastic, from short rods to paired
straight filaments, ring-like structures or
orthogonal arrays of filaments. Which
of these arrangements, if any, are present
in the cell? To answer this question, we
decided to investigate the organization of
septins in their cellular environment using
electron tomography(Fig. 1).

To this end, two sample preparation
methods were used. First of all, we car-
ried out high pressure freezing followed
by freeze substitution and embedding into
epon resin. This method is more preser-
vative than chemical standard fixation
techniques and provides high contrast for
the cellular features under study. In addi-
tion, we performed cryo-sectioning of the
high-pressure frozen samples followed by
cryo-electron tomography (TOVIS). This
method is the most preservative, since it
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prevents any dehydration or the require-
ment to use a fixative or a stain, but it suf-
fers from greater technical difficulty and
reproducibility, and lower contrast. Using
either technique, we clearly visualized an
array of highly organized and perpendicu-
lar filaments at the bud neck of budding
yeast. Circumferential filaments running
below the cell membrane and around the
bud neck can be seen. These filaments
are periodically repeated and the distance
from a filament to another equals the
length of a septin octamer.?” From cryo-
EM of cryo-sections, it was clearer that
the circumferential filaments are actu-
ally made up of two individual filaments,
tightly paired, and resembling those seen
for septin assembly on PIP2-containing
lipid monolayers. Importantly, a second
set of filaments is present, running along
the mother-bud axis, and thus creating a
perpendicular array of bud neck filaments.
Based on previous experiments using
inmunolabeling,” our in our own in vitro
observations of perpendicular arrays of
septin filaments, and, most importantly,
on the distance between circumferential
filaments, we strongly believe that these
sets of filaments correspond to septins. In
support of this interpretation, the analy-
sis of a mutant lacking cdcl0, one of the
septin subunits, showed a similar, although
more disorganize array of filaments, but
with a shorter repeat corresponding to a
hexameric distance (24 nm) between cir-
cumferential filaments. This size is exactly
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what would be expected from filaments
where the repeating rod is missing two
cdc10 subunits.

This orthogonal organization of two
sets of septin filaments may likely serve
several physiological purposes. First, such
an arrangement of filamentous material at
the membrane would physically generate
a diffusion barrier stopping membrane
proteins from moving from the mother
cell to the bud. Second, this intercon-
nected network of filaments is likely to
have a mechanical effect on the stability
of the membrane.?? Importantly, the over-
all septin arrangement at the bud neck
should facilitate a quick reorganization of
the septin cytoskeleton and thus give rise
to alternative morphologies as cell division
proceeds. Specifically, one could envi-
sion the targeted disassembly of the lon-
gitudinal filaments concomitant with the
appearance of the acto-myosin contractile
ring and the split of the septin collar into
the two rings visualized by fluorescence
microscopy.”® Some recent studies can
be interpreted in support of such model.
Using fluorescence polarization spectros-
copy, two studies have shown a global
rotation of 90° of the septin filaments.?*?
The targeting of a set of filaments with
respect to the other for disassembly that
we propose would likely build on a dif-
ferential composition that could involve
different titrations of the cdcll and Shsl
subunits.

The samples we have used for in
vivo ultrastructure determination were
collected during log phase in order to
maximize the number of dividing cells .
Importantly, because the split septin ring
structure is more transient than the septin
collar, most of the cells that we analyzed
have not reached the onset of cytokinesis
and thus, the septin ultrastructure that we
have described corresponds to the collar
stage of the septin cytoskeleton that pre-
cedes cytokinesis. In an attempt to trap
the cells at the septin split ring stage, we
used a strain that stops cell division at the
onset of cytokinesis* (BY Y116, a gift from
David Drubin [UC Berkeley]). Organized
septin structure was no longer obvious
in this mutant. To discard the possibility
that either the character of the mutant or
the nature of the split rings is too fragile
to withstand the freeze substitution and
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dehydration steps used in our studies of
these mutant cells, such samples should
by analyzed by TOVIS, which should
provide better preservation of delicate
structures. Alternatively to the use of
mutant yeast strains, it should be possible
to synchronize the cells and to try to trap
a population where a significant percent-
age of the cells are undergoing cytokinesis.
Correlative methods could facilitate the
identification of cells in the right stage, so
that targeted tomography can concentrate
the EM efforts on the cells of interest.
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