
Doctoral Thesis ETH No. 15762

Molecular analysis of the role of septins and septin
dynamics during cell cleavage

A dissertation submitted to the
SWISS FEDERAL INSTITUTE OF TECHNOLOGY ZÜRICH

For the degree of
Doctor of Natural Sciences

Presented by

JEROEN DOBBELAERE

Licenciaat Biochemie
University of Gent, Belgium

Born 10.10.1977
Gent, Belgium

Accepted on the recommendation of

Prof Yves Barral, examiner
Prof Ari Helenius, co- examiner

Prof Matthias Peter, co- examiner

2004





3

I can change the world
With my own two hands

Make a better place
With my own two hands
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Abstract

Septins are proteins containing a conserved GTPase domain followed by septin
specific sequences. In all organisms where septins were identified, they are involved
in cytokinesis.  They also function in secretion, cell polarization and plasma
membrane dynamics.  In budding yeast, septins form filaments at the mother-bud
neck.  These filaments are required for cytokinesis, act in the morphological
checkpoint, form a cortical barrier during bud growth to separate mother and bud
cortices, and function as a scaffold for the recruitment of different molecules like
chitin synthase, actomyosin ring components and bud-site-selection factors.

Using Fluorescence Recovery After Photobleaching (FRAP) and a septin
temperature sensitive (ts) allele (cdc12-6) we studied the dynamics of the septin
filaments throughout the cell cycle. Filament dynamics went through different phases
during one division cycle.  At bud emergence septin localization was dynamic.  It
became stable during S-phase and septin rings stayed frozen until the cells exited
mitosis.  Concomitantly with septin ring splitting at the end of anaphase, the septin
filaments became dynamic for a few minutes and froze again during cytokinesis.
This pattern of septin ring dynamics was paralleled by the phosphorylation state of at
least one of the septins (Shs1).  Dynamic phases were characterized by hypo-
phosphorylation of Shs1, whereas stable filaments contained hyper-phosphorylated
Shs1. Inactivation of Gin4, a septin-dependent kinase and Cla4, a PAK-kinase,
caused an increase in septin dynamics.  Deletion of the regulatory sub-unit (Rts1) of
the PP2A phosphatase reduced septin dynamics.  Cell cycle regulation of septin
dynamics is achieved (at least in part) by controlling the sub-cellular localization of
both the kinases and the phosphatase.  Interestingly, cdc12-6 could suppress certain
rts1 mutations and vice-versa indicating that septins and PP2A regulate each other.
Furthermore, deletion of RTS1 causes defects in abscission (a late step of
cytokinesis involving membrane fusion) but not in actomyosin ring contraction.

The observation of the rts1-∆ cytokinetic defect led us to investigate the function of
the septin ring during cytokinesis.  Exit of mitosis triggers the septin ring at the bud
neck to split into two distinct rings.  This event creates a space where the cytokinetic
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machinery can form and contact the plasma membrane.  We show that at this cell
cycle stage the two septin rings serve as barriers to maintain cortical factors involved
in secretion, cell polarization, cell wall construction and abscission to the bud neck.
In contrast, actomyosin ring components were not dependent on the septin barriers.
Actomyosin ring constriction and disassembly was slowed down in the absence of
functional septin rings, probably due to secretion defects.  Supporting this idea,
impairment of secretion via a ts-mutant (sec3-4) also caused delayed actomyosin
contraction.
In conclusion, we could show that septins are essential for late steps in cytokinesis.
Furthermore, tight regulation of septin dynamics during the cell cycle is needed for
spatial coordination of cytokinetic events.
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Zusammenfassung

Septine sind konservierte GTPasen.  Sie enthalten spezifische Sequenzen, die
innerhalb der Septin-Familie konserviert sind.  In allen Organismen, in denen Septine
identifiziert wurden, spielen diese Proteine während der Zytokinese eine Rolle.  In
der knospenden Hefe Saccharomyces cerevisiae  bilden Septine Filamente am
sogenannten Knospenhals, der Stelle, an der eine neue Zelle durch Knospung aus
der Mutterzelle entsteht.  Diese Filamente sind essentiell, um eine vollständige
Zellteilung zu gewährleisten. Ausserdem spielen sie eine Rolle im Morphogenese-
Kontrollpunkt. Septine bilden eine kortikale Barriere während des
Knospenwachstums, indem sie das Mutterkompartment vom Tochterkompartment
trennen. Zudem agieren  sie als Gerüst für die Rekrutierung von Molekülen wie der
Chitin-Synthase, Komponenten des Actomyosin Ringes und für Moleküle, die eine
Rolle bei der Wahl der Knospungsstelle spielen.

Unter Benutzung der Fluorescence Recovery After Photobleaching (FRAP) Technik
und einer temperatursentiven Septin Mutante cdc12-6 haben wir die Dynamik von
Septin Filamenten am Knospenhals während des Zellzyklus studiert. Während des
Teilungszyklus durchlief  das Filament Phasen unterschiedlicher Dynamik. Bei der
frühen Entstehung der Knospe war die Lokalisation der Septine sehr dynamisch.
Während der S-Phase wurde diese Lokalisation stabil und Septin Ringe blieben in
diesem sogenannten „eingefrorenen“ Zustand bis die Zelle die Mitose abgeschlossen
hatte. Gleichzeitig mit der Teilung des Septin Ringes am Ende der Anaphase wurde
der Septin Ring wieder dynamisch und ging erst während der Zytokinese wieder in
den „gefrorenen“ Zustand über. Dieses Dynamikmuster des Septin Ringes während
des Zellzyklusses ging einher mit dem Phosphorylierungszustand von mindestens
einem der in Hefe vorkommenden Septine: Shs1.  Dynamische Phasen waren
charakterisiert durch die hypo-Phosphorylierung von Shs1 während stabile Filamente
eine hyper-phosphorylierte Form von Shs1 enthielten. Die Inaktivierung der Kinasen
Gin4 und Cla4 bewirkte einen Ansteigen der Septin Dynamik, während die
Entfernung der regulatorischen Untereinheit von PP2A, Rts1, die Dynamik
reduzierte. Zellzyklusabhängige Regulation der Septin Dynamik  wurde von der Zelle
zumindest teilweise dadurch erreicht, dass die Lokalisation innerhalb der Zelle von
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diesen Kinasen beziehungsweise der Phosphatase kontrolliert wurde.
Interessanterweise konnte die Mutation in cdc12-6 den Phänotypen von einigen rts1
Mutationen unterdrücken und umgekehrt. Dieses weist darauf hin, dass Septine und
PP2A sich gegenseitig regulieren. Ausserdem sorgt die  Entfernung von Rts1 für
Defekte in der endgültigen Abtrennung der Tochter von der Mutterzelle. Es gibt
allerdings keine Defekte während der Kontraktion des Actomyosinringes.

Die Beobachtung des Zytokinesedefektes von rts1-∆ brachte uns auf die Idee, die
Funktion der Septine während der Zytokinese zu untersuchen. Das Verlassen der
Mitose  führte zur Aufspaltung des Septin Ringes in zwei Ringe am Knospenhals.
Dieses Ereignis erzeugte ein Abteil, in dem sich die Zytokinese Maschinerie bilden
und die Plasmamembran kontaktieren kann. Wir konnten zeigen, dass während
dieser Phase des Zellzyklus die beiden Septin Ringe als Barrieren dienen, die
Faktoren, die für das Abschneiden der Tochter von der Mutterzelle verantwortlich
sind, in diesem Bereich zurückhalten. Des weiteren werden auch Proteine dort
immobilisiert, die eine Rolle bei Sekretionsprozessen, der Polarisierung der Zellwand
und der Zellwandsynthese spielen. Demgegenüber waren Proteine, die Teil des
Actomyosinringes sind, nicht auf die  Bildung der Septinbarriere angewiesen.
Es ist jedoch zu bemerken, dass die Ringkonstriktion und der Abbau des
Actomyosinringes verlangsamt ist, wenn es keine funktionelle Septin Barriere gibt.
Dieses liegt vermutlich daran, dass es zu Sekretionsdefekten kommt, wenn die
Barriere nicht vorhanden ist. In Einklang mit dieser Idee konnten wir zeigen, dass
eine Beeinträchtigung der Sekretion unter Benutzung der temperatursensitiven
Mutante sec3-4 auch zu langsamerer Actomyosinkontraktion führt.

Zusammenfassend bleibt zu bemerken, dass wir in dieser Arbeit zeigen konnten,
dass Septine essentiell sind für späte Ereignisse in der Zytokinese. Ausserdem ist
eine strikte Regulation der Dynamik von Septinen während des Zellzyklus
unabdingbar für erfolgreiche Zytokinese.
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Budding yeast cell in G2/M stained for both the septin ring
(CFP-Cdc3) and the polarizome (Spa2-GFP)
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1. General Introduction

Cytokinesis is the cell cycle event that irreversibly separates the mother cell into two
daughter cells.  In animal cells and yeast a division site is chosen, followed by the
formation of a cleavage furrow (Figure 1-1) (Guertin et al., 2002).  A ring containing
actin, myosin and other proteins is formed.  The contraction of this actomyosin ring
provides the force to ingress the cleavage furrow.  Thus, cytokinesis in fungi and
animals is organized in a centripetal fashion, starting at the periphery and
progressing towards the middle of the cell.  When the actomyosin ring reaches the
central spindle (midbody), contraction stops and the ring disassembles.  In a final
event, the remaining gap at the cleavage furrow is sealed (abscission).  The
mechanism of cytokinesis is highly conserved in fungi and animal cells, indicated by
the fact that the differences observed during cytokinesis only concern the timing and
the importance of the single processes but not the overall cascade of events.  In
fungi and animals, a protein-family called the septins, which localize to the cleavage
furrow, is needed for proper cell separation.
Interestingly, plant cells, which do not contain septins, separate their daughter cells
very differently compared to fungi and animal cells (Figure 1-1). In plants, cytokinesis
is accomplished via localized secretion.  Secretion is directed by a microtubule
bundle in the middle of the cell (phragmoplast) and radiates outwards in a centrifugal
pattern to produce a cell plate.  Contact is established between the cell plate and the
plasma membrane of the mother cell such that the two daughter cells become
irreversibly separated.
In fungi, plant and animal cells, the coordination of cytokinetic events with nuclear
division ensures the proper segregation of the genetic material between the two
daughters.  The mechanisms of this coordination are poorly understood.

2. Cytokinesis

Cytokinesis is the process that physically separates the two newly created cells.  It is
comprised of distinct steps, which I will describe below, in their chronological order.
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2.1. Cleavage plane specification

The first step of cytokinesis is the determination of the site where cell separation will
take place.  In most eukaryotic cells, after chromosome duplication and separation,
the cleavage plane is positioned such as to segregate one copy of the genome to
each daughter (Figure 1-1).  In budding yeast, the position of the cleavage plane is
fixed early, as the bud neck emerges (Bi, 2001).  Therefore, later in the cell cycle the
nucleus has to adapt its position to the already existing cues and moves to the bud
neck.  Concomitantly, the spindle elongates and the two copies of the genomes are
separated.
In S. pombe and plants the position of the nucleus determines the position of the
cleavage plane (Chang, 2001; Flanders et al., 1990).  In fission yeast, Mid1, an anillin
homologue, is exported from the nucleus in early mitosis and decorates the cell
cortex in the proximity of the nucleus (Sohrmann et al., 1996).  Anillin is an actin
binding protein, which localizes to the site of cleavage in fungi and animal cells and is
involved in cell cleavage (Finger, 2002).  Mid1 then recruits actin and other
components of the actomyosin ring to the cell cortex to assemble the contractile
machinery.  In plants, the nucleus which specifies the cleavage furrow, is positioned
through interactions with the cortex.  Subsequently, microtubules (MTs) cluster
transversally to the shortest nucleus-cortex distance to form a phragmosome
(Flanders et al., 1990).  Finally, actin and microtubules form stable medial ring called
the preprophase band at the plasma membrane.  This ring prefigures the future
cleavage plane.
In mammalian cells, two models have been proposed to account for furrow
positioning.  The first model suggests that signals from overlapping astral MTs at the
cell cortex determine the position of the cleavage furrow (Rappaport, 1986).  Other
data suggest that the midbody, a dense array of overlapping MTs that forms during
late anaphase is required for furrow positioning (Wheatley and Wang, 1996).
Although both models can explain experimental results, recent data suggest that both
astral and midbody MTs are needed for proper positioning of the cleavage furrow
(Inoue et al., 2004).  Astral MTs contacting the cortex define the site of cleavage and
initiate actomyosin ring formation.  Signaling from the midbody is needed to maintain
the cleavage furrow and to trigger furrow ingression.
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Figure 1-1 Model cytokinesis
General mechanisms of cytokinesis in eukaryotes.  The diverse mechanisms of separation of the daughter cells
are compared in different organisms.  In budding yeast, the division plane is specified early in the cell cyclus
(G1).  Afterwards, during mitosis the actomyosin ring is formed on the septin scaffold followed by contraction.
Concomitantly, a cell wall is synthesized at the outside.  Fission yeast, similar to mammalian cell, establishes the
cleavage furrow during mitosis.  The position of the cleavage furrow is specified by the position of the nucleus.
Like in budding yeast, septum formation coincides with actomyosin constriction.  In animals, the spindle
microtubules and the midbody determine the cleavage plane.  The furrow constricts followed by abscission.  In
higher plants, microtubules guide vesicles to the equatorial region.  These vesicles form the phragmoplast, which
will finally contact the cell cortex and form the cell plate to separate the two daughter cells.  Adapted from
Guertin et al., 2002.

2.2. Actomyosin ring

In fungi and animal cells, an actomyosin ring constricts the cleavage furrow (Figure
1-1) (Guertin et al., 2002).  In budding yeast, components of the actomyosin ring are
recruited to the bud neck already at the onset of bud emergence.  The final assembly
of a functional actomyosin ring and the recruitment of actin filaments takes place
prior to contraction (Bi, 2001).  The formin Bnr1 and the type-II myosin Myo1 are
recruited first to the bud neck in a septin-dependent manner at G1/S (Vallen et al.,
2000).  The PCH-protein Hof1 localizes to the bud neck shortly after (Vallen et al.,
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2000).  Iqg1, an IQGAP homologue, and actin arrive at the bud neck during
anaphase.  When all components are recruited, a functional actomyosin ring is
formed, and contraction ensues as the cells exit mitosis (Epp and Chant, 1997).
In S. Pombe the order of events is similar although the timing is different (Wu et al.,
2003).  In contrast to budding yeast, septins are recruited to the cleavage furrow after
actomyosin ring formation (Tasto et al., 2003).  This corroborates genetic evidence
indicating that in fission yeast septins do not play any role in actomyosin ring
formation (Tasto et al., 2003).  As discussed above, the spatial coordination of the
different events in actomyosin ring formation is controlled by the anillin-homologue
Mid1.  Components, like myosin-II (Myo2), IQGAP (Rng2) the PCH protein (Cdc15)
and the formin Cdc12p are recruited in this order shortly after each other during the
G2 to M transition (Wu et al., 2003) and localize as dots in a broad area around the
cleavage furrow (Pelham and Chang, 2002). After this recruitment step, actomyosin
ring formation is thought to start from one spot that then encircles the whole cell
cortex (Wong et al., 2002).  How the changes from a broad localization to a spot and
then to a ring are accomplished, is not known.  Maintenance of the spot and
assembly of the actomyosin ring is in part regulated by the folding of the Myo2 head
domain by Rng3, a chaperone (Wong et al., 2002).
Most components found in yeast are conserved in mammals (actin, myosin, PCH-
protein, formin) (Guertin et al., 2002).  However, how the assembly and formation of
the actomyosin ring takes place in these organisms is not known.  In addition, the
actomyosin ring of animal cells is not as well focused as in yeast, indicating that fine-
tuning could be different.
How actomyosin ring contraction works on a mechanistic level is not known. Results
from different labs indicate that tight regulation of actomyosin behavior is needed for
proper contraction.  This is indicated by the fact that both disruption and stabilization
of actin filaments affects cytokinesis (O'Connell et al., 2001).  How the contraction is
regulated in time and space is not well-known, although some details are beginning
to emerge.  Contraction is in part regulated by myosin phosphorylation (see below).
In mammalian cells, the midbody and especially chromosomal passenger proteins
play an important role in maintaining the signal that induces contraction and
organizing actomyosin ring disassembly (Glotzer, 2003).
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2.2.1. Actomyosin ring components

Myosin type-II
Myosin type-II motor proteins create the force needed to contract the cleavage
furrow.  Myosin exists as a hexamer comprising two myosin heavy chains, each
associated with an essential light chain (ELC) and a regulatory light chain (RLC)
(Guertin et al., 2002). How myosin-II molecules work in the contractile ring on a
molecular level and how myosin motors apply force is not clear (Spudich, 2001).
Probably, myosin functions similar as in muscle cells where it forms bipolar arrays
connected to actin filaments. Furthermore, little is known about the exact function of
the light chains.  In S. pombe and D. discoideum, binding of the RLC to myosin-II is
needed to relieve the motor domain from auto-inhibition (Naqvi et al., 2000) (Uyeda
and Spudich, 1993).  In addition, in both organisms RLC is phosphorylated, and
phosphorylation is thought to have a regulatory function (Tan et al., 1992).  A recent
report in budding yeast indicates that the different myosin light chains could have
diverse functions (Luo et al., 2004).  The RLC Mlc2 in S. cerevisiae is important for
the disassembly of the actomyosin ring and probably also for the end of contraction.
In contrast, the ELC, Mlc1 is needed for the coordination of actomyosin ring
formation and secretion (probably through its association with the type-V myosin
myo2). In addition, ELC interacts with IQGAP, a protein involved in both secretion
and actomyosin formation, suggesting that the actual target of ELC might be IQGAP
instead of type-II myosin (Luo et al., 2004; Shannon and Li, 1999) (Win et al., 2001)
(D'Souza V et al., 2001).  Whether the two sub-units of budding yeast, are also
regulated by phosphorylation, like in D. discoideum and S. pombe, is not known.

PCH (Pombe Cdc15 homology) family
Proteins of this family are characterized by the organization of their different
structural domains.  In contrast, the level of homology at the primary sequence level
is very limited (Lippincott and Li, 2000). PCH-proteins have an N-terminal FER-CIP4
homology domain (FCH), followed by a region containing a potential coiled-coil
domain and an Src homology domain (SH3) at their C-terminus.  Most members also
contain PEST sequence between the coiled-coil region and the SH3 domain.  The
FCH-domain was shown to interact with microtubules (Tian et al., 2000).  Both the
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coiled-coil and the SH3 domain are involved in protein-protein interactions and the
PEST domain is a signal for protein degradation.  Furthermore, members of this
family seem to be phosphorylated.  Phosphorylation might regulates protein-protein
interactions and as a consequence protein localization and degradation (Blondel M.,
personal communications).
In budding (Hof1) and fission yeast (Cdc15 and Imp2) PCH-proteins localize to the
cleavage plane and are involved in the organization of the actomyosin ring
(Fankhauser et al., 1995; Lippincott and Li, 1998a; Norden et al., 2004; Vallen et al.,
2000).  They are involved in both the formation and the contraction of the actomyosin
ring and are known to interact via their SH3 domain with formins (Bnr1 in budding
yeast and Cdc12 in fission yeast) (Fankhauser et al., 1995; Kamei et al., 1998),
which organize the actin cytoskeleton in a Rho-dependent manner.  Through this
interaction the PCH proteins are thought to regulate stability and/or nucleation of
actin filaments.  In fission yeast, Cdc15p and Imp2p seem to have separate
functions.  Cdc15p is involved in formation and localization of the actomyosin ring
(Carnahan and Gould, 2003; Fankhauser et al., 1995), whereas Imp2 is involved in
the stability of the ring during contraction (Demeter and Sazer, 1998).
PCH-proteins/family members of higher eukaryotes also localize to the cleavage
furrow as well as to other actin structures, like lamellipodia and the cell cortex
(Spencer et al., 1997).  These proteins interact with phosphatases and are thought to
function as scaffold proteins between the phosphatase and their substrates.  Wasp, a
protein that activates Arp2/3-dependent nucleation of actin filaments is such a
substrate (Cote et al., 2002).  Although most mammalian PCH-proteins localize to
cleavage furrows so far, no cytokinetic defect was observed upon their inactivation
(Lippincott and Li, 2000).

IQGAP protein
The IQGAP protein family is a group of scaffolding proteins that bind to a diverse
array of signaling and structural molecules.  Next to its role in cytokinesis, it is also
involved in calmodulin signaling, cytoskeletal architecture, cell-cell adhesion and
Cdc42 and Rac signaling (Briggs and Sacks, 2003).  With its N-terminal calponin
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domain it is able to interact with actin.  Furthermore, IQGAP proteins contain several
IQ motifs and a C-terminal GAP-like (GTPase activating protein) domain.
In budding and fission yeast, Iqg1 and Rng2 respectively, are essential for
cytokinesis.  They trigger the recruitment of actin to the cleavage furrow and regulate
constriction via interaction with ELC (Shannon and Li, 1999).  The mammalian
homologue also binds to ELC, suggesting that myosin light chain binding is a
conserved property of IQGAP proteins (Briggs and Sacks, 2003).

2.3. Abscission

After actomyosin ring contraction and disassembly the cells remain connected by a
narrow “bridge”, the midbody (Guertin et al., 2002).  Although final separation could
be achieved by ripping the two daughter cells apart, observations were made
suggesting that this is a highly regulated process.
In animal cells, vesicle fusion is needed for late steps in cytokinesis (Guertin et al.,
2002).  Vesicles delivered to the cleavage furrow are thought to add membranes
needed for constriction, to deliver proteins needed for proper cell separation as well
as enzymes to fuse the membrane.  Disruption of vesicle fusion in C. elegans results
in furrow regression and vesicle accumulation at the midbody (Skop et al., 2001).  In
mammalian cells, disruption of vesicle fusion results only in defects in midbody
abscission and membrane fusion and not in furrow ingression (Low et al., 2003).
Thus, the final stage of cytokinesis (abscission) after actomyosin ring contraction
comprises the division of the midbody and the fission of the membrane.  How this is
achieved on a molecular basis and how this process is spatially and timely regulated
is not known.  As we started this study, it was also not known how fungi, in which no
structure resembling the midbody has been reported, complete cytokinesis

2.4. The nuclear cycle and cytokinesis are synchronized with each other

2.4.1. Small G proteins control formation of the actomyosin ring

Small GTP-binding proteins of the Ras super-family have been reported to
coordinate cytokinetic events (Prokopenko et al., 2000).  Rac, Rho and Cdc42
localize to the cleavage furrow and the midbody (Prokopenko et al., 2000).
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Activation and spatial coordination is achieved by their associated proteins GTPase
activation proteins (GAPs), guanine exchange proteins (GEFs) and guanine
nucleotide dissociation inhibitors (GDIs).  For example, the GEFs which activates
Rho (Pebbles in D. melanogaster, CYK-4 in C. elegans and ECT2 in mammalian
cells) activate the GTPase at the midbody and cleavage furrow (Jantsch-Plunger et
al., 2000; Prokopenko et al., 1999; Tatsumoto et al., 1999).  How these GTPases
function in cytokinesis is not known.  Probably protein-protein interaction and
phosphorylation play a major role in downstream signaling.  One nice example,
illustrating that phosphorylation plays a role in Rho-signaling is present in D .
melanogaster (D'Avino et al., 2004).  Sticky, the Drosophila homologue of the
mammalian Citron Kinase is activated by Rho.  Sticky-depleted cells fail to organize a
functional contractile ring.  Sticky might directly regulate the actomyosin ring by
phosphorylating the regulatory light chain of myosin-II.  Interestingly, Rac-signaling
inhibits cytokinesis whereas the Rho-pathway, by acting via Sticky, directs cleavage
furrow ingression (D'Avino et al., 2004).  Thus, different Rho-like GTPases function in
different cytokinetic events.
In budding yeast, Rho3, Rho4 and probably also Rho1 regulate cytokinesis (Dong et
al., 2003) (Tolliday et al., 2002).  They are able to activate the formin Bni1, which
stimulates actin filament nucleation at the site of cleavage.  In S. pombe the formin
Cdc12 is essential for actomyosin ring formation but no upstream regulator has been
identified (Pelham and Chang, 2002).  In contrast, another Rho-like GTPase in
budding yeast, Cdc42, which localizes to the bud-neck late in the cell cycle, does
probably not play a role in actomyosin ring formation although it is most likely
involved in some cytokinetic event.  Iqg1, the IQGAP protein in budding yeast also
plays a role in actomyosin ring formation and cytokinesis.  But which proteins it binds
with its GAP-like domain is not known.  Experimental evidence indicates that it does
neither act in the Rho1 nor in the Cdc42 pathway (Tolliday et al., 2002).

2.4.2. The Men/Sin pathway initiates contraction

The MEN (Mitotic exit network) coordinates cytokinesis with mitotic events in S.
cerevisiae  (Simanis, 2003).  The MEN pathway is a signaling cascade that consists
of one GTPase, several kinases and the phosphatase Cdc14, all of them localizing to
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spindle pole bodies.  Some components of the MEN pathway, such as the kinases
Cdc15, Dbf2 and the phosphatase Cdc14, also translocate to the bud neck upon
activation. On one of the two spindle pole bodies (SPBs), Tem1 is inactivated by the
GAP-complex Bub2-Bfa1.  During anaphase, Tem1 is activated through inhibition of
the GAP-complex by Polo kinase (Cdc5)  and interaction with its GEF, Lte1.
Remarkably, prior to mitotic exit Lte1 localizes to the bud cortex.  Therefore, Tem1
becomes activated only on the SPB that enters the daughter cell.  In turn, activated
Tem1 recruits and activates the kinase Cdc15, which successively is able to activate
the Dbf2-Mob1 complex.  This complex subsequently relocalizes to the bud neck and
activates septin ring splitting and actomyosin ring contraction (Lippincott et al., 2001;
Luca et al., 2001).  Furthermore, the MEN pathway also activates the phosphatase
Cdc14, which in turn activate the cytokinetic role of Cdc15 (feedback mechanism)
and inhibits mitotic CDK (Cdc28) activity.  Down-regulation of the cyclin-dependent
kinase is a key event for initiation of cytokinesis in all organisms examined so far
(Menssen et al., 2001).
In S. pombe, the SIN (septation initiation network) pathway coordinates late mitotic
events with cytokinesis similarly to the MEN pathway in budding yeast (Simanis,
2003).  Mutants defective for the SIN pathway can form an actomyosin ring but
contraction does not take place (Fankhauser et al., 1995).  The GAP complex Cdc16-
Byr4 inhibits the small GTPase Spg1 at the spindle pole bodies (SPBs) in interphase.
During anaphase, Spg1 becomes activated and recruits the kinase Cdc7
(homologous to S. cerevisiae Cdc15) to the SPBs.  How Spg1 activation is controlled
is not known.  However, it might dependent on CDK (Cdc2) inactivation and on polo-
kinase activity (Plo1). During anaphase B the GAP complex Cdc16-Byr4 re-
associates with one SPB, inactivates Spg1 and consequently Cdc7 is removed from
that SPB.  Signal transduction through Cdc7 and at least one more kinase (Sid1) at
only one SPB, leads to the transition of the Sid2-Mob1 complex (homologous to
Dbf2-Mob1 of budding yeast) to the actomyosin ring.  This event provides the signal
that initiates constriction and septation.
Homologues of at least some of the components of the MEN/SIN pathway have been
identified in mammalian cells (such as the homologues of Dbf2 and Mob1).
However, it is not clear whether they function in the same manner or in a similar
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pathway.  It is true that centrosomes (the homologues of SPB in mammalian cells)
also play an important role in cytokinesis (Piel et al., 2001), suggesting that a similar
pathway could indeed be present in higher eukaryotes.

2.4.3. Contraction is initiated and enforced by signaling from the midbody.

After chromosome segregation, the central region of the spindle undergoes
reorganization in which microtubule bundle into anti-parallel interdigitating arrays
called the spindle midzone (Andrews et al., 2003).  Prior to and during furrowing the
spindle midzone is compacted and forms the midbody.  After furrowing animal cells
stay connected through a structure called the cytoplasmic bridge, which persists until
it is cut during abscission (Andrews et al., 2003).  The midbody contains a group of
structural proteins (mainly kinesin motor proteins) that keep the anti-parallel
microtubules together.  Also a major class of signaling molecules, the so called
chromosomal passenger proteins, are present at the midbody.  These molecules are
at centromeres in mitosis and translocate to the presumptive cleavage site and the
midbody during late anaphase. The fact that chromosomal passenger proteins
localize very early to the site of cleavage indicates that they could play a role in
furrow formation (Cooke et al., 1987) or in the regulation of some other cytokinetic
event.   Chromosomal passenger proteins include INCEN-P (inner centomere
protein), Aurora-B (a kinase) and Survivin (an inhibitor of apoptosis).  In Drosophila,
mutation or deletion of the midbody components INCEN-P and Aurora-B results in
both, a defect in midbody organization and contractile ring assembly (Adams et al.,
2001).  Although deletion or inhibition of these proteins create defects in cytokinesis it
is not clear how they regulate cell separation (Glotzer, 2003).  Disruption of
cytokinesis by inhibition of Aurora-B with a specific drug indicates that Aurora-B
positively regulates cytokinesis (Hauf et al., 2003). Aurora-B probably induces
cytokinesis by phosphorylating different substrates such as myosin light chain and
MKLP1 kinesin (Andrews et al., 2003). However, the molecular mechanisms
underlying these regulations are poorly described.
In budding and fission yeast, chromosomal passenger proteins play a role in
chromosome segregation.  They do not appear to be required for cytokinesis (Biggins
et al., 1999) (Leverson et al., 2002). Furthermore, besides the central spindle, no
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structure related to the midbody of higher eukaryotes could be identified in yeast.
Thus, cytokinesis might be controlled in a different manner in yeast compared to
mammalian cells.
Other signaling molecules are also associated with the midbody.  Polo-kinase is one
of them and is both needed for cytokinesis and midbody formation (Nigg, 1998).  In
contrast, recent observations by Lindon et al. indicate that Polo-kinase (Plk1) in
mammalian cells could be a negative regulator of cytokinesis (Lindon and Pines,
2004).  Degradation of Plk1 in anaphase contributes to proper exit of mitosis and
cytokinesis, while its stabilization inhibits these processes.  In addition,
overexpression of Cdc5, the budding yeast Polo-kinase, results in cell chains of cells
that are unable to separate (Song et al., 2000).  This also indicates that Polo-kinase
might be an inhibitor of cytokinesis.
Thus, as for chromosomal passenger proteins, the function of Polo-kinase in
cytokinesis is not well described.  Recently, a general study aiming to isolate
midbody components, identified 160 midbody-associated proteins with a function in
cytokinesis of which 103 were unknown (Skop et al., 2004).  This indicates that there
is still a lot to learn about how this structure assembles, functions and is regulated.

2.5. Membrane behavior during cytokinesis

Next to protein components, the membrane at the cleavage furrow is a key player of
cytokinesis. During cytokinesis a diffusion barrier in the membrane is observed,
which separates the two daughter cells (Schmidt and Nichols, 2004). Membrane
fusion is one of the last events during cell separation and takes place after actin ring
contraction and disassembly.  Few details about how membrane behavior influences
cell division and vice versa are present.
During furrow ingression the surface of the cell increases.  Thus, the addition of new
membranes is needed to fill the cleavage furrow.  New membranes could be
provided either by cortical flow from the cell poles  or by membrane addition in the
vicinity of the ingressing furrow (Wang et al., 1994).   The latter model is favored
since vesicle fusion has been shown to happen near the cleavage furrow.  In
addition, mutants defective in the secretory pathway show cytokinetic defects in
many organisms (Edamatsu, 2001; Hales et al., 1999; Straight and Field, 2000).
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How the cytokinesis machinery (septin, actomyosin ring, chitin synthase) interacts
with the membrane and how membrane resolution is spatially and temporally
coordinated remains unclear.  Septins and actin filaments are able to interact with the
membrane via phosphatidylinositols (PtdIns) (Yin and Janmey, 2003; Zhang et al.,
1999). Thus, both septins and actin filaments could be influenced by, and in turn,
influence membrane behavior at the cleavage furrow.
Membrane rearrangements during cytokinesis are important for proper membrane
resolution and actomyosin ring disassembly (Emoto and Umeda, 2001).
Phosphatidylethanolamine (PE) a lipid that is preferentially on the inner leaflet of the
plasma membrane (Zachowski, 1993) Schroit, 1991 #35}, relocates to the outer
leaflet of the cleavage furrow in Chinese hamster ovary (CHO) cells prior to
cytokinesis (Emoto et al., 1996). Furthermore, at the same time sphingomyelin, a
lipid enriched in the outer leaflet of the plasma membrane, is excluded from the
cleavage furrow surface (Emoto and Umeda, 2001). This relocalization of lipids is an
active process, probably facilitated by proteins and requiring ATP.  A phospholipid
scramblase (PLScR), which can translocate phophatidylserine (PS) between inner
and outer leaflet relocalizes to the cleavage furrow during cytokinesis in Hela cells
(Emoto and Umeda, 2001).  Thus, membrane composition is changed at the
cleavage furrow prior to and during cytokinesis.  CHO cells defective in the
biosynthesis of PE show an extreme prolongation of late telophase and cytokinesis.
These cells are defective in actomyosin ring disassembly, but do not affect the
formation or contraction of the cleavage apparatus (Emoto et al., 1999; Emoto and
Umeda, 2000). This indicates that membrane changes in the cleavage furrow
influence the cytokinetic machinery at late time points, perhaps during abscission.
In budding yeast, translocation of aminophospholipids is regulated by at least two
protein complexes (Saito et al., 2004). Lipid translocators are uni-directional and
create membrane asymmetry.  The Cdc50p/Drs2p complex is required for polarized
cell growth and influences the actin cytoskeleton.  This complex is localized to the
trans Golgi network (TGN) and to endosomes.   The second complex comprising
Lem3p and Dnf1p is needed for uptake of different aminophospholipids and localizes
to the plasma membrane (Saito et al., 2004).  It concentrates to the bud neck during
cytokinesis (Hua et al., 2002).  Both complexes consist of a catalytic subunit (Drs2p
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and Dnf1p P-type ATPases of the aminophospholipid translocase (APT) subfamily)
and a regulatory sub-unit (Cdc50p and Lem3p).  Deletion of components of either
pathway results only in small defects but simultaneous inactivation of both pathways
is lethal (Saito et al., 2004).  Whether these two translocase-complexes also play a
role in the translocation of PtdIns is not known yet.
In S. pombe, sterol-rich domains (rafts) are found at the sites of polarized growth, the
growing tips and late in the cell cycle at the cleavage plane (Wachtler et al., 2003).
Correct localization of sterols to the cleavage furrow depends on the secretory
pathway and actomyosin ring assembly.  Depletion of sterols causes defects in
actomyosin ring assembly, mislocalization of cell wall synthesizing enzymes and
causes a failure in separation.  In a recent report, Saul et al. could show that PtdIns
are needed for proper cytokinesis in crane fly spermatocytes (Saul et al., 2004).  In
addition, the constant recycling of PtdIns is needed in these cells since blocking
PtdIns recycling prevents actin filament recruitment to the cleavage furrow.
In conclusion, the plasma membrane at the cleavage furrow is different from its
surroundings prior and during cytokinesis.  Establishment and maintenance of these
membrane domains is important for proper cytokinesis.

2.6. Cell wall formation

In fungi and plants, cytokinesis is coordinated with the synthesis of a new cell wall
(Guertin et al., 2002).  Plants add new cell wall material in the center of the cell that
grows outwards together with the phragmoplast (Heese et al., 1998).  Cell wall
forming glycans and enzymes are delivered via vesicles.
In both fission and budding yeast, cell wall synthesis is coordinated with actomyosin
contraction (Cabib, 2004; Rajagopalan et al., 2003).  First, a primary septum (chitin-
rich) is formed concomitantly with actomyosin ring contraction to separate the cells.
After cell division a secondary septum is formed at the surface of both daughter cells.
Finally, to separated the cells, chitinases and glucanases are expressed that digest
the primary septum, leading to cell separation.
In budding yeast, due to its polar budding, localized cell wall synthesis is already
needed at bud emergence (Cabib, 2004).  Chitin synthase III (Chs3) forms a chitin
ring at the bud neck. Chs3 is localized in a septin-dependent fashion.  Genetic
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studies indicate that in budding yeast, both the septin ring and chitin ring are needed
to maintain the shape of the bud neck.  During cytokinesis, the chitin synthase II
(Chs2) localizes to the bud neck and forms the primary septum.  How Chs2 is
activated in time and space is not known.
Thus, cell wall synthesis in yeasts and plants is tightly regulated with cell division.  In
yeasts, actomyosin ring contraction and the cell wall synthesis machinery are
coordinated through cytokinesis.

3. The septin protein family

Septins form a family of conserved proteins containing a GTP-binding motif (guanine-
nucleotide binding). They have been found in most eukaryotes except protozoa and
plants (Figure 1-2) (Kinoshita, 2003b).  Recently, a septin was found in
Chlamydomonas, a protophyte (Dutcher Susan, personal communications).  In all
organisms identified, septins function in cytokinesis.  Yet septins seem to play a role
in other cellular functions as well.  Septins are involved in mating and sporulation in
budding yeast, play a role in the development of germ cells and photoreceptor cells
in Drosophila and they are implicated in exocytosis, tumorigenesis, apoptosis and
neurogenesis in mammalian cells (Kinoshita, 2003a)
The involvement of septins in diverse cellular process raises the question of how the
septin proteins can participate in such a variety of events.  Part of the answer must
lay in the different domains of the septin proteins and their regulation.  In addition to
their GTPase domain, all septins contain a poly-basic membrane associating region,
a septin-specific domain and a C-terminal coiled-coil domain involved in protein-
protein interactions.  The function of septins in budding yeast and other organisms is
discussed below.

3.1. The function of the septins in S. cerevisiae

3.1.1. Septin behavior during the cell cycle, mating and sporulation

Septins were first identified in budding yeast were they form filaments at the bud
neck (Longtine et al., 1996). Five of the seven encoded septins (Cdc3, Cdc10,
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Figure 1-2 Septin tree
A phylogenetic tree of the septins in Saccharomyces cerevisiae (Sc), Schizosaccharomyces pombe (Sp),
Caenorhabditis elegans (Ce), Drosophila melanogaster (Dm) and humans (Hs). The amino-acid sequence found
in the incyte database was used and analyzed by Phylip (Phylip and phylogenies) using the default mode with
the UPGMA method, 1,000 bootstrap replicates and systematic tie-breaking, and Poisson-corrected distances
with proportionally distributed gaps.  The scale bar represents 0.1 substitutions.

Cdc11, Cdc12, Shs1) are expressed during vegetative growth (Longtine and Bi,
2003).  During the G1 phase of the cell cycle, they are first observed as a ring
underlying the plasma membrane at the site where the next bud will emerge. As the
bud grows out, the septin ring maintains its position and diameter, and marks the bud
neck.  During this cell cycle stage the ring changes its shape to form an hourglass-
shaped collar.  Concomitant with the exit of anaphase (triggered by the MEN
pathway), the septin ring splits into two equal rings by depolymerization of septin
filaments (Lippincott et al., 2001).  This process is initiated by the Tem1 GTPase,
which also triggers the cell to exit mitosis. Remarkably, Tem1 functions in septin ring
splitting independently of its role in mitotic exit (Lippincott et al., 2001).  Since Mob1
mutants also show defects in septin ring splitting, this event is most probably under
the direct control of Dbf2, a kinase downstream of Tem1 and the kinases Cdc15 and
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Cdc5 (Luca et al., 2001).  Septin ring organization and splitting is similar in all fungi
(Berlin et al., 2003; Lippincott et al., 2001; Warenda et al., 2003).  In mammalian
cells, septins localize more broadly to the cleavage furrow and are not observed as
distinct rings (Xie et al., 1999).  Ring splitting observed in fungi does probably not
take place in animal cells, where septins are observed as one ring associated with
the midbody during abscission (Schmidt and Nichols, 2004).  Finally, after cell
separation in budding yeast the mother and daughter cell both inherit one septin ring.
The “old” septin ring from the previous division then serves as a landmark for
assembly of the next septin ring (in haploid cells) and then disassembles.  Thus, the
septin ring is a structure that marks the cleavage furrow, but does not participate in
contraction.
During mating, septins appear to regulate cell morphogenesis and help to maintain
the orientation of the mating projection (Giot and Konopka, 1997; Longtine et al.,
1996).  They are found at the base of the mating projection, where they appear as
bars underlying the plasma membrane (Longtine et al., 1996).  There, they might
serve as scaffolds for different proteins involved in signal transduction and cell wall
synthesis (Giot and Konopka, 1997).  For example, the protein Afr1, which is involved
in pheromone signal transduction, is localized to the mating projection by the septins
and needs proper formed septin bars to function correctly (Giot and Konopka, 1997).
Septins are also present during sporulation, where they are found at the leading edge
of the forespore membrane (Longtine and Bi, 2003).  Spr3 and Spr28, two meiosis
specific septins, assemble with Cdc3, Cdc10 and Cdc11 to form a sporulation-
specific septin complex.  Although their role in sporulation is not clear, it is likely that
they play a role in vesicular transport.

3.1.2. Cellular function of the septin ring in budding yeast

Septins were shown to function in at least two different ways. First, they form a
diffusion barrier that maintains membrane-associated proteins in the bud (Barral et
al., 2000; Takizawa et al., 2000).  Second, they also serve as a scaffold at the bud
neck for various processes, like bud-site selection, chitin deposition and cytokinesis
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Table 1-1 Characteristics of the yeast septins

All budding yeast septins.  Information about their coiled-coil domains, processes they are involved in and post-
translational modification is listed.

Name Coiled-coil Process Post-translational
Modification

Reference

Cdc3 Yes (2) Cell division /
Sporulation

Sumo
Phosphorylation

(Johnson and Blobel,
1999; Tang and Reed,
2002)

Cdc10 No Cell division /
Sporulation

Sumo
Phosphorylation

(Johnson and Blobel,
1999; Versele and
Thorner, 2004)

Cdc11 Yes (1) Cell division /
Sporulation

Sumo
Phosphorylation

(Ficarro et al., 2002;
Johnson and Blobel,
1999)

Cdc12 Yes (1) Cell division
Shs1 Yes (2) Cell division Sumo

Phosphorylation
(Johnson and Blobel,
1999; Mortensen et al.,
2002)

Spr3 Yes (1) Sporulation ? (Ozsarac et al., 1995)
Spr28 Yes (1) Sporulation ? (De Virgilio et al.,

1996)

(Longtine et al., 1996).  Septins are thought to form a platform to which other
molecules can bind.  Thereby, they govern the localization of most bud-neck
proteins.  Such proteins include Bud2 (determination of the budding pattern), Chs3 (a
chitin synthase), Myo1and Hof1 (two components of the actomyosin ring), and Gin4,
Hsl1 and Kcc4 (three septin-dependent kinases) (Gladfelter et al., 2001).

During axial budding (haploid) but not during bipolar (diploid) budding, septins serve
as a cortical cue, which specifies the site of bud emergence (Casamayor and Snyder,
2002).  Septins in haploid cells recruit Bud3, Bud4 and Axl2, which in turn trigger a
cascade of events resulting in the activation of the Cdc42 GTPase.  In turn, Cdc42
polarizes the actin cytoskeleton establishing an axis of polarity.
Chitin deposition at the bud neck is also septin-dependent.  Both early in the cell
cycle (Chitin synthase 3, Chs3) and late (Chs2), chitin deposition is spatially
coordinated by the septins (DeMarini et al., 1997; Schmidt et al., 2003).  It is not
known how septins recruit Chs2, however Chs3 is localized via the interaction with
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septin filaments through its adaptor proteins Chs4 and Bni4.  Bni4 interacts directly
with the septin Cdc10 (DeMarini et al., 1997).
The two components of the actomyosin ring Myo1, a type-II myosin and the PCH-
protein Hof1 localize in a septin-dependent fashion (Bi et al., 1998; Vallen et al.,
2000).  Both accumulate at the bud neck early in the cell cycle.  The Hof1 protein has
a remarkable localization pattern at the neck (Lippincott and Li, 1998a).  First, in
small budded cells it is observed at the mother site.  Afterwards, it is seen as a
double ring on both sites of the septin ring.  Finally, it concentrates in the middle
during cytokinesis, contracts and disappears.  A class of kinases, including Gin4,
Hsl1 and Kcc4 also localize to the bud neck and become activated in a septin-
dependent fashion (Barral et al., 1999; Longtine et al., 1998a).  They are able to
sense proper-formed septin rings and promote progression through mitosis upon
proper septin ring assembly (Barral et al., 1999).  In this process, they act by
inhibition of the CDK inhibitory kinase Swe1 (S. cerevisiae Wee1).
Thus, most bud-neck components, if not all, dependent on septin rings for their
localization (Gladfelter et al., 2001).  Direct interaction with the septins is only shown
for a minority of bud-neck components.  Therefore, septins probably recruit proteins
to the bud neck in two possible ways.  Either recruitment is dependent on protein
interaction with the septins, or septins act indirectly by creating a spatial
compartment (possible via clustering membrane-rafts) and thereby sequester
membrane-associated components.
The role of the septin ring as a diffusion barrier has been shown during G2 and M.
During this period of time they help to maintain certain proteins in the daughter by
preventing their diffusion through the bud neck (Barral et al., 2000; Takizawa et al.,
2000).  For example, Sec3  (a component of the exocyst), Spa2 (a component of the
polarizome), Ist2 (an integral protein) and Lte1 (a regulator of the MEN) are
exclusively localized in the daughter cell (Barral et al., 2000; Seshan et al., 2002;
Takizawa et al., 2000). These proteins are either integral-membrane or membrane-
associated proteins.   Upon disassembly of the septin ring, these proteins start to
leak through the bud neck by lateral diffusion and lose their polarized distribution.
Thus, septins are able to compartmentalize the cell cortex and are thereby, able to
keep the cell polarized.  How the septin barrier is formed at the bud neck, and how it
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functions as a diffusion-barrier is not known on a mechanistical level.  However, it
has been proposed that lipid binding and immobilization of the septins are important
for this function (Faty et al., 2002).

3.2. The role of septin in other organisms

In S. pombe septins also form a ring at the cleavage furrow, but recruitment to the
site of cleavage happens after assembly of the actomyosin ring (Figure 1-1) (Berlin et
al., 2003; Wu et al., 2003).  The four septins expressed during vegetative growth
(Spn1, Spn2, Spn3 and Spn4) are non-essential.  Deletion of SPN1 or SPN4 only
causes defects in cell separation (primary septum digestion) but growth is not
dramatically affected (Tasto et al., 2003).  Identical defects are observed when MID2,
a gene coding for an anillin homologue, is deleted (Berlin et al., 2003; Tasto et al.,
2003).  Deletion of MID2 causes defects in septin dynamics and a misorganization of
septin structures.
The C. elegans genome only contains 2 ORFs coding for septin proteins (UNC59
and UNC61).  Both septins are found at the leading edge of the cleavage furrow and
later at the midbody in the C. elegans embryo (Nguyen et al., 2000).  At that stage of
development the two septins are interdependent for their localization.  Anti-body
injection and RNAi only affect post-embryonic development.  No clear cytokinetic
defects were observed thus far.  However, recent data by Karen Oegama suggest
that C. elegans cells lacking septins fail to complete abscission (personal
communication).  Since this does not lead to major developmental defects,
abscission appears to not be essential in the worm.  The only macroscopically
obvious phenotype of worms lacking functional septins are problems with locomotion,
due to failure in axial migration and guidance (Finger et al., 2003).  In the developing
nervous system only Unc61 is present, which may indicate that Unc59 and Unc61
have different functions in the development of the nervous system and that different
septin complexes could regulate distinct processes.  Thus, C. elegans septins play
an important role in neural development.  Since septins are able to interact with
membranes, actin, microtubules and other molecules, they could regulate and
facilitate process as axon polarization, neural migration and neural cone outgrowth.
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In D. melanogaster, Pnut, Sep1 and Sep2 are three of the five Drosophila septins
involved in cellularization in the early embryo and are found at the leading edge of
the invaginating membrane (Fares et al., 1995; Neufeld and Rubin, 1994).  Later in
development, they are found at the cleavage furrow of dividing cells.  Deletion of
PNUT is lethal and causes defects in cellularization and morphological defects during
gastrulation (Adam et al., 2000).  Except of their role in cytokinesis, septins are also
found in the larval central nervous system and imaginal discs, and in the ring canals
of germ cells (Field et al., 1996; Hime et al., 1996).
In mammalian cells, twelve septins have been identified, for which many different
isoforms exist (Kinoshita, 2003a).  Septins are found in the cytoplasm and in
association with the plasma membrane, actin and microtubules (Kinoshita et al.,
1997; Surka et al., 2002; Zhang et al., 1999).  In interphase, septins are found
associated with the actin- and microtubule cytoskeleton (Kinoshita et al., 2002; Surka
et al., 2002). During cytokinesis, septins colocalize with the actomyosin ring and are
found at the midbody during late stages of cytokinesis.  Reducing the expression
levels of the septins using RNAi results in bi-nucleated cells indicating that septins
play a role in cell division (Kinoshita et al., 1997; Nagata et al., 2003; Surka et al.,
2002).
The regulation of septin function during the cell cycle in mammalian cells is not
known.   One family of regulator proteins known is the Borg-protein family (Joberty et
al., 2001).  Borgs are downstream effectors of the small GTPase Cdc42 and bind to
the septin core complex (Sept2/Sept6/Sept7) directly. Cdc42-activated Borgs induce
septin filament disassembly (Joberty et al., 2001).  Disassembly is most likely
achieved by direct binding to the septin core complex, which can induce changes in
protein-protein interactions and the complex composition itself (Sheffield et al., 2003).
Interestingly, budding yeast septins are also regulated via Cdc42.  In this case Cdc42
activation early in the cell cycle induces recruitment and assembly of septins
(Caviston et al., 2003).
Next to their function in cytokinesis septins in mammalian cells are though to function
in other cellular processes although strong evidence is lacking thus far.  One
interesting observation in this context is that septins are very abundant in neurons
(Kinoshita, 2003a). The fact that neurons stopped dividing could indicate that septins
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are involved in a cellular process different from cytokinesis.  Septins are found at the
cytoplasmic site of presynaptic membranes and at synaptic vesicles (Kinoshita et al.,
2000; Kinoshita, 2003a). In addition, as mentioned earlier, the localization of another
septin, Sept3 to nerve terminals is regulated by phosphorylation.  The linkage of
septins to different neurodegenerative diseases forms another basis for this
hypothesis (see below).

3.3. Protein domains

Septins contain four major domains (Figure 1-3 and Figure 1-4).  A central GTPase
domain flanked by a small membrane-binding domain on the N-terminal site, and a
septin specific domain on the C-terminal site.  Furthermore, most septins also contain
a coiled-coil domain at their C-terminus.
The central GTPase domain found in septins is characteristic of the septin family and
shows the highest homology with the Ras-family of GTPases (Kinoshita, 2003b).
This region is followed by a septin-specific region, predicted to form an extended α-

helical structure (Versele et al., 2004).  Early studies on purified septins in Drosophila
(Field et al., 1996) and budding yeast (Frazier et al., 1998) indicated that each septin
polypeptide was capable of binding guanine nucleotides (GDP or GTP).  Albeit,
septins were characterized by slow nucleotide exchange (Field et al., 1996).  This
implicates that GTP could serve a structural instead of a regulatory role via GTP
hydrolysis (Kinoshita et al., 2002).  In budding yeast, disruption of GTP-hydrolysis of
the septins Cdc10 and Cdc12 does not result in a detectable phenotype (Versele and
Thorner, 2004).  In contrast, interfering with GTP-binding of the same septins causes
defects in septin localization to the bud neck (Versele and Thorner, 2004).  This is in
contrast to observations made by Casamayor et al. (Casamayor and Snyder, 2003),
showing that interfering with the GTP-binding of the septin Cdc11 does not cause
defects.  Reconstitution experiments using recombinant septins show that filament
formation is affected in GTP-binding mutants but not septin complex
formation(Versele and Thorner, 2004).
In recent years, detailed analysis of the septins GTPase domain resulted in
contradictory results.  Nevertheless, most results indicate that GTP-binding serves a
structural purpose and GTP-hydrolysis is minor.  In higher eukaryotes (Xenopus
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laevis and mammal), analysis of the GTPase domain also resulted in partially
contradicting results.  Although GTP-binding was shown to be necessary in all
reports (Kinoshita et al., 2002; Mendoza et al., 2002; Sheffield et al., 2003) only
Mendoza et al. showed that filament formation was dependent on GTP-hydrolysis
and could be induced by the addition of GTP.   In addition, in vivo disruption of the
GTPase activity of the human septin Sept2 results in aberrant neurite sprouting in
neurons and the dissociation of septin filaments from actin cables (Kinoshita et al.,
1998; Vega and Hsu, 2003).
In summary, the GTPase domain most likely has a structural role in forming septin
complexes and filaments like it is the case for the GTPase domain of α-tubulin

(Burns, 1991). Unlike β-tubulin or FtsZ, septins does not seem to be regulated by

GTP-hydrolysis (Burns, 1991; Mileykovskaya et al., 1998).  In accordance with this
observation is the fact that no GAPs (GTPase activating protein) or GEFs (GTPase
exchange factor) have been identified for septins.  Although a structural role for GTP-
binding for all septins is most likely, we cannot exclude that similar to, α- and β-

tubulin, only some of the septins contain GTPase activity and use it to regulate the
behavior of the whole complex (Versele and Thorner, 2004).  The last hypothesis is
also supported by the fact that the overall ratio of GDP/GTP observed in different
organisms is around 2:1, indicating that some GTPase activity could be present in
vivo (Field et al., 1996; Kinoshita et al., 2002; Mendoza et al., 2002).  Another well-
conserved domain is the membrane binding poly-basic (PB) region (7-8 amino acids)
just in front of the GTPase domain (Figure 1-3).  A similar domain was first identified
in gelsolin where it mediates binding to phospholipids (Yu et al., 1992).  The human
septin Sept4 (previously known as H5) was found to bind preferentially
phosphatidylinositols (PtdIns[4,5]P2 and PtdIns[3,4,5]P3) (Zhang et al., 1999).
Furthermore, the GDP-bound form of Sept4 preferentially interacted with
membranes.  Interfering with lipid composition (depletion of phosphoinositols) results
in mislocalization of the septin.  In budding yeast, deletion or modification of the PB
domain resulted in mislocalization of the septin ring and in cytokinetic defects
(Casamayor and Snyder, 2003). Septin rings could not be formed and appeared as
dots at the bud neck and the daughter cell cortex.  In contrast to the mammalian
protein, the septin Cdc11 (and also the other yeast septins) binds preferentially to
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Figure 1-3 Septin alignment.
Alignment of the septins in S. cerevisiae, S. pombe, C. elegans, D. melanogaster and H. sapiens with clustalX
(ClustalX et al.).  The poly-basic (PB) (orange) the GTPase (green), the septin-specific (yellow) and the coiled-
coil domain (blue) are defined.  Furthermore, phosphorylation sites (blue) and sumoylation sites (red) are shown
(both dots on the sequence and arrows on top).
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PtdIns[4]P and PtdIns[5]P (Casamayor and Snyder, 2003).  Hence, septin molecules
interact directly with specific phospholipids providing a mechanism of how septins
associate with the cell cortex.Finally, most septins contain one or two predicted
coiled-coil domains at their C-terminus (Kinoshita, 2003b) (Figure 1-3).  These
domains mediate stable protein-protein interactions.  In budding yeast, deletion of the
coiled-coil domain causes different phenotypes depending on which septin is affected
(Casamayor and Snyder, 2003; Versele et al., 2004).  Deletion of the C-terminus
(both the coiled-coil domain and the septin-specific domain) in Cdc3 and Cdc12 is
lethal, while deletion of the C-terminus in Cdc11 only caused some elongated buds
and mislocalization of the septin ring (Versele et al., 2004).
In other organisms, the role of the coiled-coil domain is not yet investigated.  Thus,
results in budding yeast suggest that the coiled-coil region mediates protein-protein
interactions although not all of them may be essential for proper septin behavior.

3.4. Filament formation and protein modifications.

Septins interact with each other through both their coiled-coil and globular domain
and are able to form filaments.  Purified septins from different organisms form long
filaments that can be visualized by EM (Field et al., 1996; Frazier et al., 1998;
Kinoshita et al., 2002).  In budding yeast, septin filaments have been visualized by
EM in vivo (Byers and Goetsch, 1976).  Electro-dense filaments, which run
perpendicular to the mother-bud axis, were observed at the bud neck of G2 cells.  In
higher eukaryotes no such filaments were observed by EM thus far.  In contrast,
immuno-staining and GFP-tagging indicate that septins are present at the cleavage
furrow, where they are associated with the plasma membrane (Kinoshita, 2003b;
Longtine et al., 1996).  Kinoshita et al. (Kinoshita et al., 2002) could show that
recombinant expression of three septins (Sept2, Sept6 and Sept7) can form filaments
in vivo.  These filaments are curved and straightened when actin filaments and the
adaptor protein anillin are provided.
All this data indicate that septins themselves contain the information to form filaments
in all organisms but that filament formation is guided by other structures in the cell.
Guiding structures can be phospholipids in the plasma membrane (during
cytokinesis), actin cables and probably also microtubules (interphase and mitosis)
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Figure 1-4 Septin alignment
Alignment of all yeast septins, the phosphorylated human septins Sept2 and Sept3 and a representative septin of
S. pombe, C. elegans and D. melanogaster.  All septin were aligned with their poly-basic region depicted in
orange.  The violet N-terminal domain is the variable domain.  In green in the GTPase domain followed by the
septin specific domain in yellow.  In the C-terminal domain (white) the coiled-coil region(s) are marked in blue.
In addition, phosphorylation- (orange) and sumoylation- (blue) sites are indicated.
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(Nagata et al., 2003; Surka et al., 2002; Zhang et al., 1999). In addition, actin,
microtubule and even the phospholipids could serve as a template for correct
polymerization and regulation.  Furthermore, association with other structures might
regulate septin localization to the right cellular compartment.
Septin function during the cell cycle does not appear to be regulated by either
transcription or translation (Longtine et al., 1996).  Therefore, it remains unclear how
the different localization patterns and different functions of the septins are regulated
while the cell proceeds through division.  First, part of the answer can be found in the
fact that budding yeast septins are modified, particularly by phosphorylation (Table 1-
2). In budding yeast, it has been shown that Cdc3, Cdc10, Cdc11 and Shs1 are
phosphorylated (Ficarro et al., 2002; Mortensen et al., 2002; Tang and Reed, 2002;
Versele and Thorner, 2004)(see Table 1-2, Figure 1-3 and Figure 1-4).  Second,
recent reports indicate that in mammalian cells both, Sept2 and Sept3, are
phosphorylated. And third, phosphorylation seems to indeed have a regulatory
function indicated by the fact that the modifications observed are cell cycle
dependent (Mortensen et al., 2002).
Septin phosphorylation was first observed in budding yeast. Phosphorylation of the
septin Cdc3 was observed but there were no variations during the cell cycle
(Longtine et al., 1998a).  The mammalian Sept3 was proven to be also modified by
phosphorylation (Xue et al., 2000).  Xue et al. proved that Septin3 is phosphorylated
by the cGMP-dependent protein kinase.  The same lab could recently show that this
brain specific septin redistributes upon phosphorylation on Ser-91 (Xue et al., 2004).
The unphosphorylated form localizes to the plasma membrane of the synapse in
nerve cells, while phosphorylated Sept3 is located in the cytoplasm.  The
phosphorylated residue is located close to the membrane binding site indicating that
phosphorylation can alter the membrane binding properties of Sept3 (Figure 1-3 and
Figure 1-4). Thus, phosphorylation has the potential to regulate septin distribution.  It
remains to be clarified whether other septins are phosphorylated at a similar position.
In the case of Septin2, another mammalian septin, phosphorylation was observed at
another site, raising the possibility that different septins may be phosphorylated in
different manners to control different cellular functions (She et al., 2004).  The site
phosphorylated on Sept2 could be a casein kinase II (CK2) site.  CK2 is involved in
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many cellular processes, as cell cycle progression and cytokinesis, but it is not clear
how it would regulate Sept2 (Litchfield, 2003).
Different budding yeast septins are phosphorylated in vivo.  Shs1 is phosphorylated
by the kinases Gin4 and Hsl1 both in vivo and in vitro (Mortensen et al., 2002 and
Jeremy Thorner, personal communication).  Cla4, a PAK-kinase could also be partly
responsible for Shs1 phosphorylation.  Shs1 is still phosphorylated in a strain were all
septin-dependent kinases, gin4-∆ hsl1-∆ kcc4-∆, are deleted and because it is
though that Cla4 could have redundant functions with these kinases (Mortensen et
al., 2002).  Phosphorylation was also detected on Cdc3, Cdc10 and Cdc11 (Ficarro
et al., 2002; Tang and Reed, 2002; Versele and Thorner, 2004).  Cdc3 is
phosphorylated probably on at least two sites (Ser-503 and Ser-509) (Tang and
Reed, 2002).  Phosphorylation might depend on the Cln/Cdc28 complex and could
be important for disassembly of the septin ring in late G1.  Cdc10 is phosphorylated
at least on Ser-256, probably by Cla4 (Versele and Thorner, 2004).  Mutation of the
phosphorylation site is synthetically lethal with septin mutations in the GTP-binding
domain, indicating that both GTP-binding and proper phosphorylation are needed for
septin function (Versele and Thorner, 2004).

Table 1-2 Septin phosphorylation in different organisms
Summary of the septins that are shown to be phosphorylated.  If known the modified residues are indicated
together with a (possible) function.

Name Organism Function? Sites Reference
Shs1 S. cerevisiae ? ? (Mortensen et al.,

2002)
Cdc3 S. cerevisiae Septin disassembly Ser-503

Ser-509
(Longtine et al.,
1998a)
(Tang and Reed,
2002)

Cdc10 S. cerevisiae Septin ring stability
Septin reorganization

Ser-256 (Versele and
Thorner, 2004)

Cdc11 S. cerevisiae ? Ser-316
Ser-319

(Ficarro et al.,
2002)

Septin2 H. sapiens ? Ser-248 (She et al., 2004)
Septin3 H. sapiens Re-localization to the

cytoplasm
Ser-91 (Xue et al., 2004;

Xue et al., 2000)
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Finally, Cdc11 was found in a general screen for phospho-proteins in yeast (Ficarro
et al., 2002).  Both, Ser-316 and Ser-319, were found to be phosphorylated.  In S.
cerevisiae, indirect genetic evidence also suggest that septin phosphorylation is
important for septin function.  Mutations in both kinases, Cla4 and Gin4, were found
to be synthetically lethal when combined with septin mutations and to affect septin
organization (Cvrckova et al., 1995; Longtine et al., 1998a) (Table 2-1).  In addition,
over-expression of Gin4 can suppress certain septin alleles (Longtine et al., 1998a).
However, it is not clear whether septins or other bud-neck proteins are relevant
targets of these kinases.  It remains to be determined how phosphorylation
influences septin behavior and especially filament formation.  Next to phosphorylation
other covalent modifications of the septins were observed.  Septins in budding yeast
were found to be sumoylated in anaphase (Johnson and Blobel, 1999).   SUMO is an
ubiquitin-like protein that can be covalently attached to proteins (Seeler and Dejean,
2003).  The SUMO-modification can alter the localization of its target, protect it from
ubiquitin-dependent degradation and it can modulate protein-protein interactions.
The mechanisms used to modify proteins with SUMO are similar to the ubiquitin
system (Seeler and Dejean, 2003).  In budding yeast septins and PCNA (Pol30) are
found to be directly sumoylated (Johnson and Blobel, 1999) (Haracska et al., 2004).
Although SUMO (Smt3) is essential in yeast deleting of the conjugation enzymes
(Siz1 and Siz2) that specifically modify the septins cause no noticeable defects
(Johnson and Gupta, 2001).  In conclusion, cell cycle dependent modification of
septins with SUMO is observed but the function of this modification is not known.

3.5. Septins and diseases

Neurodegererative diseases
Septins are found in pathological structures of common neorodegenerative disorders
in human.  They are found in the neurofibillary and glial tangles in Alzheimer disease
(together with the microtubule binding protein Tau) and in Lewy bodies in Parkinson
disorder (Kinoshita et al., 1998) (Ihara et al., 2003).  In either case only some specific
septins are found in the aggregates indicating that this specificity could have some
physiological relevance.  However, the role of the septins in aggregate formation is
not determined.  Septins might be passively absorbed by the aggregates.  However,



Introduction

41

Sept4 forms aggregates with the major component of Parkison plaques, α-synuclein

in a reciprocal fashion when coexpressed (Ihara et al., 2003).  Furthermore, Sept5
was found as a target of Parkin, a E3 ubiquitin ligase causing juvenile parkinsonism
when mutated (Zhang et al., 2000).  Thus, accumulation of Sept5 and the structural
related septin Sept4 might play a role in the pathogenesis of Parkinson’s disease.

Oncogenesis
Some septins have been found as in-frame fusions with MLL, a putative transcription
factor overexpressed in certain leukaemia.  Especially, Sept5 and Sept9 are
frequently found in fusion with MLL in these cells (Megonigal et al., 1998; Osaka et
al., 1999; Taki et al., 1999). So far, neither the localization nor function of the MLL-
septin fusion protein has been determined.  Thus, misregulation of septins might
induce leukaemias.  In contrast, the chromosomal region containing Sept9 is deleted
in certain breast and ovarian tumors (Kalikin et al., 2000).  This could indicate that
Sept9 serve as a tumor suppressor itself.

Apoptosis
The septin ARTS is a special splice-variant of the septin Sept4 and is the only septin
found in mitochondria (Larisch et al., 2000).  Upon induction of apoptosis, ARTS
promotes this signal by exiting the mitochondria and binding XIAP, a caspase
inhibitor (Gottfried et al., 2004).  Thereby it promotes caspase activation and hence
cell death.  Thus, the septin ARTS plays a role in the signal transduction chain
regulating apoptosis.  What triggers ARTS to leave the mitochondria is not known.

4. Aim of this work

The aim of this study was to understand the role of the septins in the different
cytokinetic processes.  Furthermore, we wanted to learn about the behavior of the
septin ring in S. cerevisiae as a cytoskeletal structure.
Therefore, we addressed the following questions.
(1) Do septins have a dynamic behavior similar to actin filaments and microtubules or
do they form a stable structure?  How is the septin ring regulated on the molecular
level during the cell cycle?



Chapter 1

42

(2) What is/are the role(s) of the septins in cytokinesis and which steps in cell division
are dependent on septin function?  How do septins act during cytokinesis on the
mechanistic level?
(3) Is the last cytokinetic step, abscission, conserved in budding yeast? And if so, do
the septins act in this process?

At the start of this study, little was known about how the septin ring in budding yeast
functioned in cytokinesis, and how its dynamics was regulated during the cell cycle.
Although it was known that septins form filaments, both in vivo and in vitro, the
dynamics of these filaments had not been investigated.  Furthermore, only few
septin-associated proteins were found that regulated the septin structure in vivo.
Septin dynamics, at that time, was described by a model explaining only septin
assembly, prior to bud emergence, and disassembly, after cell separation.
Previously, cell division in yeast but also in animal cells, was already thought to
consist of different steps.  Some of these steps, like actomyosin ring contraction,
were well-studied, but most of them were not. Growing evidence in mammalian cells
indicated that fusion of the plasma membrane after actomyosin ring contraction was
important to separate the two new daughter cells.

Our first goal was to refine the septin dynamics model and to investigate the
dynamics of the septin ring during the different phases of the cell cycle.  To
investigate its dynamics we developed two assays.  Fluorescence photobleaching
was used to measure protein dynamics, in vivo, during the cell cycle.  In addition, a
septin-destabilizing assay, based on the ts-allele cdc12-6, was established.   We also
set out to identify factors that regulate septin dynamics.  For this, a genetic screen
was performed. This screen was constructed to identify factors involved in septin ring
destabilization.
Second, we asked which steps are essential during budding yeast cytokinesis.  In
particular, we tested if abscission is also essential for proper cell division in budding
yeast.  Specific mutations that inactivate the different cytokinetic steps were used to
identify the importance of each step and the cascade of events.   Afterwards, we
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tested the role of septins in each process and examined the interplay between
septins, the actomyosin ring and factors facilitating abscission.
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Chapter 2 : Suppressor of twelve-six (STS)
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DIC picture of rts1-13 cells grown overnight at 37°C
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1. Suppressor screen

The cdc12-6 mutation was originally isolated in a screen for mutants with
morphological defects (Adams and Pringle, 1984). This temperature sensitive allele
was then used in several genetic screens (Table 2-1) and as a tool to efficiently
disrupt the septin ring at the mother-bud neck.  Visualization of the septin rings in
cdc12-6 cells with either GFP-labeled septins (GFP-Cdc3) or antibodies (Anti-Cdc11)
showed a linear and rapid disruption of septin rings after shift to restrictive
temperature, irrespective of where the cells were in the cell cycle (Barral et al., 1999).
Although septin ring assembly and stability are well-studied, little is known about the
dynamic properties of the septin ring and the genes involved in septin dynamics
(Chant, 1996; Field and Kellogg, 1999; Gladfelter et al., 2001; Longtine et al., 1996).
Therefore, we screened for suppressor mutations of cdc12-6 that would stabilize the
cdc12-6 septin rings.  This enabled us to identify genes that regulate septin dynamics
and in particular, genes that destabilize the septin ring.

Table 2-1 CDC12 genetic interactions

Allele Interactor Function Interaction Reference

cdc12-1 dhc1-∆ Microtubule motor Synthetic sick (Kusch et al., 2002)

num1-∆ Nuclear migration Synthetic sick (Kusch et al., 2002)

bik1-∆ Microtubule

associated protein

Synthetic sick (Kusch et al., 2002)

elm1-∆ Mitotic kinase Synthetic lethal (Bouquin et al., 2000)

cd12-5 chs4-∆ Chitin synthase sub-
unit

Synthetic lethal (DeMarini et al., 1997)

bni1-∆ Formin Synthetic lethal (DeMarini et al., 1997)

gin4-∆ Mitotic kinase Synthetic lethal (DeMarini et al., 1997)

slt2-∆ MAP kinase Synthetic lethal (DeMarini et al., 1997;
Longtine et al.,

1998a)
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Allele Interactor Function Interaction Reference

cdc12-6 gin4-∆ Mitotic kinase Synthetic lethal (Longtine et al.,
1998a)

cla4-∆ PAK-related kinase Synthetic lethal (Cvrckova et al.,
1995)

slt2-∆ MAP kinase Synthetic lethal (Longtine et al.,
1998a)

BUD2 Bud site selection in
haploid cells

Multicopy
suppressor

(Park et al., 1999)

BEM3 Cdc42 GTPase-
activating protein

Multicopy
suppressor

(Caviston et al., 2003)

RGA1 Cdc42 GTPase-
activating protein

Multicopy
suppressor

(Caviston et al., 2003)

RGA2 Cdc42 GTPase-
activating protein

Multicopy
suppressor

(Caviston et al., 2003)

sec2-41 Secretion Synthetic lethal (Finger and Novick,
2000)

sec9-4 Secretion Synthetic lethal (Finger and Novick,
2000)

BNI5 Protein involved in
septin organization

Multicopy
suppressor

(Lee et al., 2001)

bni5-∆ Protein involved in
septin organization

Synthetic lethal (Lee et al., 2001)

cdc12 swi4 Transcription factor Synthetic lethal (Longtine et al., 1996)

swi6 Transcription factor Synthetic lethal (Haarer and Pringle,
1987)

cdc3 Septin Synthetic lethal (Longtine et al., 1996)

cdc10 Septin Synthetic lethal (Longtine et al., 1996)

cdc11 Septin Synthetic lethal (Longtine et al., 1996)
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1.1. Generation and analysis of the suppressor mutations.

Cells carrying the cdc12-6 mutation (Adams and Pringle, 1984) were backcrossed
eight times with our wild-type to produce isogenic strains. In this background cdc12-6
cells are viable up to 29°C and dead at 30°C.  Four strains containing the cdc12-6
allele were created (Dj15 α,TRP1; Dj16 a,TRP1; Dj19 α,ADE2; Dj20 a,ADE2).  Cells

were grown overnight to an OD600 ≈  0.5, and EMS (ethylmethane sulfonate)

treatment was done as described (Guthrie and Fink, 1991), except that cells were
incubated at room temperature.  Cells were exposed to EMS for 30, 60 and 90
minutes.  Afterwards the reaction was stopped, the culture was splitted in three and
platted at 24°C (to test viability), 30°C and 37°C (to isolated suppressors).  The
viability test indicated the efficiency of mutagenesis (Figure 2-1).  A viability between
10-40% is ideal to avoid multiple mutations (Guthrie and Fink, 1991).  As shown in
Figure 2-1, 30 minutes exposure to EMS gave an ideal viability (30%) to isolate
single suppressor mutations.
Analysis of eight of the suppressed strains isolated at 37°C showed that all contained
intragenic revertions.  Therefore, we concentrate on suppressor mutations isolated at
30°C.

Figure 2-1 Viability range over time after treatment with EMS.
Viability was analyzed by counting colonies after dilution series.  Cells after 30, 60 and 90 minutes exposure to
EMS were analyzed.



Chapter 2

50

We isolated 178 independent clones that had gained the ability to grow at 30°C.  To
characterize and sort these mutants into complementation and functional groups, we
took two approaches.  To test which mutations were in the same gene, strains were
crossed (DJ15 derivatives with DJ20 derivatives and DJ16 derivatives with DJ19
derivatives respectively) and diploids were selected on -ADE-TRP medium.  The
rational was that cdc12-6 suppression could only be maintained in a diploid when
both suppressor mutations were in the same gene or when one of both mutations
was dominant.  Dominant mutations were easily identifiable because they maintained
suppression of the cdc12-6 allele irrespective of the strain it was crossed with.  In
Figure 2-2 the complementation matrices are depicted.  Eight dominant mutations
were further investigated and turned out to be intragenic revertions in the CDC12
gene.  Unfortunately, the majority of the suppressor mutations were complemented
upon crossing with any of the other strains.  This major complementation could be
due to two reasons.  First, a major class of the affected genes could be particularly
important for septin stability in haploids and not in diploids.  Or second, most of the
alleles might be weak alleles that can easily be complemented by inter-allelic
complementation, such that, our test was not sensitive enough to detect weak non-
complementation.  However, some conclusions could be made of these
complementation studies; (1) a heterogeneous complementation group,
characterized by lack of some interactions, was visible in both panels.  The
heterogeneousity probably indicates that this is a group of different genes functioning
in a complex instead of one single gene.  Depending on the place of the mutation in
the complex, different complementation patterns are observed.  The most obvious
candidate for this complex is the septin complex itself.  Since many different septin
mutants were already isolated we did not further investigate this group of mutants.
(2) Three small complementation groups were identified, which we analyzed in
greater detail.  However none of the suppressors showed a strong phenotype on its
own when separated from the cdc12-6 mutation (Table 2-2).  This made the
identification of the corresponding gene difficult.
Functional grouping of the mutations was carried out by phenotypical analysis of all
the suppressors in the cdc12-6 background.  Cells were analyzed for growth at
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Figure 2-2 Complementation raster of the isolated suppressors.
Growth at 30°C of the diploid strain is depicted in red, no growth in green.  The different complementation
groups were clustered together and depicted as micro-array data.

different temperatures and under different stress conditions (15°C, 24°C, 30°C, 37°C,
10µg benomyl, 1M sorbitol, 1mM caffeine, 2% DMSO, 0.8M NaCl, 0.0025% SDS,
100mM hydroxyurea).  Mutations were grouped according to their behavior in these
different conditions.  Small patterns were observed but as in the complementation
assay no clear classes were observed.
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Interesting mutants were analyzed and separated away from the cdc12-6 mutant by
dissection (Table4). The prime selection criteria were the strength of suppression, the
fact if they were part of a complementation group (see above) and the sensitivity to
benomyl a microtubule depolymerizing drug.  Isolated suppressor mutations were
tested for a phenotype that would enable us to clone the corresponding gene.
Several mutations were either cold- or temperature-sensitive.  Three of these genes
were cloned (work done in collaboration with Sandrine Grava).  In particular, STS13
had a strong ts-phenotype that could be easily cloned.  The mutation was found to be
in RTS1, a regulatory sub-unit of protein phosphatase 2A (PP2A) (see next chapter).
Furthermore, instead of picking more suppressor mutations according to their
phenotype, a more general approach was taken using random sporulation.  Haploid
cells were selected using the recessive marker CYC1 (cycloheximide resistance).
Both double mutants and single suppressor mutants were scored.  Although this
method was quick, it was difficult to score the different genotypes. No additional
mutations were found that had a strong phenotype when isolated (Table 2-3).

Table 2-2 List of suppressors analyzed by dissection.
Suppressor mutations were selected on either phenotype, strength of suppression of the cdc12-6 mutation or for
benomyl sensitivity

Strain
DJ

Suppressor of
Twelve-Six

(STS)

Phenotype suppressor mutation Suppression of the cdc12-6
allele at 30°C

45 2 No phenotype Little suppression
49 6 No phenotype Little suppression
55 12 Cell separation defect Suppression
56 13 ts-phenotype at 37°C

Cell separation defect
Suppression

62 19 Cell separation defect, elongated
cells

Suppression

70 27 Revertant of cdc12-6 Suppression
71 28 No phenotype Little suppression
72 29 Revertant of cdc12-6 Suppression
73 30 No phenotype Little suppression
80 37 Revertant of cdc12-6 Suppression
164 121 Revertant of cdc12-6 Suppression
174 131 Revertant of cdc12-6 Suppression
184 141 Moderate ts-phenotype at 37°C Suppression
198 155 Moderate ts-phenotype at 37°C Suppression
224 174 Moderate ts-phenotype at 37°C Little suppression
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Table 2-3 List of suppressors analyzed by random sporulation.

Strain Suppressor
Twelve-Six

(STS)

Phenotype suppressor mutation Suppression of the cdc12-6
allele at 30°C

44 1 Little phenotype (37°) Little suppression
45 2 Little phenotype (37°) Little suppression
46 3 ts-phenotype (37°) Little suppression
47 4 Revertant of cdc12-6 Suppression
48 5 Revertant of cdc12-6 Suppression
49 6 No phenotype Little suppression
50 7 No phenotype Little suppression
53 10 Revertant of cdc12-6 Suppression
55 12 No phenotype No/little suppression
56 13 ts-phenotype (37°C) Suppression
71 28 Moderate ts-phenotype Suppression
73 30 Moderate ts-phenotype Suppression

1.2. Suppressor screen using the knockout collection.

The suppressor screen above resulted in a big list of new mutations, although most
mutations, when isolated, had no or little phenotype.  The fact that under different
conditions no growth defects were observed was probably due to the fact that most
mutations were in non-essential genes.  Therefore we repeated the cdc12-6
suppressor screen with the yeast knockout collection (containing only the non-
essential genes) using a robotized approach (Tong et al., 2001).  The cdc12-6 bait
strain, carrying the NAT-marker (nourseothricin-resistance) was crossed with the
mutant collection, carrying the KAN-marker (kanamycin-resistance).  Diploids were
selected on –KAN-NAT media, and sporulated to produce haploid cells.  Cells
carrying both the cdc12-6 mutation and a deletion from the collection were selected
to produce double mutants.  Finally, suppression was analyzed at 30°C, the
restrictive temperature for cdc12-6.
During the scoring we encountered several problems.  First, at 30°C it was difficult to
distinguish possible suppressors from background. Finally, we used rts1-∆/sts13-∆
(see above), known to suppress cdc12-6 to determine the threshold.  In this way ±

300 genes that were able to suppress cdc12-6 were selected.  Second, several
double mutants known to be synthetic lethal from previous studies, showed up as
strong suppressors.  This was probably due to the accumulation of extragenic
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suppressors during the screening method.  Third, the variability was big, indicated by
several selections at 30°C.
Although the isolation of suppressors was not so clear and efficient several
conclusions can be drawn.  First, we were able to identify a whole list of genes.
Interestingly, this list contains a lot of genes with unknown function indicating that
many genes involved in septin dynamics might not be identified yet.  Second, several
new regulators of septin dynamics could be identified.  The formin Bni1, the anillin-
homologue Bud4, Bud2, a protein involved in bud-site selection and Bni5, a septin-
dependent gene of unknown function, were found to suppress the cdc12-6 mutation.
Furthermore, next to Rts1, three other regulators of PP2A activity were found; Pam1,
a multicopy suppressor of PP2A, Ppm1, a methyl transferase of PP2A and Rrd2, a
activator of PP2A.  Thus, PP2A activity seems to play a general role in septin
dynamics.Third, the screening methods utilized were not optimal.  Better detection
could be achieved by screening for suppression at different temperatures or on
different media.

(This work was done together with Stephanie Trolliet, a diploma student in the lab).

2. Conclusions

The screening for suppressors of cdc12-6 enabled us to identify several new genes
involved in septin dynamics.  In both screens, several proteins related to the
phosphatase PP2A showed up, indicating that PP2A could be one of the key
regulators of septin dynamics.  Although we found many different genes, we only
analyzed in detail the gene-product of RTS1, the gene encoding for the B’ regulatory
subunit of PP2A (see next chapter).
Furthermore, several comments can be made.   First, both screens suffered from a
lack of stringent selection conditions.  Therefore, it was difficult to sort out the positive
interactors from the background.  In addition, in the screen using the knock-out
collection a significant number of false positive interactors were present making it
even more difficult to find true suppressors.  Second, suppressors found with the
classical EMS-screen were difficult to be identified because of the lack of phenotypes
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of the suppressor mutations.  Third, the complementation assay and the functional
grouping of the suppressor mutations obtained with the EMS-screen did not enable
us to classify the pool of suppressor mutations.

Thus, in both screens we were able to identify many mutants regulating septin
dynamics, although the classification methods used were not stringent enough to
enable the identification of cellular pathways.  In contrast, the analysis of single
mutants enabled us to identify some interesting genes regulating septin dynamics.
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Chapter 3 : Septin dynamics during the cell cycle
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rts1-∆ Cell grown at 37°C for 4 hours stained with

GFP-CDC12 (septins) and GFP-Nop1 (nucleolus)
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1. Introduction

Septins were first isolated in S. cerevisiae in a screen for cell cycle mutants defective
in cytokinesis.  Later on, they were also found in other fungi and animals where they
were also involved in cell division. How septins function on a molecular level is
known, neither in budding yeast nor in any other organism.
Septin localization has been analyzed in detail (Longtine et al., 1996).  EM studies
revealed that septins build filamentous structures at the bud neck.
Immunofluorescence and studies using GFP-tagged septins showed that they form a
ring structure encircling the bud neck.  The septin ring undergoes morphological
changes during the cell cycle.  It forms in G1, splits into two at cytokinesis and
disassembles after separation (Lippincott et al., 2001; Longtine et al., 1996).  Little is
known how these three processes are induced and regulated.
In this study, we wanted to address three main questions: (1) Are septin filaments
dynamic structures like actin or tubulin or do septin form stable filaments; (2) How do
septin filaments behave during the cell cycle; (3) What would be the function of
dynamic/stable septins.  To answer these questions we took both a genetic and a cell
biological approach as described below.

2. Septin dynamics varies during the cell cycle

To examine septin dynamics, FRAP (fluorescence recovery after photobleaching)
experiments were performed on strains expressing a GFP-tagged septin.  Dynamics
of four of the five yeast septins, Cdc3, Cdc10, Cdc12 and Shs1/Sep7, was
investigated.  Each septin was tagged individually at its N-terminus with GFP and
expressed under the control of its own promoter.  Half of the fluorescently labeled
septin ring was irradiated with a laser beam to irreversibly bleach GFP.
Fluorescence was then monitored over time. Fluorescence recovery in the bleached
area indicated recruitment of non-bleached molecules.  Loss of fluorescence in the
unbleached region indicated exchange of fluorescent molecules with some that are
bleached.  This analysis was carried out with cells representative of the different
stages of cell division (Figure 3-1), and produced similar results with the four
reporters used.
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Unbudded cells with a newly assembled septin ring (late G1- early S, Figure 3-1A)
showed rapid septin turnover.  GFP-fluorescence recovered with a half time of 175
sec. (+/- 110 s, N= 7 cells).  Loss of fluorescence was observed concomitantly in the
non-bleached area until fluorescence levels equilibrated (Figure 3-1A).  When the
entire ring was bleached, no recovery was observed, suggesting that there was little
or no exchange of material with the cytoplasm.  In addition, constant bleaching in the
mother cell using FLIP (Fluorescence Loss in Photobleaching) did not result in
fluorescence loss at the bud neck.  Thus, prior to bud emergence septins moved
within the ring (= fluid) and did not exchange with the cytoplasm.
In contrast to unbudded cells, rings of small and medium budded cells never
recovered fluorescence after photobleaching (N= 10 cells; Figure 3-1B).  No
fluorescence loss was observed in the unbleached area either.  Thus, rapidly after
bud emergence septin molecules were immobilized (= frozen).
The onset of cytokinesis is marked by the splitting of the septin ring (Lippincott et al.,
2001).  All cells undergoing ring splitting during observation showed a sudden and
rapid recovery of fluorescence in the irradiated area (Figure 3-1C, T1/2= 117 sec. +/-
56, N= 6).  Recovery was preceded by fluorescence loss in the unbleached area.
Subsequently, both rings were homogeneously labeled, indicating that again subunits
exchanged between bleached and unbleached areas.  FRAP experiments on already
splitted rings indicated that they had regained a frozen state (N= 7 cells; Figure 3-
1D).  Shortly prior to cell separation, the two rings were again dynamic (N= 6, Figure
3-1E).  After cell separation the two remaining rings in mother and daughter cell
disassembled.  Thus, the septin ring is remarkably non-dynamic during most of the
cell cycle.  Only three short dynamics phases are observed: prior to bud emergence,
at the onset of cytokinesis and at cell separation.  Therefore, septin dynamics is
tightly regulated during the division cycle.

Figure 3-1 Septin dynamics during the cell cycle (see next page)
GFP-labeled septin rings were subjected to FRAP (fluorescence recovery after photobleaching) experiments. As
depicted on top, bleaching was always done on half of the ring (orange box) and the fluorescence intensities in
both the bleached (light green) and unbleached part (dark green) were measured.  The small box (orange) in the
first frame of each movie indicates the bleached region.  The kinetics and average half time of recovery are
shown for each cell stage.  No difference was observed whether we used GFP-Cdc12, GFP-Cdc3 YFP-Cdc10 or
GFP-Shs1 as a reporter protein.  A- Unbudded cell.  B- Budded cell with a single ring.  C- Large budded cell
undergoing ring splitting.  the double arrow indicates the first frame where splitting is visible.  D- Large budded
cells with a split ring.  E- Separating cells.  The arrow shows the first frame were the 2 daughter cells move
away from each other.
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3. Septin subunit dissociation is prominent at cytokinesis

To investigate septin dynamics further, we sought to follow variations in the rates of
subunit association and dissociation.  Our assay was based on the observation that
the cdc12-6 septin allele leads to septin ring disassembly upon shift to the restrictive
temperature (Barral et al., 2000).  We rationalized that changes of the rate of
disassembly at specific cell cycle stages would reflect changes in septin
dissociation/association rates.  GFP-CDC3 cdc12-6 cells were shifted to 30°C, the
lowest restrictive temperature, and the intensity of the GFP signal at the bud neck
was monitored over time (Figure 3-2A and C).
cdc12-6 Cells with a single ring showed a linear decrease of the intensity of the ring
(N=27 cells), which disappeared within 50 minutes (Figure 3-2A-B).  The rate of
disassembly did not vary with the size of the bud, suggesting that the rate of septin
association and dissociation did not vary during bud growth.  In wild-type cells
expressing GFP-Cdc3, unsplit rings were fully stable over the entire experiment (75
minutes, Figure 3-2A,B).
In cdc12-6 cells undergoing ring splitting, the GFP-Cdc3 signal dropped suddenly
and disappeared within 15 minutes (+/- 2.5, N=24 cells; Figure 3-2C-D).  A loss of
signal was also observed concomitantly with the onset of cytokinesis in wild type.
However, in these cells the fluorescence intensity of the separated rings stabilized
rapidly (less than five minutes) to about 50% of the original level.  Thus, these and
the FRAP results consistently indicated that septin dynamics was transiently
enhanced at cytokinesis.

4. Loss of PP2ARts1 suppresses cdc12-6 growth defect at 30°C

To identify factors controlling septin dynamics, we screened for second site
mutations that suppress cdc12-6 at 30°C (see chapter 2 1.1).  Our rationale was that
inactivation of genes that facilitate or activate septin dissociation might sufficiently
stabilize the ring to allow growth of cdc12-6 cells at this temperature.  Here we focus
on the characterization of one complementation group, STS13 (suppressor of twelve
-six), which is represented by at least two temperature sensitive alleles (Figure 3-3).
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The strongest allele, sts13-1, was used for further studies.  At restrictive temperature
sts13-1 had a strong cytokinetic defect (see below).

Figure 3-2 Analysis of septin ring stability in cdc12-6 cells in G2/M and at cytokinesis.
A- cells with a medium bud.  Wild-type (upper row) and cdc12-6 (lower row) cells expressing GFP-Cdc3 grown
at 22°C and shifted to 30°C were monitored by time-lapse microscopy.  B- Quantification of the GFP-
fluorescence intensity of the septin ring in G2 cells (WT, N = 21; cdc12-6, N = 27).  C- Cells in cytokinesis,
undergoing ring splitting.  D- Quantification of fluorescence intensity at the bud neck during ring splitting (WT,
N = 16; cdc12-6, N = 24).  The first image on which splitting is observed is indicated by an arrow in each case.
All images are at the same magnification.  Scale bar in A represents 2µm.

The temperature sensitivity of sts13-1 strictly co-segregated with the suppression of
cdc12-6 (> 80 tetrads analyzed), indicating that the two phenotypes were probably
due to the same mutation. Thus, we cloned STS13 by complementation of the
temperature sensitive phenotype.  Out of three plasmids that restored growth of
sts13-1 at 37°C, all contained the RTS1 gene.  In two cases, RTS1 was the only
open reading frame in the insert.  Moreover, RTS1 and STS13 were tightly linked (no
disjunction in more than 30 tetrads) and disruption of RTS1 suppressed the growth
defect of the cdc12-6 strain at 30°C (Figure 3-2).  Thus, we concluded that the sts13
mutations are new alleles of the RTS1 gene.  The sts13-1 mutation was renamed
rts1-13.
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Figure 3-3 Rts1 suppresses the growth defect of cdc12-6.
Disruption or mutation of the RTS1 gene leads to suppression of the cdc12-6 growth defect at 30°C.  Cells with
the indicated genotype were spotted on plates after serial dilution and incubated for four days at the indicated
temperature.

Rts1 is one of the two alternate regulatory subunits of protein phosphatase 2A
(PP2A) in yeast (Shu et al., 1997; Zhao et al., 1997).  The regulatory sub-units are
thought to control the sub-cellular distribution of PP2A catalytic subunits, Pph21 and
Pph22 (Gentry and Hallberg, 2002). PP2A is involved in various cellular processes
like cytokinesis, stress response, cell cycle progression, cell morphology and
development (Janssens and Goris, 2001).  PP2A consists as a trimmer consisting of
a catalytic sub-unit (C), a structural sub-unit (A) and a regulatory sub-unit (B)
(Janssens and Goris, 2001).  Both the catalytic sub-unit and the structural sub-unit
constitute the core complex.  In contrast, the different regulatory sub-units show high
variation a many different groups are known.  In budding yeast only two regulatory
sub-units are present, a B-type sub-unit Cdc55 and a B’-type regulatory protein Rts1
(Gentry and Hallberg, 2002).  How the two sub-units regulate the phosphatase.
Interestingly all components of the PP2A complex are highly conserved in all
eukaryotic systems indicating the importance of this phosphatase (Janssens and
Goris, 2001).
Thus, we asked whether loss of PP2A activity also suppressed the growth defect of
the cdc12-6 strain at 30°C. The strains cdc12-6 pph21-∆ and cdc12-6 pph22-∆ were
constructed by crossing and tested for growth at 30°C.  All pph21-∆ cdc12-6
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segregants formed colonies at 30°C, indicating that pph21-∆ suppressed the cdc12-6
mutation (Figure 3-2).  Suppression of cdc12-6 by pph22-∆ was less penetrant (data
not shown). Nevertheless, the observation that dosage reduction of PP2A catalytic
subunits suppresses the cdc12-6 growth defect is consistent with PP2ARts1 regulating
septin dynamics or organization.
Suppression of septin defects by rts1-∆ depended on the septin allele.  Unlike cdc12-
6, the cdc12-1 mutation affects new septin ring formation at the end of G1 but not the
stability of previously existing rings (data not shown).  None of our rts1 alleles could
suppress the growth defects due to the cdc12-1 mutation (Figure 3-2).  Therefore,
PP2ARts1 may specifically regulate septin ring stability.

5. Cells lacking RTS1 fail to properly regulate septin dynamics at
cytokinesis specifically

We next investigated the effect of RTS1 deletion on septin organization and function.
RTS1 and rts1-∆ cells expressing GFP-Cdc12 were shifted to 37°C and septin rings
were monitored microscopically for several hours (Figure 3-4A).  A GFP-Nop1
reporter was used to stage the cells in the cell cycle. GFP-Nop1 labels the nucleolus,
which permits to visualize nuclear division.
In small- and medium-budded cells, unsplitted septin rings were morphologically
indistinguishable between mutant and wild type (Figure 3-4A). Also ring splitting
occurred normally in rts1-∆ cells.  However, splitted rings were misshapen in these
cells forming bars containing septin sub-units radiation out of the bud neck area
(Figure 3-4A).  They also failed to disassemble properly upon emergence of new
buds. These cells were unable to separate.  In addition, un-separated cells forming a
new bud assembled a normal new ring, indicating that Rts1 is not involved in septin
ring formation.  Thus, Rts1 is required to maintain proper septin organization during
cytokinesis, and to allow proper ring dissociation in G1.
Next, we used our cdc12-6 dissociation assay to determine which aspect of septin
dynamics was affected by the rts1-∆ mutation.  Prior to ring splitting, the rate of
septin ring disappearance was not affected in the cdc12-6 rts1-∆ double mutant
compared to cdc12-6 (Figure 3-4B).  However, the rts1-∆ mutation clearly stabilized
septin ring during and just after splitting. Moreover, FRAP experiments also failed to
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reveal a reactivation of septin dynamics at telophase in rts1-∆ (data not shown).
Altogether, our results indicate that Rts1 regulates septin dynamics specifically at
cytokinesis.

Figure 3-4 Rts1 is involved in septin dynamics at cytokinesis.
Septin organization in wild type and rts1-∆ cells.  A- Cells expressing GFP-Cdc12 and GFP-Nop1, as a nuclear
marker, were grown at 25°C and shifted to 37°C for 3 hours.  Scale bars are 2µm.  C- The stability of the septin
ring in cells of the indicated genotype was determined as in Figure 3-2 for cells in G2 and at cytokinesis (rts1-∆
cdc12-6 G2 N = 12, cytokinesis N = 4).

6. Rts1 accumulates at the bud neck upon exit of mitosis

We next characterized the localization of Rts1 during the cell cycle.  The fully
functional Rts1-GFP fusion protein localized to different places during the cell cycle
(Figure 3-5A).  In unbudded cells, it predominantly accumulated in the nucleus
(Figure 3-5A,a).  This diffuse nuclear staining was observed throughout the cell cycle.
Upon bud emergence, Rts1 was enriched at kinetochores (Gentry and Hallberg,
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2002) (Figure 3-6C), which was manifested by the formation of an intense, intra-
nuclear dot (Figure 3-5A,b) that occasionally separated into two distinct spots (Figure
3-5A,c).  This dot(s) faded away in pre-anaphase cells and only diffuse nuclear
staining was observed during anaphase (Figure 3-5A,d).  In about 75% of the cells
with divided nuclei, Rts1 was also seen at the bud neck (Figure 3-5A,e,f,g, B and C).
Thus, Rts1 appeared at the bud neck some time during mitosis. These results are
consistent with the results of Gentry et al. (Gentry and Hallberg, 2002) showing that
PP2A catalytic subunits localize to the bud neck in an Rts1-dependent manner during
mitosis.
To clarify the timing of Rts1 localization to the bud neck, we analyzed microtubule
organization in cells with Rts1-GFP at the bud neck (Figure 3-5B). Only 3% (2/65) of
these cells still contained a spindle.  In reverse, cells with an elongated spindle (late
anaphase) rarely showed Rts1 staining at the bud neck (3%; 2/78).  Similarly, faint
Rts1 neck staining was observed in only a few large-budded cells with an unsplit
septin ring (4%; 1/27).  In these cells, Rts1 and septin staining overlapped
extensively.  In all other cells with Rts1 at the neck, ring splitting had occurred (Figure
3-5C).  Also, Rts1 was not observed at the bud neck of cells arrested in late
anaphase by virtue of the tem1-1, cdc15-1 and cdc14-1 mutations (data not shown).
Thus, appearance of Rts1 at the bud neck took place after spindle breakdown and
septin ring splitting and required activation of the MEN pathway.  Therefore, Rts1
required mitotic exit to localize to the site of cleavage.

7. Localization of Rts1 to the bud neck depends on re-localization of
pre-existing material

Next, we asked if the localization of Rts1 to the bud neck was due to protein
translocation or de novo protein synthesis. Cells expressing Rts1-GFP and GFP-
Tub1 were arrested prior to anaphase with nocodazole for three hours and then
released into fresh medium.  The culture was split, one half being allowed to resume
growth, while the other was treated with cycloheximide to arrest protein synthesis
(Figure 3-6G).
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Figure 3-5 Rts1 localization during the cell cycle shows that Rts1 translocates to the bud neck upon exit
from mitosis (see previous page)
Cells expressing Rts1-GFP at endogenous level.  Cells representative of the different stages of the cell cycle are
shown. B- Localization of Rts1 and microtubules at the end of mitosis. Wild-type cells expressing CFP-Tub1
and Rts1-GFP.  C- Localization of Rts1 and septins in late mitotic cells.  Wild-type cells expressing CFP-Cdc12
and Rts1-GFP. Scale bars represent 2 µm. Scale bars represent 2 µm.

Every 15 minutes cells were scored for spindle morphology and Rts1 localization.  In
the non-treated culture, Rts1 neck staining followed spindle elongation and lasted for
about 30 minutes.  Cycloheximide treated cells were also able to resume cell cycle
progression and to enter mitosis, as shown by the spindle elongation index.  In these
cells, Rts1 localization at the bud neck still occurred properly despite the absence of
de novo protein synthesis.  Therefore, preexisting Rts1 molecules translocated to the
bud neck upon exit of mitosis.

8. Rts1 relocalization to the bud neck is required for activation of
septin dynamics

To test whether Rts1 acted directly at the bud neck on septin dynamics, we
determined whether Rts1 translocation was required for proper septin organization
and dynamics.  The N-terminal 250 amino acids of Rts1 are conserved only in other
budding yeasts.  Truncation of the first 216 amino acids leads to the Rts1-∆3 protein,
which is fully functional for its nuclear roles, such as stress response and growth on
glycerol medium (Shu et al., 1997). Rts1-∆3 also localized to kinetochores properly
(Figure 3-6E) and co-isolated with centromeric DNA in ChIP experiments (Figure 3-
6C-D).  However, Rts1-∆3 failed to localize to the bud neck upon exit of mitosis
(Figure 3-6F). This defect was not due to a block in cell cycle progression, since rts1-
∆3 proliferated normally at the temperature used for this experiment.
Thus, we asked whether Rts1-∆3 was still able to stimulate septin dynamics.  It was
not the case: 1- Although it was not as defective as in the rts1-∆ strain, septin
organization was not restored in the rts1-∆3 cells shifted to 37°C (Figure 3-7B) 2- The
cdc12-6 rts1-∆3 strain still survived at 30°C (Figure 3-7A), while the cdc12-6 RTS1
strain was unable to grow at this temperature.  Thus Rts1-∆3 was unable to replace
wild type Rts1 for its septin-related function. Therefore, our results are consistent with
translocation of Rts1 to the bud neck being required to activate septin dynamics.
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Figure 3-6 Rts1 and Rts1-∆3 localizes to kinetochores during S and G2.
A- Cells expressing Rts1-GFP and CFP-Tub1. Rts1 localizes to the center of the short spindles, consistent with a
kinetochore localization.  B- The G2/M delay, but not the cytokinesis defect, of rts1-∆ cells is abolished by
disruption of the MAD2 gene.  C- Co-purification of centromeric but not distal DNA with Rts1. Anti-HA ChIP
assays were performed on RTS1-HA3 and RTS1 cells arrested in 0.2M hydroxyurea for 3 hours.  ChIP analysis
was performed with extracts from both strains.  The templates used for PCR amplification were DNA from total
chromatin (T) or DNA brought down in the anti-HA immunoprecipitate (IP).  Primers used were designed to
amplify CEN4 and URA3 DNA. D- Rts1-∆3 associates normally with kinetochores.  E- Localization of rts1-∆3
to kinetochores (arrows).  F- Rts1-∆3 does not relocate to the bud neck upon exit from mitosis.  Rts1-GFP and
Rts1-∆3-GFP cells were arrested with nocodazole and released in fresh medium.  The percentage of large
budded cells with GFP at the bud neck is represented at regular time intervals after release.  G- Rts1-localization
to the bud neck does not depend upon de novo protein synthesis.  Cells expressing Rts1-GFP were arrested for 3
hours by nocodazole treatment and released in fresh medium in presence or absence of cycloheximide.  The
percentage of large budded cells with GFP-fluorescence at the bud neck was quantified at regular time intervals
after release.  Experiments shown C-G were performed by Matthew Gentry (Syracuse University)
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Figure 3-7 Rts1 translocation to the bud neck is required for proper septin dynamics.
A- Cells carrying the cdc12-6 allele and expressing either Rts1, Rts1-∆3 or none were spotted and incubated at
different temperatures as indicated for 3 days. The strains were as follows: wt, (wt, pLEU2), cdc12-6, (cdc12-6
pLEU2), cdc12-6 rts1-Δ, (cdc12-6 rts1-∆ pLEU2), rts1-Δ, (rts1-∆ pLEU2), cdc12-6 RTS1-GFP (cdc12-6 rts1-∆
pLEU2-RTS1-GFP), cdc16-6 rts1-Δ3-GFP (cdc12-6 rts1-∆ pLEU2-rts1-∆3-GFP) and rts1-Δ3-GFP, (rts1-∆
pLEU2-rts1-∆3-GFP).  B- Expression of Rts1-∆3 cannot suppress the septin organization defects due to the rts1-
∆ mutation.  rts1-∆ cells expressing GFP-Cdc12, GFP-Nop1 and Rts1-∆3 were grown at 22°C and shifted to
37°C for 3 hours. C- Suppression of rts1-∆3 by cdc12-6.  Scale bars are 2µm.

9. Cla4 and Gin4 act antagonistically to Rts1

Activation of septin dynamics by PP2ARts1 suggests that phosphorylation events
control the rigidity of the septin ring.  Three kinases have been shown to influence
septin organization: Elm1, Cla4 and Gin4 (Bouquin et al., 2000; Cvrckova et al.,
1995; Longtine et al., 1998a).  Two additional kinases, Hsl1 and Kcc4, also localize
to the bud neck (Barral et al., 1999).  If one of them acts to stabilize the septin ring,
disruption of the corresponding gene should be synthetic lethal with the cdc12-6
allele. Tetrad analysis indicated that neither elm1-∆, kcc4-∆, nor hsl1-∆ does
exacerbate the cdc12-6 phenotype.  Only cla4-∆ and gin4-∆ were synthetically lethal
with cdc12-6, suggesting that specifically Cla4 and Gin4 regulate septin dynamics.
Therefore, FRAP experiments were performed in gin4-∆ and cla4-K594A cells
expressing GFP-Cdc12 to characterize the effect of these mutations on septin
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dynamics.  The cla4-K594A allele encodes a kinase inactive form of Cla4 (Tjandra et
al., 1998).  In the cla4-K594A cells, non-split septin rings were dynamic (Figure 3-8A)
independently of the size of the bud.  Recovery was also observed in the gin4-∆
strain (Figure 3-8B), but it was restricted to large budded cells.  Thus, Cla4 and Gin4
are required to establish and/or maintain the frozen state of the ring prior to
cytokinesis. Cla4 acted earlier than Gin4.
Next, epistasis analyses were performed to determine whether RTS1 acted
antagonistically to CLA4 and GIN4 genes. Since PP2ARts1 is thought to reverse a
phosphorylation event, it should have no function left if the corresponding
phosphate(s) is missing due to the lack of the kinase. Thus, rts1-∆ should not
suppress septin phenotypes in a strain lacking such kinase(s).

Figure 3-8 Cla4 and Gin4 regulate septin dynamics prior to mitosis.
FRAP experiments were performed on septin rings from G2/M cells.  A- cla4K594A (kinase dead).  B-  gin4-∆.
C- shs1-∆. Septin rings were labeled with GFP-Cdc12 and FRAP was carried out like in Figure 3-1. Kinetics and
average life times are shown.
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Supporting the idea that Rts1 may reverse Cla4 function, the rts1-∆ mutation was
unable to suppress the lethality of the cla4 cdc12-6 double mutant.  Likewise, the
cdc12-6 gin4-∆ rts1-∆ was barely viable. In contrast, the rts1-∆ mutation still fully
suppressed the cdc12-6 phenotype in the elm1-∆ context. Altogether, these results
are consistent with PP2ARts1 counteracting Cla4 and Gin4.

10. The septin Shs1 is a likely substrate of Rts1

Shs1/Sep7 is phosphorylated in a Cla4- and Gin4-dependent manner in vivo
(Mortensen et al., 2002) and it is a good target candidate for the Cla4/Gin4/Rts1
pathway. Thus, we asked whether Shs1 plays any special role in septin dynamics.
As already reported, Shs1 was not required for cell viability and hence for septin ring
formation (Carroll et al., 1998).  Disruption of the SHS1 gene had also no effect on
the viability of the cdc12-1 mutant.  However, it was co-lethal with the cdc12-6 allele
(no viable double mutants in 21 tetrads).  Furthermore, septin rings were more
dynamics in the SHS1 deleted strain than in wild type (Figure 3-8C). Thus, Shs1
plays some specific role in septin dynamics.
Shs1 phosphorylation state during the cell cycle was also consistent with Shs1 being
a substrate of Rts1.  In synchronized cells, Shs1 became hypo-phosphorylated
shortly after the cells exited mitosis and during bud emergence (Figure 3-9).  The
phosphorylation state of Shs1 in rts1-∆ cells was analyzed at 30°C because of
difficulties in synchronizing this strain 37°C.  However, rts1-∆ cells failed to fully
dephosphorylate Shs1 upon exit of mitosis at 30°C. At 30°C rts1-∆ cells have no
strong phenotype. The partial dephosphorylation observed by 30°C maybe due to
another phosphatase, which is able to partially substitute for PP2ARts1 at this
temperature.  Altogether our results indicate that the septin Shs1 is one of the targets
of the Cla4/Gin4/Rts1 pathway and suggest that its phosphorylation state may affect
septin dynamics.
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Figure 3-9 Septin dynamics prior is regulated possibly in part through Shs1 phosphorylation.
Shs1 is dephosphorylated upon exit of mitosis. RTS1 deleted cells fail to dephosphorylate Shs1 properly. Cells of
the indicated genotype and expressing Shs1-3HA, where Shs1 is C-terminally tagged with a triple HA epitope,
were arrested with HU at 24°C for 2 hours, shifted to 30°C for 1 hour and released in fresh medium at 30°C.
Samples were taken every 10 minutes and cell extracts were analyzed by western using anti-HA antibodies.  The
proportion of anaphase and small-budded cells is indicated for each sample.

11. Cells lacking Rts1 are defective in a late stage of cytokinesis

We next wanted to investigate the physiological relevance of the regulation of septin
dynamics at cytokinesis.  Therefore, the phenotype of rts1-∆ cells was analyzed in
more detail.  Interestingly, exponentially growing rts1-∆ cells shifted to 37°C for three
hours accumulated into clusters of unseparated cells (Figure 3-10A-B and Supp
Figure 1A-B).  Cells also accumulated as large budded with a single nucleus,
suggesting that they were also delayed for the entry into mitosis (Shu et al., 1997).
These results were globally confirmed when we analyzed the progression of
synchronized cells (Supp Figure 1C-D). The clusters of cells were not resolved by
treatment with zymolyase (Figure 3-10A and Supp Figure 1B), indicating that
unseparated cells were still connected through their plasma membrane. In addition,
tubulin staining indicated that rts1-∆ cells were not defective for exit of mitosis and
spindle breakdown (Supp Figure 1A-B). Therefore, the cell separation defect was
due to a failure in cytokinesis.
The cytokinetic defect was not due to problems in actin ring organization. Actin rings
could be observed in the rts1-∆ cells at roughly the same frequency (3/120) than in
wild type (2/135), even after 3h at 37°C.  Analysis of actomyosin ring contraction in
MYO1-GFP GFP-NOP1 and rts1-∆ MYO1-GFP GFP-NOP1 by time-lapse
microscopy indicated that this process was also not affected at 37°C.  In both strains,
contraction rapidly followed the full separation of the GFP-Nop1 masses and took
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similar amount of time to reach completion (Figure 3-11).  In addition, the rts1-∆ hof1-
∆ double mutant was not sicker than either of the single mutants. Since hof1-∆ cells
require Myo1 function to complete cytokinesis and remain viable, this result indicates
that the Myo1 pathway is functional in rts1- ∆ cells.

Figure 3-10 Cytokinetic defects in rts1-∆.
A- anti-tubulin (green) and DAPI (blue) co-staining of rts1-∆ cells after 3 hours at 37°C.  Both bi-nucleate cells
and clusters are shown.  B- Cell cycle progression of synchronized WT and rts1-∆ cells.  Cells were arrested with
a-factor and released in fresh medium at 37°C.  Cell stages were scored by DAPI staining. Note that the rts1-∆
cells did not leave the arrest synchronously, preventing adequate analysis of cell cycle progression.  However, a
long premitotic delay is observed as well as the formation of clusters of unseparated cells.

In fact similar data also demonstrated that Rts1 did not affect the Hof1 pathway
either.  First, myo1-∆ rts1-∆ double mutants were also viable, indicating that the Hof1
pathway is functional in rts1-∆ cells. Second, Hof1 localized normally in rts1-∆ cells.
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Furthermore, rts1-∆ did not show any genetic interaction with iqg1-1, a mutation in
the yeast IQGAP gene.  Thus, Rts1 defines a new step in cytokinesis that is distinct
from and most likely posterior to the stage involving Myo1 and Hof1.
Importantly, Rts1 acted in a septin-dependent process.  This was evidenced by the
observation that the cdc12-6 rts1-∆3 cells grew better at 37°C than the strains
carrying either of these mutations alone, indicating that introduction of these mutation
lead to a new balanced septin dynamic (Figure 3-7C).  Thus, not only rts1-∆3
suppresses the growth defect due cdc12-6, but the cdc12-6 allele was also able to
suppress the growth defect due to rts1-∆3. Suppression was clearly due to the
cdc12-6 allele since the rts1-∆ growth defect was restored upon introduction of the
wild type CDC12 gene (data not shown). Therefore, our genetic analysis implicates
Rts1 in a septin-specific pathway in cytokinesis.  This is the first evidence that septins
have Hof1- and Myo1-independent roles in cell division, during cytokinesis itself.

Figure 3-11 Effect of RTS1 disruption on actomyosin ring contraction.
Arrows indicate the Myo1 rings (Myo1-GFP).  T=0 corresponds to the first frame at which the spindle reaches
maximal elongation, as judged by nucleoli segregation (GFP-Nop1).  Genotypes of the cell are indicated.  The
elapsed time is indicated in each frame (in minutes).

12. Conclusions

We showed that septins are stable cytoskeletal structures that show two dynamic
phases during the cell cycle.  The first was observed at G1, during septin ring
assembly, and the second at telophase, during septin ring splitting.  We observed
that stabilization of the septin structure is achieved via phosphorylation and sudden
dephosphorylation by PP2A at telophase is needed to induce dynamics and remodel
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the septin structure.  Furthermore, we could show for the first time that septins play a
direct role in cytokinesis independent of the actomyosin ring.
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Chapter 4 : Septin rings form a cortical compartment
during cytokinesis
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Co-staining for Spa2 and the septin Cdc3 during cytokinesis
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1. Introduction

Our data indicated that septin rings freeze after splitting.  Furthermore, the cytokinetic
defect observed in rts1-∆ cells, showed that tight regulation of septins during
cytokinesis was required to ensure proper cell division.  Our results also indicated
that septins might not regulate actomyosin contraction since septin disruption via
rts1-∆ does not influence the behavior of the actomyosin ring.  Thus, septins could be
involved in the last step of cytokinesis, the fusion of the plasma membrane, called
abscission.
Previous studies showed that septins do not actively participate in the cell separation
process.  This is indicated by the fact that they do not contract during the whole cell
division cycle (Lippincott et al., 2001).  Furthermore, septins move away from the
cleavage furrow via splitting (Lippincott et al., 2001).  Components of the exocyst and
the cell wall machinery localize to the bud-neck late in the cell cycle in a septin-
dependent fashion and localize in between the two splitted septin rings (Finger et al.,
1998; Roh et al., 2002).  This suggests that during cytokinesis the two septin rings
could either serve as barriers that restrict cortical factors to the site of cleavage or as
scaffolds.
We wanted to answer following questions: (1) Do septins serve as a barrier or as a
scaffold during cytokinesis (2) Are septins essential for cytokinesis (3) And if yes,
what are the events they are involved in during cytokinesis.
To answer these questions we took an approach combining genetics and cell
biology.  Actomyosin ring behavior, vesicle fusion and cell wall formation during cell
separation was investigated in wild-type cells and cells that lost their septin ring.
Furthermore, mutants affecting the three processes mentioned above were used to
establish their order and importance during cytokinesis.

2. Septin localization compared to actomyosin and abscission
components

Two categories of factors, which function in cell separation, are observed at the bud
neck during cytokinesis.  The first set comprises components of the actomyosin ring,
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which are recruited during bud growth (Bi et al., 1998).  A second set of protein
complexes appears at the bud neck only at cytokinesis and includes the polarizome,
a complex involved in actin filament nucleation and signaling (Sheu et al., 1998), the
exocyst, involved in vesicle docking/fusion at the plasma membrane (Finger et al.,
1998), and chitin synthase II, a trans-membrane protein required for primary septum
formation (Shaw et al., 1991).
Both the polarizome- and the exocyst-complex are thought to play a role in
abscission whereas the Chs2-complex is a yeast specific cytokinetic factor, which will
help to form a cell wall.
Thus, we asked whether septins and cytokinetic factors colocalized at the bud neck.
Cells co-expressing GFP-labeled (C-terminal) Spa2 (polarizome), Sec3 (exocyst) or
Chs2 (chitin synthase II) and the CFP-labeled (N-terminal) septin Cdc3 were
analyzed by 3D fluorescence microscopy. In small- and medium-budded cells,
septins formed a characteristic hourglass structure at the bud neck (Figure 4-1A and
Figure 4-2) (Lippincott et al., 2001).  In these cells both Spa2 and Sec3 are found at
the daughter cell cortex (Barral et al., 2000) while Chs2 was not expressed. No
colocalization of Spa2, Sec3 and Chs2 with the septins was observed (Figure18A).
In most large-budded cells the septin ring had split (Figure 4-1A and B, lower panels
and Figure 4-2).  In these cells, the mitotic spindle, when visualized by GFP-tubulin
co-expression, was already broken down (Figure 4-3), consistent with septin ring
splitting taking place upon mitotic exit (Lippincott et al., 2001).  Only in cells with
splitted septin rings did Spa2, Sec3 and Chs2 localize to the bud neck (Figure 4-1A-
B).  Thus, recruitment of the exocyst, the polarizome and chitin synthase II to the
cleavage site was concomitant with or followed septin ring splitting.  There, Spa2,
Sec3 and Chs2 did not colocalize with the septins but instead localized between the
split rings, like the actomyosin ring components Myo1 (myosin type-II), Hof1 (an
actin-associated protein) and Iqg1 (IQGAP) (Figure 4-1B) (Lippincott and Li, 1998b;
Lippincott et al., 2001).  Thus, during cytokinesis most factors at the site of cleavage
did not colocalize with septins (Gladfelter et al., 2001). This observation suggested
that during cytokinesis the split septin rings might not act as a scaffold for the
localization of cortical factors as they do earlier for a whole group of proteins
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(Gladfelter et al., 2001).  Instead, their localization suggests that they might delineate
the boundaries of the cleavage area.

Figure 4-1 Protein localization at the site of cleavage during cytokinesis compared to the septin ring(s).
A- Colocalization of Spa2 (C-terminally tagged with GFP) and the septin Cdc3 (N-terminally tagged with CFP).
The upper lane shows a cell at G2/M.  The cell shown in the lower lane undergoes cytokinesis. Enlargements of
the bud neck region are shown in the insets in the lower right corners.
B- Colocalization of Iqg1, Hof1, Myo1, Spa2, Sec3 and Chs2 in green (C-terminally tagged with GFP) and the
septin Cdc3 in red (N-terminally tagged with CFP)
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Figure 4-2 3D-reconstruction of the septin ring in small and big budded cells.
3D reconstruction of the septin ring (GFP-Cdc12) before (upper panel) and after ring splitting (lower panel).  40
slices (0.075µm distance) were taken with a spinning disk confocal microscope and reconstructed using the
ImageJ software package.  Angle of rotation is shown in the upper right corner.

Figure 4-3 Septin localization compared to spindle breakdown.
Frames representing time-lapse microscopy of a cell expressing both GFP-Cdc3 and CFP-Tub1.  5 stacks were
taken for each wavelength and projected result in a single frame per time point.  The asterisk marks spindle
breakdown.
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3. Protein dynamics of bud neck components

To further discriminate between the scaffold- and the barrier-model, we next asked
whether the domain located between the septin rings formed a separate cortical
compartment.  We defined a cortical compartment as a cortical region in which
cortical proteins can diffuse but from which they cannot exit.  In this case proteins
attached or integrated in the membrane would be restricted to the bud neck because
septins rings corral them in that area.
To test the barrier model, FRAP (fluorescence recovery after photobleaching)
experiments were carried out on Sec3-GFP, Spa2-GFP, and Chs2-GFP at the neck
of cytokinetic cells.  For all three proteins, fluorescence recovery upon
photobleaching was rapid (T1/2 ranged between 6 and 15 seconds) (Figure 4-4 and
Supp Table 1).  In the case of Sec3 and Spa2, their dynamics at the bud neck and at
the bud cortex during G2 were very similar (Supp Figure 2). In contrast, septins
showed very slow dynamics during cytokinesis (Figure 4-4A and Figure 3-1D),
excluding the possibility that septins moved together with Spa2, Sec3 and Chs2.
FLIP (fluorescence loss in photobleaching) experiments also established that Spa2,
Sec3 and Chs2 did not diffuse out of the neck region.  When a region of either the
mother or daughter cell was constantly bleached, no or little fluorescence loss was
observed at the bud neck for either Spa2-GFP or Sec3-GFP (Figure 4-4B and data
not shown).  In contrast, Myo2-GFP fluorescence at the bud neck was lost within 90
seconds (Figure 4-4C).  Myo2 is a type-V myosin (Johnston et al., 1991) that shuttles
between the bud neck and the cytoplasm during cytokinesis and is involved in
vesicular transport (Karpova et al., 2000).  Altogether, these results indicate that
during cytokinesis the exocyst, the polarizome and chitin synthase all diffused freely
between the two stable septin rings but were not able to exit. Thus, during
cytokinesis the cell cortex between the septin rings behaves as an independent
compartment.
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Figure 4-4 Dynamics of Spa2, Sec3 and Cdc12 during cytokinesis
A- Analysis of Spa2, Sec3 and Cdc12 dynamics at the bud neck using FRAP (fluorescence recovery after
photobleaching). Half of the neck region was bleached (orange box). Fluorescence intensities over time
(bleached area in light green, unbleached in dark green) are shown.  Photobleaching was applied at t = 6.0s.
Frames were acquired every 1,2 seconds. B- C Analysis of Spa2 and Myo2 diffusion out of the cytokinetic area
using FLIP (fluorescence loss in photobleaching).  A region of the mother cell (orange circle) was repetitively
bleached.  One repetition of 10 seconds consisted of the acquisition of one frame (1 second exposure), a pause (4
seconds), followed with bleaching (for 5 seconds) (time is included in each frame).  The experiment was carried
out for at least 50 repetitions.  For Spa2 no fluorescence loss is observed at the bud neck.  In contrast, in Myo2-
GFP cells fluorescence at the bud neck was rapidly lost.

Next, FRAP experiments on Myo1-GFP, Hof1-GFP and Iqg1-GFP indicated that
none of these proteins diffused within the cleavage area during cytokinesis (Supp
Table 1).  Myo1, for example, diffused freely at the bud neck of small and medium
budded cells but stopped diffusing 2 to 5 minutes before actomyosin ring contraction.
Because actomyosin ring contraction took place in these cells dynamics was difficult
to monitor.  To avoid this problem we produced diploid cells co-expressing Myo1-
CFP and Myo1-YFP and method developed by Gerlich et al. (Gerlich and Ellenberg,
2003).  In these cells, the entire ring remained visible in the CFP channel, while half
of it was bleached in the YFP channel (Figure 4-5).  This approach unambiguously
demonstrated that the bleached fraction of the actomyosin ring did not recover
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fluorescence during cytokinesis (Figure 4-5A), even as the ring contracted.   In
contrast, fluorescence recovery was observed (T1/2=19 +/- 7 seconds, Figure 4-7B) in
G2 cells.  Thus, during cytokinesis the actomyosin ring is a self-contained, rigid
structure, probably due to the presence of actin cables and the assembly of type-II
myosin into filaments.  Altogether, our data indicate that during cytokinesis diffusible
factors such as the exocyst, the polarizome and chitin synthase II likely depend on
cortical compartmentalization to maintain their localization to the bud neck.  In
contrast, at that cell cycle stage the components of the actomyosin form a stable
structure.

Figure 4-5 Actomyosin ring dynamics before and during cytokinesis.
Actomyosin rings of diploid cells, expressing Myo1-CFP and Myo1-YFP were subjected to FRAP.  Only YFP
was bleached.  Represented in green is the overlay between CFP and YFP.   Red represents the signal in the CFP
channel. Pictures were handled like described by Gerlich et al. (Gerlich and Ellenberg, 2003).  Cells in
cytokinesis (A) and in G2 (B) are shown.  Elapsed time is shown and starts right before bleaching. Fluorescence
intensities over time (bleached area in light green, unbleached in dark green) are shown for the YFP-channel.
Scale bars represent 2µm.

4. The septin barrier is needed during cytokinesis to maintain
abscission components to the cleavage plane

Thus, we investigated whether the septin rings served as barriers to maintain
diffusible molecules to the bud neck. The cdc12-6 septin allele leads to rapid
disassembly of septin rings at the restrictive temperature (Supp Figure 3A-C)
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(Chapter 3-3). In cytokinetic cells, septin structures were lost within less than 90
seconds upon shift to 35°C (Supp Table 2).  When cdc12-6 cells expressing either
Spa2-GFP or Chs2-GFP were shifted to 35°C under the microscope, fluorescence
rapidly decreased at the bud neck of most cytokinetic cells (Figure 4-6A).  Spa2-GFP
foci started to diffuse away from the neck region (75% of the cells, N=19, Figure
4-6A, arrows) 2-3 minutes after the shift, i.e., after septin ring disassembly. After 10
minutes, some weak and disorganized staining still remained in 54% of the cells,
while in 21% of them Spa2-GFP had disappeared from the neck (Supp Table 3). In
wild type cells treated in the same manner Spa2-GFP and Chs2-GFP remained at
the bud neck until after cells separated (Figure 4-6A).  Sec3 localized very transiently
to the bud neck of wild type and cdc12-6 cells, such that it was difficult in these
experiments to determine whether septins were required for its maintenance to the
bud neck. Together with our FRAP experiments, the observation that Spa2 and Chs2
disappeared from the neck slower than septins definitively excludes the possibility
that septin rings anchored Spa2 and Chs2 to the bud neck.  Furthermore, our data
also indicate that septin rings are required to prevent diffusion of Spa2 and Chs2 out
of the cleavage area. The idea that septin rings served as barriers rather than as
scaffolds was also supported by the following observations.  In rts1-∆ cells grown at
37°C, septin rings become discontinuous shortly after cytokinesis onset and ring
splitting (Chapter 3-5) (Figure 4-6B).

Figure 4-6 Septin rings prevent the diffusion of diffusible bud neck proteins out of the cleavage area (see
next page)
(A) Spa2 localization in wild type and cdc12-6 cytokinetic cells after shift from permissive (22°C) to restrictive
temperature (35°C). The open arrows indicate GFP-labeled dots moving away from the neck.  The movie started
1 minute after the shift to 35°C.  Each frame (every 30 seconds) was obtained by projection of a stack of images
taken throughout the cell (5 focal planes).  Elapsed time since the temperature shift is indicated in each frame.
(B) Localization of Cdc12, Spa2, Sec3 and Myo1 in rts1-∆ (upper panel) and wild type cells (lower panel) after
3h at 37°C. GFP-Nop1 (arrow), a nucleolar marker, and CFP-Tub1 (asterisk) were used as cell cycle markers to
identify post anaphase cells. Septin rings were mislocalized in all cytokinetic cells. Spa2 and Sec3 were
mislocalized in 70% and 87% of these cells, respectively.  Myo1 localization was not affected under these
conditions.  (C) Myo1 localization and contraction in wild type and cdc12-6 cells after shift to 35°C.  Myo1
behavior is shown during G2/M and cytokinesis for both wild type and cdc12-6 cells.  Kymographs of ring
contraction are shown. a and b correspond to wild type  and cdc12-6 cells in G2/M respectively.  c, d and e show
actomyosin contraction in wild type (c) and cdc12-6 (d an e).  Movie acquisition and temperature shift was as in
(A).  Where appropriate, the beginning of contraction is indicated (asterisk).  Scale bars represent 2µm.
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Thus, we used the rts1-∆ mutation to test whether opening gaps within cytokinetic
septin rings affected the maintenance of Spa2-GFP, Sec3-GFP and Myo1-GFP to
the bud neck.  As shown in Figure 4-6B, cells with discontinuous rings failed to
maintain Spa2-GFP and Sec3-GFP, but not Myo1-GFP, to the site of cleavage. All
these markers localized to the bud neck of virtually all post-anaphase wild type cells
treated in the same manner (Figure 4-6B). Thus, defects in septin ring continuity
impaired the maintenance of the diffusible markers.  Therefore, we conclude that the
septin rings act as diffusion barriers and define the boundaries of the cortical
compartment at the site of cleavage.

5. Actomyosin rings are not dependent on septins late in the cell
cycle

Our FRAP data indicated that the actomyosin ring is a rigid structure during
cytokinesis, suggesting that it might no longer require the septin rings to maintain its
localization during cell cleavage. Accordingly, in cytokinetic cells actomyosin rings
remained stable despite septin ring disruption (Figure 4-6C, d-e and Supp Figure 4A-
B).  In more than 95% of the cytokinetic cdc12-6 cells, Myo1-GFP, Hof1-GFP and
Iqg1-GFP rings even contracted (Figure 4-6C, d-e and Supp Figure 4A-B) with
frequencies similar to wild type, indicating that they remained functional.  However,
septin defects impacted on the speed of actomyosin ring contraction.  In half of the
cases, contraction was significantly slower in the cdc12-6 mutant than in wild type
(Figure 4-6C, c-d).  Furthermore, in 28% of the cells Myo1 rings failed to disassemble
after contraction (Figure 4-6C, e).  In contrast to the situation observed during
cytokinesis, in premitotic cells septins were required to maintain Myo1 and Hof1 to
the bud neck (Figure 4-6C, a-b), as previously reported (Bi et al., 1998) (Lippincott
and Li, 1998b).  Thus, while septins were required to recruit and maintain Myo1 and
Hof1 to the bud neck during G2, during cytokinesis they were not required for the
maintenance of the actomyosin ring to the cleavage site. Instead, septins facilitated
actomyosin ring contraction and disassembly.
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6. Cytokinesis is a septin-dependent process

We next asked whether disruption of the septin rings during cytokinesis affected cell
cleavage.  First, we took advantage of the observation that cdc12-6 cells grown at
their lowest restrictive temperature (30°) rapidly lose septin structures during but not
before cytokinesis (Chapter 3-3).  Wild type and cdc12-6 cells expressing the GFP-
tagged septin Cdc3 were shifted from room temperature to 30°C (Figure 4-7).  Wild
type, large budded cells that underwent cytokinesis under the microscope separated
within 5-10 minutes after ring splitting, as shown by the “nicking” movements of the
cells upon separation (Figure 4-7A).  In contrast, 60% (N = 19) of the cdc12-6 cells,
which rapidly lost septin structures upon ring splitting, never separated (Figure 4-7B).
Thus, septin rings are required during cytokinesis for either abscission or digestion of
the primary septum.

Figure 4-7 Septins are required for the completion of cytokinesis.
Septin ring splitting and cell separation ("nicking") was monitored in wild type (A) and cdc12-6 (B) cells shifted
from 22°C to 30°C for 75 minutes.  The elapsed time since ring splitting is indicated in each frame.

To differentiate between these two possibilities, we directly assayed closure of the
bud neck in cells that lost their septin rings during cytokinesis.  Wild type and cdc12-6
strains were constructed that co-expressed soluble GFP (under the ADH1 promotor)
in the cytoplasm and Myo1-GFP as a cytokinetic marker. To estimate diffusion
through the bud neck, we monitored the loss of cytoplasmic fluorescence in the bud
while a small region of the mother cell was bleached constantly (Figure 4-8A-C).
Since the fluorescence of cytoplasmic GFP was lost only upon passage through the
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bleached area, fluorescence loss in the bud indicated that the bud neck was open.
Consistently, upon bleaching the mother cytoplasm prior to actomyosin ring
contraction fluorescence decayed in both mother and bud (Figure 4-8A).  In reverse,
fluorescence loss was not observed in the bud of wild type cells when photo-
bleaching was applied just after actomyosin ring contraction and disassembly (Figure
4-8B).

Figure 4-8 Septins are required for the completion of cytokinesis.
FLIP analysis was performed on cytosolic GFP (expressed under the control of the ADH promoter) to assay the
continuity of the cytoplasm between mother and daughter cell.  Myo1-GFP (arrow) was used as a cytokinetic
marker.  Bleaching was applied every 20 seconds (for 7 seconds) on the indicated area (orange circle).  Shown
are a wild type cell before Myo1 contraction (A), a wild type cell after Myo1 contraction (B) and a cdc12-6 cell
after Myo1 contraction (C).  For the time indicated in each frame, t=0 correspond to actomyosin ring
disassembly.  For (C), t=0 was arbitrarily set to the end of the movie.  Scale bars represent 2µm.

Thus, in wild type the bud neck closed concomitantly with actomyosin ring
disassembly.  When photobleaching was applied on cdc12-6 cells that just completed
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actin ring contraction and disassembly at the restrictive temperature, fluorescence
decayed in the bud with the same kinetics as in the mother cell in 80% of the cases
(Figure 4-8C).  Thus, in the absence of the septin rings the bud neck failed to close
upon actomyosin ring contraction.  We conclude that septins facilitate abscission.

7. Factors in the cytokinetic compartment are needed for proper
abscission

To test whether septin-dependent compartmentalization of the cortex accounted for
the role of septins in cytokinesis, we investigated whether any of the
compartmentalized factors are required for actomyosin ring contraction and
abscission.  Consistent with previous reports that implicated vesicle fusion in furrow
ingression and in late cytokinetic events (Jantsch-Plunger and Glotzer, 1999; Low et
al., 2003; Skop et al., 2001; Wang et al., 2002; Zeitlin and Sullivan, 2001), genetic
analysis indicated that the exocyst was required for cell cleavage.  Indeed, the
temperature sensitive allele sec3-4, but not sec3-2 (Finger and Novick, 1997;
TerBush et al., 1996), was synthetic lethal with both myo1-∆ and hof1-∆, indicating
that Sec3 acts in cytokinesis in parallel to Myo1 and Hof1.  Similarly, spa2-∆ showed
strong genetic interactions with both hof1-∆ and myo1-∆.  Furthermore, up to 50% of
sec3-4 cells shifted to the restrictive temperature shortly before mitosis failed to
undergo cytokinesis (Figure 4-9A).  Wild type and sec3-2 cells separated properly.
The sec3-4 allele did not affect septin organization (Figure 4-9B), but slowed down
the speed of actomyosin ring contraction (Figure 4-9C).  Furthermore, although the
actomyosin ring completed contraction and disassembled in all sec3-4 cells, many of
these cells never completed cytokinesis. Therefore, the exocyst is required for both
efficient actomyosin ring contraction and abscission.  These data are consistent with
vesicle fusion being required for both plasma membrane extension as the ring
contracts (Jantsch-Plunger and Glotzer, 1999) and for the resolution of the plasma
membrane after contraction (Skop et al., 2001).  Furthermore, our data indicate that
the maintenance of cortical factors to the site of cleavage is likely to be one of the
major roles of septins during cytokinesis.
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Figure 4-9 The exocyst is required for actomyosin ring contraction and completion of cytokinesis but not
for proper septin ring organization
(A) wild type, sec3-4 and sec3-2 cells were arrested prior to mitosis with hydroxy urea (HU) (left panel) and
released at 37°C for 3 h (right panel).  Cells at different cell stages (unbudded, budded, binucleated) were
counted.  > 60% of the binucleated large budded sec3-4 cells remained connected after cell wall digestion with
zymolyase (data not shown) indicating that the mother and daughter cells were still connected by the same
plasma membrane.
(B) Septin localization (GFP-Cdc3) in cytokinetic cells of the indicated genotype.
(C) Actomyosin localization and contraction in sec3-4 and wild type. In each case, the beginning of contraction
is indicated (asterisk).  Scale bars represent 2µm.
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Cytokinetic assay analyzing the connection between mother-cell and
bud cytoplasm via FLIPping of cytosolic GFP.



Discussion

97

1. Introduction

Septins are GTPases that assemble into a filamentous ring at the bud neck in
dividing yeast cells.  This ring is essential for cytokinesis, but its exact role is
obscure.  Likewise, little is known about the mechanisms of the septin ring assembly,
localization and regulation.
In fact, when we started this work nothing was known about the dynamics of septin
subunits and filaments.  We developed techniques to investigate in much more detail
the septin behavior in the dividing cells.  A genetic approach was used in parallel to
get insights into the molecular control of septin behavior.

2. Septin dynamics is regulated during the cell cycle

2.1. Oscillation of septin ring dynamics

Using photobleaching techniques, we characterized the dynamics of the yeast septin
ring during the cell cycle.  Our study reveals that the septin ring is dynamic in late G1
and late M but not during the rest of the cycle.  Septin dynamics was characterized
by subunit exchange between the different parts of the ring and not between the ring
and the cytoplasm as indicated by FLIP experiments.  In addition, after cell
separation the disassembling septin rings are also dynamic.  Altogether, our results
indicated that the septin ring existed in a dynamic ("fluid") and a stable ("frozen")
state.  In the fluid state, subunits moved rapidly inside the ring.  In the frozen state,
little or no subunit movement was observed.  Transitions between these states were
strictly regulated in time and took place at bud emergence and cytokinesis onset.
Similar observations were made by Caviston et al. (Caviston et al., 2003).
Genetic data obtained with the cdc12-6 allele point to the same direction.  cdc12-6
increased the septin dynamics all over the cell cycle making it a perfect tool to
investigate septin behavior (Barral et al., 2000).  Increase of septin dynamics using
this allele early in the cell cycle (G1) and during ring splitting resulted in rapid loss of
septin rings.  At all other time points, disassembly was slow.  This suggested that the
cell increases septin dynamics during these two phases relative to the rest of the cell
cycle.  Thus, both microscopic and genetic data implied that septins have two major
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dynamic phases during the cell cycle: early in G1 during septin ring
disassembly/reassembly and during septin ring splitting.
Our data may explain three observations described earlier in the literature.  First,
septin filaments observed in vitro were not dynamic (Frazier et al., 1998).  Second,
septin filaments were only visible by EM-microscopy during G2/M phase (Byers and
Goetsch, 1976) indicating that only during this period of the cell division cycle stable
septins are present.  And third, septin visualized via immuno-staining appear ±15

minutes later at bud emergence, then when visualized by GFP-tagging (Longtine et
al., 1996).  This again shows that the septin ring changes its organization during the
cell cycle.  Furthermore, our data suggested that EM and immuno-fluorescence only
visualized septin structures that are in a stable conformation (Byers and Goetsch,
1976; Longtine et al., 1996).
In S. pombe septins need to be stable to be functional (Berlin et al., 2003).  Although
septins come to the cleavage plane much later than in S. cerevisiae, the requirement
to form stable filaments seems to be the same.  However, from the data available, it
is not clear if the S. pombe septins also show cycles of stable and dynamic phases
as we observed in budding yeast.  Only cells prior to septin ring splitting were
analyzed in detail, making it difficult to speculate if septin ring oscillation is
conserved.  In fission yeast septin dynamics is controlled by the anillin homologue
Mid2.  Deletion of MID2 results in dynamic and mislocalized septins (Berlin et al.,
2003; Tasto et al., 2003).  Furthermore, the mid2-∆ allele results in a cell separation
defect similar to the defects due to septin deletion.  But like in budding yeast, it does
not cause any defects in actomyosin ring behavior (Tasto et al., 2003). In contrast,
expression of a non-degradable form of Mid2 results in the stabilization of septin
structures even after completion of cytokinesis.  This stabilization does not cause any
apparent phenotypical defect. The minor defects observed in fission yeast upon
septin disruption, indicate that S. pombe septins play probably only a role in late
cytokinetic steps, such as cell separation.
Thus in both yeasts, proper septin dynamics seems to be crucial for late cytokinesis.
However, septin dynamics appears to be regulated differently in the two systems.
Indeed, deletion of the Mid2-homologue, Bud4 in budding yeast, does not cause a
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clear defect in septin ring behavior (data not shown).  In turn, it is not known whether
septin dynamics is regulated by phosphorylation in S. pombe.

2.2. Septin dynamics is paralleled by septin modifications

The observation that kinases and phosphatases interfere with septin dynamics
indicate that phosphorylation of some factor(s) is required for the stabilization of the
septin ring.  The septins Cdc3, Cdc10, Cdc11 and Shs1 are phosphorylated in vivo
(Ficarro et al., 2002; Mortensen et al., 2002; Tang and Reed, 2002; Versele and
Thorner, 2004).  Phosphorylation of at least Shs1 is cell cycle dependent (Mortensen
et al., 2002).  Furthermore, two mammalian septins, Sept2 and Sept3 are also
phosphorylated in vivo, indicating that septin regulation by phosphorylation might be
a conserved theme (She et al., 2004; Xue et al., 2004).  Thus, we investigated septin
phosphorylation levels during the cell cycle in greater detail using the septin Shs1 as
a marker.  Shs1 phosphorylation levels parallel relatively well the different phases of
septin dynamics (Figure 5-1).  During G1, when septins are dynamic, Shs1 is not
phosphorylated.  During S, G2 and M phases phosphorylation increases to reach a
maximum at the end of mitosis.  Hyper-phosphorylation at the end of mitosis is
followed by a sudden drop of phosphorylation in telophase.  This drop is concomitant
with the increase in dynamics observed during ring splitting.
Further, experiments indicated that there might be again an increase of
phosphorylation during the two ring states followed by a final dephosphorylation of
the septins during disassembly (data not shown).  However, synchronization
techniques are not precise enough to gain complete confidence with these data.
Thus, all phases where the septin ring is stable correlated with hyper-phosphorylated
septins, whereas dynamic phases correlated with hypo-phosphorylation of septins.
Beside phosphorylation, other modifications might also interfere with septin
dynamics.  For example, Johnson et al. observed that septin are also modified by the
ubiquitin-like protein SUMO (Johnson and Blobel, 1999).  Septin sumoylation
happens only during anaphase and G1, when septin disassembles.
Thus, sumoylation could also regulate septin dynamics.  Septin modifications seem
to parallel the different dynamics phases of the septin ring during the cell division
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cycle.  It is not known yet, whether direct modification of these cytoskeletal proteins is
what controls their behavior (see below).

Figure 5-1 Septin dynamics model.
Model for the coordination of septin dynamics with the budding cycle.  Upon bud emergence, the already
formed ring is induced to freeze by Cla4 and Cdc42.  Upon freezing, the septin-dependent kinase Gin4 becomes
activated and reinforces freezing.  Shs1 is phosphorylated.  Upon exit of mitosis, PP2ARts1 translocates to the bud
neck and transiently activates septin dynamics.  Its action may be reversed by Cla4 to re-freeze the ring during
cytokinesis.  PP2ARts1 is again required for activation of septin dynamics during ring disassembly in early G1.
The P behind Shs1 indicates its phosphorylation status.  The gray P indicates a possible transient
dephosphorylation at the time of ring splitting (not detected by western due to its transient nature).

2.3. Role of the two different septin states

The observation that the septin ring spends most of its time in the frozen state
suggests that this is its functional conformation.  This is in contrast to tubulin- and
actin-dependent structures, which need to be dynamic to be functional (Joshi, 1998;
Pollard et al., 2000).
During G2/M phases, septins are needed as a barrier at the bud neck to maintain
polarity and prevent mixing of bud and mother trans-membrane and membrane-
associated factors (Barral et al., 2000; Takizawa et al., 2000).  During this period of
the cell cycle, the septin ring is most stable as indicated by both FRAP experiments
and our cdc12-6 assay.  Thus, stable filaments associated with the plasma
membrane might be needed to compartmentalize the cell cortex. This assumption
could be tested by either mutating the membrane-binding domain in the septins or by
depleting the membrane of phosphatidylinositols, the lipids that bind to the septins.
In addition, cell cortex compartmentalization requires correctly formed septin rings
since the formation of discontinuous rings in shs1-∆ leads to loss of polarity during
G2/M (Castillon et al., 2003).   These observations suggest that septin ring continuity
is most likely required for its barrier function.



Discussion

101

A second role of the septin ring in yeast is to form a spatial landmark at the bud neck
(Casamayor and Snyder, 2002; Faty et al., 2002; Longtine et al., 1996).  First, it
helps to localize bud-site selection markers for the next cell cycle.   Second it acts as
a scaffold for the recruitment of other neck components and third, it maintains the
memory of the future site of cleavage from the beginning of bud emergence to actual
cytokinesis (Faty et al., 2002).  It is likely that its ability to freeze is the simplest
solution for the maintenance of its position over an extended period of time.
Third, the septin ring appears to also have a role in the morphological maintenance
of the bud neck.  Septin mutants per se, lead to little changes in bud neck
morphology.  However, when they are combined with mutations affecting cell wall
synthesis, the cell becomes incapable to maintain a narrow bud neck (Cabib, 2004;
Schmidt et al., 2002).  These data indicate that a stable septin ring participates in the
maintenance of a narrow bud neck.  How the septin ring stabilizes the bud neck
diameter is not clear, but potentially membrane-association and/or interactions with
trans-membrane proteins may play a role.
In contrast to the stable state just described, the two short dynamics states are
probably needed to adapt the septin ring to changing membrane topologies (Figure
5-2).  During bud outgrowth the membrane topology changes to adapt to an outwards
curvature.  In contrast, during cytokinesis, constriction of the bud neck causes the
plasma membrane to re-adopt its initial curvature.  It is remarkable that the two
stages of high septin dynamics correspond to these morphological transitions. Thus,
we propose that septin dynamics allows adaptation of septin structures to changing
membrane curvature.  Overexpresssion of either the Gin4 or Cla4 kinase would
enable us to investigate this hypothesis.  Hyper-activation of these kinases would
induce stable septins that would not be able to adapt to the changing membrane
morphologies.
As a conclusion, septins oscillations between fluid and frozen states during
cytokinesis are most probably crucial for both proper septin organization and function
during the cell cycle.  Although septin ring stability is probably a major factor, other
characteristics of the septin ring such as dynamics, membrane binding and filament
structure may also play important roles in septin function during the cell cycle.
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Figure 5-2 Model highlighting the membrane changes during the budding yeast cell cycle.
The membrane topology at the bud neck shows three different phases. (A) First, in G1 at septin ring build-up the
membrane has an inwards curvature.  (B) During bud emergence this is changed to an outwards curvature. (C)
Finally during cytokinesis the actomyosin ring drags the membrane again inwards.  Septins are depicted in
orange, the actomyosin ring in red and the cell membrane in brown.

2.4. Cell cycle regulation of the septin ring

The different phases of septin dynamics are very well-defined, raising the question of
how they are controlled?  Furthermore, the observation that phosphorylation parallels
septin freezing indicates that this post-translational modification could play a major
role.  A model describing the different steps of septin dynamics is shown in Figure 5-
1.  First, recruitment of new septin sub-units to the presumptive bud site is regulated
by the Rho GTPase Cdc42 (Caviston et al., 2003).  No other components other than
Cdc42 and its GAPs are known, making it difficult to understand how Cdc42 recruits
septins.  Septins contain both protein and lipid interaction domains, and could in
principle be recruited through both kinds of interaction.  Indeed, deletion of the poly-
basic membrane-association domain of Cdc11 results in mislocalization of the protein
to the bud tip (Casamayor and Snyder, 2003).  The same phenotype results from C-
terminal truncations that eliminate the protein-protein interaction domain (Versele et
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al., 2004).  Thus, both the protein-protein and protein-lipid interactions might indeed
be required for proper septin localization.
What the nature of the transition between septin recruitment and septin ring
assembly of the ring structure is and how it is controlled is not clear.  Although
recruitment is clearly separatable from assembly in mutants, it is not totally clear
whether this reflects the wild type situation (Caviston et al., 2003; Gladfelter et al.,
2002).  Probably, Cdc42 also plays a role in assembly most likely via its target, the
PAK-like kinase Cla4 (Bose et al., 2001; Caviston et al., 2003).  Supporting this
possibility, we and others found that Cla4 regulates septin behavior early in the
budding cycle (Dobbelaere et al., 2003; Mortensen et al., 2002; Versele and Thorner,
2004).  Next to Cla4 two other kinases, Gin4 and Elm1, are known to influence septin
assembly, indicating that a variety of kinases control septin ring formation (Bouquin
et al., 2000; Longtine et al., 1996).  However, the exact nature of the substrates
regulated by these kinases is not completely determined yet.  One possibility is that
these are the septins themselves.  Indeed, all vegetative septins except Cdc12 have
been shown to be phosphorylated in vivo (Ficarro et al., 2002; Mortensen et al.,
2002; Tang and Reed, 2002; Versele and Thorner, 2004).  Cdc3 is phosphorylated
by Cdc28, whereas Cdc10 and Shs1 are phosphorylated by Cla4 and Gin4
respectively.  The phosphorylation sites do not appear to be conserved among
septins with the exception that, all yeast septins are phosphorylated in their C-
terminal region (Figure 1-3). The septin C-terminal region mediates septin-septin
interactions (Versele et al., 2004).  Thus, the localization of the phosphorylation sites
suggests that modification could influence protein-protein rather then protein-lipid
interactions.  In addition, septin phosphorylation might impinge directly on the
dynamic behavior of the septin ring.
In support of this interpretation, we found that the phosphorylation status of the septin
Shs1 nicely confirmed our FRAP data with phosphorylation being high when septin
dynamics is low (Figure 5-1). Thus, hyper-phosphorylation of this septin might be
needed for stabilization of the septin ring structure.  Phosphorylation starts at bud
emergence and increases during the S/G2 phases to reach a maximum during
mitosis.  Genetic epistasis analysis indicated that only two kinases, Cla4 and Gin4,
but not Elm1, are needed for the viability of cdc12-6 cells suggesting that only Cla4
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and Gin4 are needed for stabilization of the septin ring.  Data presented by the
groups of J. Thorner and D. Kellogg suggests a stepwise model.  First Cla4 is active,
followed by Gin4.  This model also suggests that hyper-phosphorylation and thereby
activation of Gin4 is regulated by Cla4 (Altman and Kellogg, 1997; Tjandra et al.,
1998).  We observed that septin stability and Shs1 hyper-phosphorylation is
maintained until anaphase.  At telophase, phosphorylation drops and septins become
dynamic.  This transition is sudden, concomitant with septin ring splitting. The fact
that septin degradation is marginal during the cell cycle (Longtine et al., 1996),
implies that a phosphatase is needed for the dephosphorylation of the septins at this
cell cycle stage.  Accordingly, we found that at least Shs1 is dephosphorylated by
protein phosphatase 2A (PP2A).  The B’ regulatory sub-unit of PP2A, Rts1 controls
this event in late anaphase.  We could show that septin dynamics during ring splitting
also depends on the activity of PP2A.  PP2ARts1 appears at the bud neck almost
exactly at the time of ring splitting.  Moreover, deletion of RTS1 leads to the
accumulation of phosphorylated septins, keeps septin dynamics low and suppresses
the instability of the ring due to the ts-allele cdc12-6.  These data indicates that septin
dynamics during telophase is induced by dephosphorylation of the septins by PP2A.
Interestingly, we found that Rts1 localization is dependent on Tem1, Cdc15 and
Cdc14 components of the MEN pathway.  Upon septin ring splitting, the two
remaining rings are stabilized, probably also by phosphorylation.  Thus, regulation
Rts1 localization by the MEN correlates cell cycle progression with septin dynamics
Our data show that septins dynamics is tightly regulated during the cell cycle and
especially during cytokinesis, indicated by the fact that misregulation of septin
dynamics causes cell division defects.  Dynamics of the septin ring is regulated via
phosphorylation.  Septins are stable when phosphorylation is high and dynamic when
no phosphorylation is present.  Our study shows that control of the different septin
states is regulated via the balanced action of kinases and phosphatase. Kinases and
phosphatase are both regulated in time and space to result in a tightly coordinated
process.  Septin phosphorylation in budding yeast probably only affects septin
dynamics via modifying protein-protein interactions.  In contrast, the mammalian
septins, Sept2 and Sept3, are phosphorylated in their GTPase domain indicating that
the role of phosphorylation could be variable between different septins (She et al.,
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2004; Xue et al., 2004).  Altogether, our data suggest for the first time that proper
septin organization is required not only during G2, but also during cytokinesis.

3. The possible functions of septins during cytokinesis

3.1. The different phases of cytokinesis in yeast

In all eukaryotes, cytokinesis consists of different subsequent steps (Figure 1-1).
First, the cleavage plane needs to be positioned.  In budding yeast, the presumptive
site of cleavage is determined early in the cell cycle by the budding process and the
localization of septins (Casamayor and Snyder, 2002).  In all other eukaryotes,
cleavage furrow determination is achieved prior to cytokinesis, during
metaphase/anaphase transition (Guertin et al., 2002).  In animals and fungi, a
second step comprises the assembly of the actomyosin ring (Guertin et al., 2002).
Myosins, PCH-proteins, formins and actin filaments are recruited (sometimes in
different order depending on organism) to form a functional actomyosin ring that
exerts force and constricts the cleavage furrow.  When the actomyosin ring reaches
the central spindle, it is disassembled.  In animals a third step, called abscission,
cleaves the midbody and leads to complete separation of the daughter cells (Low et
al., 2003; Skop et al., 2001).  The main event of abscission consists of the fission of
the plasma membrane to close the last narrow bridge left after actomyosin ring
contraction between the two future daughter cells.  The mechanism of this event is
not known.  We found that these three different steps are conserved in yeast.  We
showed that budding yeast (like animals) also perform an essential additional
cytokinetic step after actomyosin ring contraction, which by similarity we also call
abscission.

3.2. The role of septins in actomyosin function

3.2.1. Actomyosin ring formation

In budding yeast the cleavage furrow is defined early in the cell cycle (as described
before).  Actomyosin ring formation starts also early in the budding process and
takes more or less a whole cell cycle (Bi et al., 1998).  In contrast, in fission yeast
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and higher eukaryotes actomyosin ring formation is restricted in time to mitosis (Wu
et al., 2003).  Although timing differs, the cascade of events seems to be conserved
in most organisms (Wu et al., 2003).  Actomyosin ring formation can probably be
further divided into a recruitment step, during which the different components gather
at the future site of cleavage, and the actual step of actomyosin ring assembly.  This
is especially clear in S. pombe (Wu et al., 2003).  In these cells, most components
first localize as dots in a broad band at the cell equator while the ring builds up only
afterwards.  Although build-up of an actomyosin ring is probably similar in
Dictostelyum and animal cells, the actomyosin ring never focuses as in fungi (Emoto
and Umeda, 2001).
In budding yeast, we found that the transition from recruitment, which is strictly
septin-dependent, to a functional actomyosin ring is also visualized by a freezing of
actomyosin ring components.  This transition is concomitant with mitotic exit and
septin ring splitting.  Interestingly, at this cell cycle stage no colocalization is
observed between the two septin rings and the actomyosin ring, which localizes
between them.  We were able to illustrate this transition by two different approaches.
First, FRAP analysis showed that prior to constriction (2-3 minutes at room
temperature) actomyosin dynamics dramatically slow down.  Second, whereas early
in the cell cycle components of the actomyosin ring are dependent on the septin ring
for their localization, they become independent, shortly prior to cytokinesis.  Thus, at
cytokinesis onset the actomyosin ring in budding yeast makes a clear transition to
become a stable self-maintaining structure. This is probably concomitant with actin
recruitment because actin filaments in the ring are very stable at that stage of the cell
cycle such as to become lantrunculinA (LatA) resistant (Bi et al., 1998; Naqvi et al.,
2000).
In S. pombe, the actomyosin ring analyzed by FRAP is dynamic during build-up, like
in budding yeast, but does not freeze during actomyosin ring contraction.  Although
the FRAP results are different, the actomyosin ring is probably also stabilized in S.
pombe, as it also becomes resistant to LatA (Pelham and Chang, 2002). Thus, it is
likely that the actomyosin ring in fission yeast like in S. cerevisiae makes a transition
prior to contraction, although some aspects of this transition seem to be different.
Genetic and FRAP analysis of myosin-II dynamics in Dyctostelium showed that
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freezing of the actomyosin ring during cleavage is also important (Yumura, 2001).
Phosphorylation of myosin heavy chain is important for this freezing (Egelhoff et al.,
1993).  Thus, in eukaryotic cells actomyosin ring freezing upon actin recruitment
seems to be necessary to form a functional ring.  In budding yeast, this transition
corresponds to a detachment from the septin ring, from which it becomes functionally
independent.

3.2.2. Actomyosin contraction

Initiation of contraction is synchronized with the nuclear cell cycle mainly by the
MEN/SIN pathway (Luca et al., 2001; Menssen et al., 2001; Mulvihill and Hyams,
2002). Although the molecular targets of this pathway are not known, it is likely that
the MEN directly regulates contraction since several of its components relocalize to
the cleavage furrow at the onset of cytokinesis.  Several MEN factors are kinases,
indicating actomyosin constriction could be regulated by phosphorylation, as it is the
case in Dyctostelium (Emoto and Umeda, 2001).  A further level of regulation could
be provided by regulation of interactions in the myosin complex between the heavy
chain and the regulatory chain (D'Souza V et al., 2001; Luo et al., 2004).  Finally,
UCS (Unc-45 in C. elegans /Cro1 in P. anserine /She4 in S. cerevisiae) domain
containing proteins could also provide some regulation.  These proteins serve as
chaperones and help to fold the motor domains of myosins (Rajagopalan et al.,
2003).  In S. pombe, Rng3 regulates both formation of the actomyosin ring and the
initiation of contraction.  In contrast, the budding yeast homologue She4 helps to fold
the motor domain of myosins but not of the cytokinetic myosin, Myo1 (Wesche et al.,
2004).
We found that in budding yeast, the stability of the actomyosin ring does not depend
on septins prior to and during contraction.  However, actomyosin contraction is
strongly slowed down in cells lacking the septin rings, indicating that properly formed
septin rings are needed to facilitate contraction.  Finally, experiments done in
collaboration with the lab of Matthias Peter showed that actomyosin ring contraction
could also be regulated by the Hof1 protein.   Indeed, SCFGrr1-dependent degradation
of Hof1 at the onset of cytokinesis is needed for correct contraction (data not shown).
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Thus, in fungi and animals actomyosin ring contraction is tightly regulated, and this in
multiple manners.  Although the detailed regulation mechanism is unclear, it is clear
that several regulation steps are integrated to induce proper contraction.  In yeast, as
in all other cells where this has been investigated, septins only play a minor role in
this process.

3.3. Actomyosin ring disassembly

When the furrow reaches the midbody, contraction stops, and the actomyosin ring is
disassembled.  The mechanism of this process is unknown.  We observed that in the
abscission mutant cdc12-6 (and maybe also sec3-4), when shifted to restrictive
temperature late in the cell cycle, disassembly of the actomyosin is often delayed or
even impaired.  In addition shifting of cdc12-6 cells to restrictive temperature
sometimes led to regression of the actomyosin ring.  The fact that the actomyosin
ring starts to disassemble immediately after contact with the midbody indicates that
this is again a tightly regulated process.  The rapidity of disassembly suggests that it
is functionally important.  One explanation is that it is needed to free the membrane
and enable the fusion events that irreversible separate the two daughter cells.  In
yeasts, actomyosin ring contraction is coupled with primary septum formation.
Therefore, actomyosin ring disassembly could also be important to mark the end of
primary septum elongation.  Thereby, actomyosin ring disassembly probably sets the
start of abscission.

3.4.  Septins required for abscission in budding yeast

Abscission is defined as the terminal step of cytokinesis during which the midbody is
cleaved and the daughter cells separate (Low et al., 2003; Skop et al., 2001). It has
been best defined in mammalian cells, sea urchin and the C. elegans embryo
because in these organisms abscission can be easily discriminated from earlier
cytokinetic events (Low et al., 2003).  In plants, cytokinesis is achieved solely via
localized secretion, a process similar to abscission (Guertin et al., 2002).  How these
processes are regulated on a molecular basis is not known.
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We found that disruption of the septin ring during cytokinesis, using either the cdc12-
6 or the rts1-∆ mutations created a cytokinetic defect other then a failure in
actomyosin ring contraction.  S. cerevisiae lacking septin rings, arrested in
cytokinesis, still connected by a bridge, as indicated by the continued exchange of
cytosolic GFP.  Furthermore we found that Sec3, a component of the exocyst
involved in vesicle fusion at the plasma membrane, is needed for proper cytokinesis.
sec3-4 cells arrested as binucleated cells when shifted to restrictive temperature.  In
addition, sec3-4 and also spa2-∆ are synthetic lethal with components of the
actomyosin ring indicating that they are involved in another cytokinetic step.  Spa2 is
a component of the polarizome involved in actin filament polarization.  Sec3, and
perhaps Spa2, were required for proper abscission, after completion of actomyosin
ring contraction and disassembly. Although our genetic data indicated that
actomyosin ring contraction and the Sec3/Spa2 pathway are distinct pathways, we
found that they are intertwined. The sec3-4 mutant took significantly longer to
contract its actomyosin ring than the wild type.  Similar actomyosin ring defects were
observed when the septin rings were disrupted during cytokinesis.  Thus, our results
indicate that Sec3 and septins facilitated actomyosin ring contraction, probably by
regulating vesicle fusion and plasma membrane extension as the ring contracts.
Our data showed that abscission was also present in budding yeast and defines the
last step in cytokinesis.  We found that septins, the exocyst (Sec3) and perhaps the
polarizome (Spa2) play an important role in this event. In conclusion, our results
showed that yeast is a powerful model where to study the mechanism of abscission.
In animal cells abscission is studied in more detail although the role of the septins is
not known.  In agreement with our results, abscission in animal cells involves vesicle
fusion events.  Certain t-SNARE’s and v-SNARE’s, a group of proteins involved in
vesicle fusion, play an important role in these events (Guertin et al., 2002).  In
contrast, the exocyst complex seems not to play a role in cytokinesis in mammalians
(Lipschutz and Mostov, 2002). Deletion or mutation of syntaxin, a t-SNARE that
localizes to the midbody and cleavage furrow in different organisms leads to a
cytokinetic defect but does not affect cleavage furrow ingression (Jantsch-Plunger
and Glotzer, 1999; Low et al., 2003). Thus, syntaxins specifically affect abscission
and do not contribute to membrane addition during actomyosin ring contraction.



Chapter 5

110

Interestingly, the syntaxin homologues in budding yeast Sso1 and Sso2 are also
essential for proper completion of cytokinesis (Jantti et al., 2002) but are localized
throughout the whole cell cortex and do not enrich at the cleavage furrow during
cytokinesis (Valdez-Taubas and Pelham, 2003).  This would indicate that spatial
regulation is achieved in a different way, possibly by phosphorylation or localization
of other factors (Marash and Gerst, 2003).
The v-SNARE synaptobrevin, the target of syntaxin, localized on the incoming
vesicles, also accumulates to the cleavage furrow late in the cell cycle (Edamatsu
and Toyoshima, 2003).  In addition, deletion of SYB1, the synaptobrevin homologue
in S. pombe results in cytokinetic and cell separation defects (Edamatsu and
Toyoshima, 2003).  Thus, vesicle fusion events play a major role in the sealing of the
final bridge connecting the two daughter cells.  Alternatively, fusion of the plasma
membrane with itself might be the event controlled by these molecules.
In contrast, plant cytokinesis depends solely on vesicles. Many components of the
secretion machinery are conserved in all eukaryotes and fulfill similar functions.
Syntaxin and synaptobrevin are also present in plants.  In particular the syntaxin
homologue, Knolle, which localizes to the phragmoplast, plays a pivotal role during
cytokinesis in A. thaliana (Muller et al., 2003). Therefore, plant cytokinesis might be a
good model for abscission in animal cells.

Finally, growing evidence indicates that the family of Cdc48/p97 AAA ATPases could
also be involved in vesicle fusion and particular in homo-typic membrane fusion
during cytokinesis (Brunger and DeLaBarre, 2003).  Interestingly, this protein is found
in all eukaryotes including plants.  Cdc48/p97 might act as a chaperone, which
disassembles SNARE complexes (a v-SNARE attached to a T-SNARE) to facilitate
another round of membrane fusion (Brunger and DeLaBarre, 2003). In yeast, Cdc48
is involved in nuclear division and probably also cytokinesis (Madeo et al., 1998).
Next to its nuclear localization Cdc48 also localizes to the bud neck late in the cell
cycle (Cosima Lüdeke, personal communications).  In plants, Cdc48 localizes to the
cleavage furrow and directly regulates the syntaxin SYP31 (Rancour et al., 2002) but
not the other cytokinetic syntaxin Knolle. In contrast, the Cdc48 homologue NSF
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interacts with Knolle indicating that in plants at least two distinct membrane fusion
pathways mediate plant cytokinesis.
Thus, the abscission process during cytokinesis might be conserved in all eukaryotes
and involve similar membrane fusion events.  It will be interesting to study in more
detail the potential role of Cdc48 in yeast abscission.

3.5. How do septins fulfill their cytokinetic functions?

Our data firstly support the idea that septins act directly in cytokinesis.  The most
striking aspect of our results is the fact that septins show such pleiotropic effects
during cell cleavage.  They appear to act in almost every single process along the
cytokinetic pathway.  As described above, mutants in the exocyst complex and
polarizome have several similar defects indicating that septins, the exocyst and the
polarizome might act together.
We showed that septins do not colocalize during cytokinesis with the exocyst (Sec3),
the polarisome (Spa2) and the chitin synthesizing machinery (Chs2).  These three
proteins localize in between the septins associated with the membrane. Based on
these data two different models can be proposed.  Either septin rings function as a
scaffold or the two rings function as barriers that can corral cortical components in
between them.  To differentiate between these two models we investigated the
dynamics of these bud neck components and compared them to septin dynamics.
Sec3, Spa2 and Chs2 had a dynamic behavior at the bud neck, whereas the septins
were stable.   In addition, these components do not move away from the neck region.
This was shown by the fact that we did not see a loss in fluorescence of Spa2 or
Sec3 at the bud neck, when we constantly bleached the mother cytoplasm.  This
suggested that these factors would not be associated with the septins since they
behave differently.  In addition, septin disruption led to the distribution of Spa2 and
Chs2 over the whole cell cortex indicating that these two factors like probably also
Sec3 were corralled by the septins at the bud neck.  Thus, the splitted septins
functions as barriers similar as the one septin ring in G2/M, which can maintain
polarized factors in the bud (Faty et al., 2002).  In accordance with this model was
the fact that mutation the corralled factor, Sec3, had the same cytokinetic phenotype
as deleting the bud-neck compartment.
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4. A model explaining the regulation and function of septins in
budding yeast during cytokinesis.

Our data as well as other’s (Guertin et al., 2002) indicate that cytokinesis consists of
a cascade of very different events (Figure 5-3).  Interestingly, in budding yeast
septins play a role in most of them.
First, the septin ring forms an hourglass shaped collar underlying the plasma
membrane of the bud neck and functions as a scaffold to recruit actomyosin ring
components.  Actomyosin ring formation is an ordered cascade of events including
the recruitment of myosin, PCH-proteins, formins and Iqgap.  Recruitment of actin
filaments ends the assembly phase and results in the formation of a functional,
frozen actomyosin ring.
Upon exit of anaphase the septin rings splits (Lippincott et al., 2001).  The septin
structure is depolymerized in the middle, giving rise to two new circular structures.
Interestingly, this feature is not only present in S. cerevisiae but also observed in S.
pombe, A. goshipi and A. nidulans.   Impairment in septin ring splitting probably
inhibits actomyosin ring contraction because it prevents the actomyosin ring to
contact the membrane.  Only when the septin ring is split can the actomyosin ring
and the abscission machinery contact the membrane such that constriction can
ensue. How ring splitting is achieved at a molecular level is not known although it is
initiated by the MEN-pathway.  Once the septin ring is split, the actomyosin ring
assembles in the middle and contracts.  Interestingly, initiation of contraction and
septin ring splitting are both regulated by the MEN pathway, resulting in the tight
coordination of these two steps.
After ring splitting, the two septin rings define a cortical compartment at the bud-neck.
Components form the exocyst, polarizome and cell wall machinery localize to this
domain of the plasma membrane.  The septin rings function as barriers and maintain
diffusible plasma membrane-associated and trans-membrane proteins to the bud
neck.  How these components arrive at the neck is not known.  The fact that many
components localize at the bud cortex before ring splitting suggest that these
proteins could slip through the septin ring during the short phase of high septin
dynamics.  However, we favor a model where bud-neck components are localized to
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the cleavage site by vesicle delivery.   Both the actin-cytoskeleton and the vesicle
fusion machinery are located at the bud neck during cytokinesis.
In contrast, the fully assembled actomyosin ring becomes a self-dependent structure
and does not require the septin ring anymore.  Actomyosin ring contraction ensues
and the cleavage furrow ingresses.  When the actomyosin ring touches the central
spindle, contraction ceases, the actomyosin ring is disassembled, and the two
daughter cells remain connected only by a narrow bridge.  Contraction and
disassembly are probably facilitated by components in the septin compartment.
Contraction is probably facilitated, like in C. elegans and sea urchin (Conner and
Wessel, 2000; Jantsch-Plunger and Glotzer, 1999), by addition of new membrane in
the area of the cleavage furrow.  However, how septin-compartment components
regulate disassembly remains to be investigated.
Finally, the remaining bridge is sealed.  Like in animal cells, this probably involves
vesicle fusion events as well as fission of the plasma membrane.   In yeast, a cell
wall is also added and forms the septum between the mother cell and its daughter.
Thus, at this cell cycle stage, the machinery involved in the polarization of the actin
cytoskeleton, vesicle fusion and cell wall synthesis are all corralled to the bud neck
by the septins.  Therefore, septins spatially regulate this last step in cytokinesis and
help to spatially coordinate the different cytokinetic events.

One additional aspect that is mostly neglected in most cytokinesis models is the role
of the membrane in the cytokinetic process.  The septin ring via its phospholipid-
binding domain can probably directly interact with the plasma membrane and
regulate its behavior at the cleavage furrow.  It was observed that septins might limit
the diffusion of certain lipids in the cleavage furrow in mammalian cells (Schmidt and
Nichols, 2004).  In addition, many lipids are observed only at the site of cleavage in
both yeast and animal cells.  Disturbance of this membrane localization pattern
causes cytokinetic defects suggesting its relevance for cell division.  Today it is still
not clear if septins mediate this membrane asymmetry or whether an asymmetric
membrane helps septin assembly at the cleavage furrow.
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Figure 5-3 Model: Coordination of cytokinetic events.
(a) In G2/M the septin ring acts as a scaffold to recruit and maintain components of the actomyosin ring to the
bud neck (a longitudinal section of the bud neck region is shown). (b) Septin ring splitting (at the exit of
anaphase) makes place for the formation of a stable actomyosin ring and creates a new membrane compartment
around it.  (c) Diffusible factors (exocyst, polarizome) needed for proper cytokinesis are confined to this
compartment. Actomyosin contraction and vesicle fusion extend this cortical domain. (d) Actomyosin
disassembly and closure of the final connection (abscission) are facilitated by the exocyst and other
compartmentalized factors (d).

In summary, in this work we have analyzed the dynamics of septins in yeast, their
function and dynamics.  These studies revealed that septins play important roles
during cytokinesis itself and not only during the assembly of the cytokinetic
machinery.  We propose a model to explain how septins could function in processes
as diverse as actomyosin ring contraction, actomyosin ring disassembly and
abscission.  In the coming years, it will be interesting to determine in more detail the
mechanisms of abscission and its control.  If one thing can be concluded from our
studies, it is that the budding yeast S. cerevisiae unexpectedly offers a great system
in which to study and unravel the molecular mechanism of cell cleavage, and
particularly of abscission.
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1. Strains, plasmids and growth conditions

All strains used were isogenic or congenic with S288c. Yeast media and standard
genetic techniques were used and performed as described (Guthrie and Fink, 1991).
The cdc12-6 cells were mutagenised with EMS for 30 and to obtain a viability of 10 to
40%. In general all mutations were backcrossed 3 times with our wild type before
use. Strains disrupted for RTS1, PPH21  PPH22  and SHS1 were obtained from
Euroscarf, the gin4∆ (Barral et al., 1999), sec3-4, tem1-1, cdc15-1 and cdc14-1
strains were described previously. The GFP- and CFP-TUB1::URA3 constructs are
described (Jensen et al., 2001; Straight et al., 1997). The GFP-Nop1 and pADH1-
GFP plasmids were kindly provided by Susan Gasser and Mathias Peter
respectively. N-terminally tagged septin-CFP –GFP and -YFP plasmids, were
constructed by in vivo recombination.  3 fragments were amplified using PCR.  The
promotor region (± 400bp) of the different septins, the CFP/GFP/YFP fragment and

the open reading frame plus terminator region (± 200bp).  Using primer extensions,

each fragment was modified such that it contained two overlaps of 20 bp, one with
the previous and one with the following fragment.  The promotor region and the gene
containing fragment were added a 35bp overlap with the vector.  All fragments were
mixed in 1:1:1 ratio and added to a double cut vector that was diluted 1/20 compared
to the fragments.  This mixture was used to transform yeast cells and clones were
selected after growth for 2 days at 30°C.  Plasmids were analyzed by restriction
digest and microscopy.  Integrative plasmid was created by cutting out the septin
fragment with DraIII and ScaI followed by ligation into the different integrative vectors
cut with the same enzymes.
To analyze cytokinetic defects in wild type, sec3-4 and sec3-2 cells we arrested cells
prior to mitosis with hydroxyurea (HU) for 2 hours.  HU was washed away and cells
were grown at 37°C for 3 h.  Cells at different cell stages (unbudded, budded,
binucleated) were counted.  To differentiate if the binucleated cells were due to a
defect in cytokinesis or cell separation (cell wall digestion) we digested the cell walls
with zymolyase. After zymolyase treatment > 60% of the binucleated large budded
sec3-4 cells remained connected indicating that the mother and daughter cells were
still connected by the same plasma membrane.
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For indirect immuno-fluorescence microscopy, cells were fixed with 3.7%
formaldehyde for 30 minutes.  Cells stained with anti-Tub1 antibodies and DAPI
(Vogel et al., 2001) were scored for cell cycle stages counting at least 600 cells per
sample.  These cells were also treated with zymolyase (20µg/ml final concentration)
for 30 minutes at 37°C and vortexed extensively to verify the cytokinetic defect.
These two last experiments were repeated with cells fixed with 70% ethanol and
counting cells stages using DAPI only.  For cell cycle analysis, rts1∆ cells were
arrested with α-factor (5µg/ml final concentration) for 2.5 hours at room temperature.

Arrested cells were then shifted for 1 hour to 37°C.  The pheromone was then
washed away and samples were taken every 10 minutes fixing the cells with 3.7%
formaldehyde.

2. Shs1 Phosphorylation

WT and rts1∆ cells containing Shs1-(HA)3 were arrested with HU (7.60mg/ml final
concentration) for 2 hours at room temperature.  Cells were then shifted for 1 hour to
30°C.  The cells were released from the arrest at 30°C and samples were frozen
every 10 minutes.  Afterwards samples were processed together and loaded on gel.
Western detection was done with an Anti-HA-HRP antibody (Santa Cruz).

3. Imaging GFP-fusions in living yeast cells

3.1. Introduction

The use of green fluorescent protein (GFP) and its variants as real-time markers for
protein localization and protein dynamics has grown a lot in the last years.  Especially
in budding yeast, GFP is a powerful tool to analyze protein behavior in the cell.  The
easiness to tag yeast proteins and availability of well-equipped microscopes made
GFP-tagging “the tool” to analyze yeast proteins in living cells.  Besides the fact that
GFP tagging is a powerful tool to study protein localization it can also be used for
quantitative analysis of protein behavior and the investigation of protein dynamics
and protein-protein interactions



Materials and Methods

119

3.2. Preparation of yeast cells for microscopy

3.2.1. Construction and expression of GFP-fusions

All proteins tagged with GFP (or one of it variants) where either genomic or on a low
copy plasmid.  In addition, all constructs used were under their own promoter
allowing us to investigate the proteins under endogenous conditions.  C-terminal
genomic tagging was done with the Knop, Longtine or YRC cassettes (Knop et al.,
1999; Longtine et al., 1998b; NCRR_Yeast_Resource_Center).
The proteins that could not be tagged at their N-terminus were C-terminal tagged
with the method described before for the septins.  Centromeric plasmids containing
the endogenous promotor, a GFP-variant and the gene of interest were made via in
vivo recombination.  Furthermore, ligation of these inserts in an integrative yeast
vector enabled us to obtain a stable genomic integrated N-terminal tagged protein.

Cells containing the tagged protein of choice were grown overnight (maximum 12
hours) on YPD plates at room temperature.  This was done for both yeast strains
containing a genomic insertion and strains that carried a plasmid.   We observed that
loss of centromeric plasmids was marginal under these conditions after 12 hours.
Growing cells on YPD plates had several advantages.  First, the signal to noise ratio
was high compared to selective medium.  Second, the number of cells could be
easily controlled. And third, no centrifugation steps were needed that could affect the
behavior and in particular the cytoskeleton of the cells.

3.2.2. Agarose slides

For time-lapse acquisition, yeast cells were mounted on agarose pads.  The agarose
fulfilled two functions.  It helps to keep the cells from moving and it provides the cells
with a rich environment, which stimulated growth.  The pads contained 1.6 - 2% high
quality agarose.  A mixture of agarose with non-fluorescent medium (NFM) (Waddle
et al., 1996) was boiled and hot agarose solution was put on pre-heated microscope
slides. Immediately afterwards a cover slip was put on the drop of 20-30 µl to flatten
it.  These slides were always prepared the day of the experiment with new solutions.
If necessary pads could be thickened by putting scotch tape between the microscopy
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slide and the cover slip.  At the same time, cells from an YPD plate were also put in
liquid NFM to an OD600 of approximately 1.  When the agarose pad was solid (4-5
minutes) the cover slide was removed and cells (1-2µl) were put on the patch.
Finally, a new cover glass was put on; the sample was left for 5 minutes to equilibrate
and then sealed with either nail polish or silicon grease.

3.3. Microscope adaptations

We equipped our microscope with a heating device to be able to do all our
experiments under the same conditions and to look at the phenotypes induced by
temperature-sensitive mutants.  The combination of a lens-heater and heating-table
resulted in flexible and quick system to adapt the temperature.  Before an experiment
the microscope was heated for 30 minutes to let the system equilibrate.  When
samples were put on the pre-heated microscope and analyzed directly, the focal
plane from the samples changes during the first 5 to 10 minutes.  Therefore, heated
lime-lapse experiments were manually focused and a stack (± 2µm) of each time-

point was taken

3.4. Data acquisition

3.4.1. Fluorescence microscopy

Doing microscopy on yeast cells one encounters different problems related to the
small size of yeast cells.  The fact that fewer molecules are present compared to
cells of higher organism signals results in less strong signals and bleaching in
noticeable sooner.  Therefore, conditions have to be adapted.
First, our microscope was adapted such that we could both detect weak signals and
reduce bleaching to a minimum.  Therefore, a hybrid microscope was build such that
we could easily switch depending on the experiment between a strong mercury lamp,
for weak signals or monochromator light (TILL photonics), for long time-lapse
experiments.
Second, in case different color variants of GFP were used one has to be careful
using the variants with a low excitation wavelength (like Cyan fluorescent protein
(CFP)).  High energetic wavelength can destroy other fluorofores present but also
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damage DNA leading to cell cycle arrest.  Therefore, exposure to low excitation
wavelengths should be kept to a minimum.
Third, an interesting recent development is the new YFP-variant VENUS (Nagai et
al., 2002).  This variant is characterized by an increased brightness and is much
more stable making it very useful to visualize low abundant proteins.  In addition,
experience shows that the signal of Venus YFP is in most cases more intense than
enhanced GFP.

3.4.2. Confocal microscope

Confocal microscopy was in the first place used to get in formation about protein-
dynamics and in a lesser extent to get spatial information.  The problem with the
latter is that in most cases the fluorescence intensity is too low in yeast such that one
is forced to open the pin-whole resulting in a loss of confocality.  Thus, all time-lapse
and bleaching experiments were done with an opened pin-whole.
Second, the detection via laser scanning and a photon-multiplier results in a high
variability in the pixel-intensity.  Therefore, images acquired are often pixelated.  This
specific problem can be solved by either subtraction of speckles using an algorithm
or by averaging several identical images.
Furthermore, the resolution of confocal images is sometimes too low for imaging
yeast proteins.  Resolution on most confocal microscopes can be improved by an
electronic magnification.  Zooming can ameliorate the resolution.  Although, this
results into an increased bleaching due to the fact that every area is bleached more
often.  Therefore, one has to empirically find the best magnification for your
experiment depending on how many time frames one wants to take.  But the general
rule is to keep the magnification as small as possible for time-lapse experiments.

3.5. Image analysis

Most imaging software’s produce their own format giving rise to convertion problems.
One solution is to convert acquired images to a standard format, although it is
important that one takes a format that does not reduce the information, to maintain all
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the data for analysis. Thus, after acquiring the data all images were converted to the
TIFF-format.
Although most software packages have their own image analysis software, most
commercial programs are too complicated for routine analysis.  Therefore, all the
analysis presented in this work were done with the freeware program ImageJ
(ImageJ and http://rsb.info.nih.gov/ij/).  This program consists of easy useable tools
and is able to import most of different image formats making it a handy tool for image
analysis.

3.6. Experimental set-up

All FRAP and FLIP experiments were conduced on a Zeiss LSM510 confocal
microscope.  Time and frequency of bleaching is indicated in each figure or can be
seen in the supplementary movies corresponding to each figure.  For the dual color
movies (Myo1-CFP, Myo1-YFP) two pictures were acquired consequently with
different lasers and filters to completely separate the 2 colors. Pictures were handled
like described by Gerlich et al. (Gerlich and Ellenberg, 2003).  Represented in green
is the overlay between CFP and YFP.  Red represents the signal in the CFP channel.

Fluorescence microscopy was carried out using an Olympus BX51 microscope
equipped with a piezo motor on the objective.  Illumination was obtained using a
monochromator to allow rapid change of the excitation wavelength.  Using this setup,
serial sections were acquired in two colors throughout the cell, allowing a three-
dimensional view of the object.  To visualize septin dissociation in wild type, cdc12-6
and rts1∆ cdc12-6 septins were visualized using GFP-CDC3.  Cells were grown as
mentioned above and shifted in temperature under the microscope using a pre-
warmed heating stage at 30°C.  Pictures were taken every 5 minutes for up to 75
minutes.  Septin ring intensities shown are the average of the two sides of the ring
(the focal plane cuts the ring in the middle, which results in two intense dots at the
plasma membrane) in cells with a single ring, and the four sides of the two rings after
ring splitting.  Background staining was subtracted.  No correction was applied for
bleaching.
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To monitor the Rts1-GFP signal cells were grown overnight on YPD.  Three focal
planes separated by 0.3µm were taken using a piezo motor, and projected onto a
single image.  For GFP-CDC12, Nop1p-GFP, CFP-Cdc12p, Spc42p-CFP and CFP-
Tub1p 7 focal planes were taken.  Colocalization studies were performed with a CFP
and a YFP filter, which enabled us to totally separate the CFP- and GFP-signals.
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1.  Appendix A: Abbreviation list

APT Aminophospholipid Tanslocase
CDK Cyclin Dependent Kinase
ChIP Chromosomal Immuno Precipitation
CHO Chinese hamster ovary
ELC (Myosin) Essential light chain
EM Electron Microscopy
EMS Ethymethanesulfonate
FLIP Fluorescence Loss In Photobleaching
FRAP Fluorescence Recovery After Photobleaching
HU Hydroxyurea
MEN Mitotic Exit Network
MT Microtubules
PB Poly-basic
PCH Pombe Cdc15 homology
PE Phosphatidyl ethanolamine
PP2A Protein Phosphatase 2 A
PS Phosphatidylserine
PtdIns Phosphatidylinositols
RLC (Myosin) Regulatoryl light chain
SIN Septation Initiation Network
SPB Spindle Pole Body
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2. Appendix B: Supplementary figures

Supp Figure1 Cytokinetic defects in rts1-∆.
A- Disruption of RTS1 leads to a cytokinetic defect at 37°C.  Wild-type and rts1-∆ cells grown at 24°C, were
shifted to 37°C for 3 hours.  The fraction of premitotic and postanaphase cells and of cells undergoing new bud
emergence without proper separation is shown (N> 600). B- Zymolyase treatment of rts1-∆ cells.  The cell wall
of cells grown at 37°C for 3 hours was digested with zymolyase.  The proportion of anaphase, binucleate cells
and clusters before and after zymolyase treatment are shown (N> 300).  C- Percentage of large-budded cells with
an elongated versus a broken spindle after shift to 37°C for 3 hours.  Spindles of wild type and rts1-∆ cells were
visualized by immunofluorescence with an anti-tubulin antibody. N>450.
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Supp Figure2 Dynamics of Spa2 and Sec3 at the bud cortex during G2/M
Dynamics of Spa2-GFP (A) and Sec3-GFP (B) at the bud cortex. Half of bud was bleached (orange box).
Fluorescence intensities over time (bleached area in light green, unbleached in dark green) are shown.
Photobleaching was applied at t = 2.0s.  Frames were acquired every 2 s. Scale bar represents 2µm.

Supp Figure 3 Septin behavior (GFP-Cdc3) after shift from permissive (22°C) to restrictive temperature
(35°C).
Frames of a movie are shown for cdc12-6 (A) and wild type (B).  (C) Quantification of GFP-Cdc3 fluorescence
intensity at the bud neck over time during G2/M in wild type and cdc12-6 cells.  Scale bar represents 2µm.
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Supp Figure4 Septin barrier disruption using the cdc12-6 allele.
Experiments were done as in Figure 4-6C.  (A) Hof1 localization and contraction in a cytokinetic cdc12-6 cell
upon shift to the restrictive temperature (35°C).   (B) Iqg1 localization and contraction under the same
conditions.  Scale bar represents 2µm.
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3. Appendix C: Supplementary tables

Supp Table 1. FRAP analysis of bud cortex and bud neck components.
Half recovery times were determined by FRAP analysis for the exocyst (Sec3), the polarizome (Spa2), chitin
synthase (Chs2), the components of the actomyosin ring (Myo1, Hof1 and Iqg1) and septins (Cdc12 and Cdc3)
during both G2/M and cytokinesis.

G2/M
T1/2

Cytokinesis
T1/2

Actomyosin ring Bud neck Bud neck
Myo1 19.0 ± 6.8s (N = 33) No recovery (N = 11)
Hof1 20.0 ± 10.6s (N = 6) No recovery (N = 4)
Iqg1 30.2 ± 9.8s (N = 3) No recovery (N = 3)

()Cortical factors ()Bud cortex ()Bud neck
Spa2 11.0 ± 7.7s (N = 6) 13.1 ± 8.4s (N = 12)
Sec3 16.5 ± 6.7s (N = 9) 15.2 ± 5.5s (N = 15)
Chs2 / 6.7 ± 3.6s (N = 4)

Septins Bud neck Bud neck
Cdc3/Cdc12 No recovery (N = 26) No recovery (N = 14)

Supp Table 2 Quantification of septin ring stability (half-time of disassembly) in WT and cdc12-6,
depending on the cell cycle stage.
GFP-Cdc3 was used to stain the septin ring. Wild type and cdc12-6 cells were shifted from permissive (22°C) to
restrictive temperature (35°C).

WT
General

cdc12-6
General

cdc12-6
Unbudded

cdc12-6
G2/M

cdc12-6
Cytokinesis

No loss of
signal

T1/2 = 126 ±
16s

T1/2 = 70
± 35s

T1/2 = 157 ±
37s T1/2 < 45s

N = 33 N = 50 N = 20 N = 22 N = 8
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Supp Table 3 Summary of Spa2-GFP and Chs2-GFP localization in wild type and cdc12-6.
After a 10 minutes shift to 35°C, cells were divided in three different categories.  First, cells where the GFP-
signal remained distinctly localized to the bud neck (= Normal).  Second, cells where the GFP staining went
down at the bud neck. Localization was also more diffuse (= Diffuse). Third, cells that totally lost the GFP-
signal at the bud neck (= No Signal). Chs2 took longer to diffuse away from the neck than Spa2.

Bud neck localization
10 minutes after the shift to 35°CCortical

factors Normal Diffuse No signal
Spa2-GFP

()WT
100%
N = 12

0 %
N = 0

0%
N = 0()WT Chs2-GFP

()WT
100%
N = 7

0 %
N = 0

0 %
N = 0

Spa2-GFP
cdc12-6

25%
N = 6

54%
N = 13

21 %
N = 5Cdc12-6 Chs2-GFP

cdc12-6
64%

N = 18
29 %
N = 8

7 %
N = 2
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4. Appendix D: Supplementary movies

1. FRAP-analysis of GFP-labeled septin rings at the unbudded cell stage.  The small
orange box indicates the bleached area.  Time is indicted in each frame.

2. FRAP-analysis of GFP-labeled septin rings at the big budded cell stage.  The
small orange box indicates the bleached area.  Time is indicted in each frame.

3.  FRAP-analysis of GFP-labeled septin rings during splitting.  The small orange
box indicates the bleached area.  Time is indicted in each frame.

4. FRAP-analysis of GFP-labeled septin rings at the two ring stage.  The small
orange box indicates the bleached area.  Time is indicted in each frame.

5. FRAP-analysis of GFP-labeled septin rings after cell separation.  The small
orange box indicates the bleached area.  Time is indicted in each frame.

6. Analysis of septin ring stability in wild type.  A wild-type cell with a medium bud
expressing GFP-Cdc3 was grown at 22°C and shifted to 30°C.

7. Analysis of septin ring stability in wild type.  A wild-type cell during ring splitting,
expressing GFP-Cdc3, was grown at 22°C and shifted to 30°C.

8. Analysis of septin ring stability in cdc12-6.  A cdc12-6 cell with a medium bud
expressing GFP-Cdc3 was grown at 22°C and shifted to 30°C.

9. Analysis of septin ring stability in cdc12-6.  A cdc12-6 cell during ring splitting,
expressing GFP-Cdc3, was grown at 22°C and shifted to 30°C.

10. FRAP-analysis of GFP-labeled septin in cla4K59A (kinase dead) cells during
G2/M.  The small orange box indicates the bleached area.  Time is indicted in
each frame.

11. FRAP-analysis of GFP-labeled septin in gin4-∆ cells during G2/M.  The small
orange box indicates the bleached area.  Time is indicted in each frame.

12. FRAP-analysis of GFP-labeled septin in shs1-∆ cells during G2/M.  The small
orange box indicates the bleached area.  Time is indicted in each frame.

13. Myo1-GFP contraction during cytokinesis in wild type at 37°C.  GFP-Nop1 is
present as a cell cycle marker.

14. Myo1-GFP contraction during cytokinesis in rts1-∆ at 37°C.  GFP-Nop1 is present
as a cell cycle marker.
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15. Protein dynamics during cytokinesis.  Analysis of Spa2 dynamics at the bud neck
using FRAP. The photobleached region is indicated (orange box).

16. Protein dynamics during cytokinesis.  Analysis of Sec3 dynamics at the bud neck
using FRAP. The photobleached region is indicated (orange box).

17. Protein dynamics during cytokinesis.  Analysis of Cdc12 (one of the septin
proteins in yeast) dynamics after ring splitting using FRAP. The photobleached
region is indicated (orange box).

18. Analysis of Spa2 (a component of the polarizome) diffusion out of the cytokinetic
area using FLIP.  A region of the cell cortex (orange circle) was repetitively
bleached and fluorescence intensity at the bud neck was monitored.

19. Analysis of Myo2 (a type V myosin) diffusion out of the cytokinetic area using
FLIP.  A region of the cell cortex (orange circle) was repetitively bleached and
fluorescence intensity at the bud neck was monitored.

20. Actomyosin rings of diploid cells, co-expressing Myo1-CFP and Myo1-YFP were
subjected to FRAP.  Laser bleaching was done such that only YFP was bleached.
The overlay between CFP and YFP is depicted in green, the signal in the CFP
channel is shown in red as described by Gerlich et al..  A cell during cytokinesis is
shown.

21. Actomyosin rings of diploid cells, co-expressing Myo1-CFP and Myo1-YFP were
subjected to FRAP.  Laser bleaching was done such that only YFP was bleached.
The overlay between CFP and YFP is depicted in green, the signal in the CFP
channel is shown in red as described by Gerlich et al.. A cell during G2/M is
shown.

22. Spa2 localization in wild type cytokinetic cells after shift from permissive (22°C) to
restrictive temperature (35°C). GFP-labeled Spa2 remains localized to the bud
neck region.

23. Spa2 localization in cdc12-6 cytokinetic cells after shift from permissive (22°C) to
restrictive temperature (35°C). GFP-labeled dots moving away from the neck are
visible during the movie.

24. Myo1 localization and contraction in wild type cells shifted from permissive
temperature (22°C) to restrictive temperature (35°C). This movie shows a cell
during G2/M when Myo1 is recruited to the bud neck.
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25. Myo1 localization and contraction in cdc12-6 cells shifted from permissive
temperature (22°C) to restrictive temperature (35°C). This movie shows a cell
during G2/M.

26. Myo1 localization and contraction in wild type cells shifted from permissive
temperature (22°C) to restrictive temperature (35°C). This movie shows a cell
during cytokinesis displaying actomyosin contraction and disassembly.

27. Myo1 localization and contraction in cdc12-6 cells shifted from permissive
temperature (22°C) to restrictive temperature (35°C). This movie shows a cell
during cytokinesis displaying actomyosin contraction and disassembly.  Compared
to wild type contraction is slower.

28. Myo1 localization and contraction in cdc12-6 cells shifted from permissive
temperature (22°C) to restrictive temperature (35°C). This movie shows a cell
during cytokinesis displaying actomyosin contraction.  Compared to wild type
contraction is much slower and disassembly of the actomyosin ring is not
occurring.

29. Septin ring splitting and cell separation was monitored in wild type cells shifted
from 22°C to 30°C. Cell separation was monitored by the “nicking” of the daughter
cell compared to the mother cell.

30. Septin ring splitting and cell separation was monitored in cdc12-6 cells shifted
from 22°C to 30°C. Cell separation was monitored by the “nicking” of the daughter
cell compared to the mother cell.

31. FLIP analysis on a wild type cell before actomyosin ring contraction.  FLIP
analysis was performed on cytosolic GFP (expressed under the control of the ADH
promoter) to assay the continuity of the cytoplasm between mother and daughter
cell. Myo1-GFP was used as a cytokinetic marker.  Bleaching was applied every
±20 seconds on the indicated area (orange circle).

32. FLIP analysis on a wild type cell after actomyosin ring contraction. FLIP analysis
was performed on cytosolic GFP (expressed under the control of the ADH
promoter) to assay the continuity of the cytoplasm between mother and daughter
cell. Myo1-GFP was used as a cytokinetic marker.  Bleaching was applied every
±20 seconds on the indicated area (orange circle).
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33.  FLIP analysis on a cdc12-6 cell after actomyosin ring contraction. FLIP analysis
was performed on cytosolic GFP (expressed under the control of the ADH
promoter) to assay the continuity of the cytoplasm between mother and daughter
cell. Myo1-GFP was used as a cytokinetic marker.  Bleaching was applied every
±20 seconds on the indicated area (orange circle).

34. Actomyosin localization and contraction in sec3-4. Cells were shifted from
permissive (22°C) to restrictive temperature (37°C) for 1 hour and then visualized
under a preheated microscope.

35. 3D reconstruction of the septin ring (GFP-Cdc12) before ring splitting.  40 slices
(0.075µm distance) were taken with a spinning disk confocal microscope and
reconstructed using the ImageJ software package.  Every frame represents a
rotation of 10°.

36. 3D reconstruction of the septin ring (GFP-Cdc12) after ring splitting.  40 slices
(0.075µm distance) were taken with a spinning disk confocal microscope and
reconstructed using the ImageJ software package.  Every frame represents a
rotation of 10°.

37. FRAP analysis of Spa2-GFP at the bud cortex. Half of bud was bleached (orange
box) and recovery was visualized over time.

38. FRAP analysis of Sec3-GFP at the bud cortex. Half of bud was bleached (orange
box) and recovery was visualized over time.   
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Phosphorylation-Dependent Regulation
of Septin Dynamics during the Cell Cycle

Although septins and Myo1 arrive early at the bud
neck, assembly of the actual cleavage machinery is
tightly coordinated with exit of mitosis. First, the septin

Jeroen Dobbelaere,1 Matthew S. Gentry,2

Richard L. Hallberg,2 and Yves Barral1,*
1Institute of Biochemistry

ring splits into two adjacent rings and the actomyosinSwiss Federal Institute of Technology
ring assembles between them (Bi et al., 1998; LippincottETH-Hönggerberg
et al., 2001). Subsequently, the actomyosin ring con-CH-8093 Zürich
tracts and septation ensues. Activation of the mitoticSwitzerland
exit network (MEN pathway) upon segregation of the2 Department of Biology
sister chromatids triggers both septin ring splitting andSyracuse University
actomyosin ring contraction (Bardin and Amon, 2001;Syracuse, New York 13244
Lippincott et al., 2001; Luca et al., 2001; Menssen et al.,
2001). However, the MEN pathway is not required for
actomyosin ring formation (Lippincott et al., 2001; LucaSummary
et al., 2001; Menssen et al., 2001), suggesting that inde-
pendent signals trigger the assembly of the cleavageSeptins are GTPases involved in cytokinesis. In yeast,
apparatus. After full contraction, the actomyosin ringthey form a ring at the cleavage site. Using FRAP, we
disassembles, most probably without ensuring final clo-show that septins are mobile within the ring at bud
sure of the neck, like in animal cells. How this last bridgeemergence and telophase and are immobile during S,
is closed in yeast is not known.G2, and M phases. Immobilization of the septins is

Septins are GTPases that assemble into filaments independent on both Cla4, a PAK-like kinase, and Gin4,
vitro and probably in vivo (Field and Kellogg, 1999; Long-a septin-dependent kinase that can phosphorylate the
tine et al., 1996). They are conserved from yeast to hu-septin Shs1/Sep7. Induction of septin ring dynamics
mans and colocalize with the cleavage apparatus in allin telophase is triggered by the translocation of Rts1,
organisms in which they have been identified (revieweda kinetochore-associated regulatory subunit of PP2A
in Faty et al., 2002; Field et al., 1999; Field and Kellogg,phosphatase, to the bud neck and correlates with
1999; Longtine et al., 1996). However, their cytokineticRts1-dependent dephosphorylation of Shs1. In rts1-�
role is poorly understood. In Saccharomyces cerevisiae,cells, the actomyosin ring contracts properly but cyto-
the septins Cdc3, Cdc10, Cdc11, Cdc12, and Shs1/Sep7kinesis fails. Together our results implicate septins in
assemble into a ring at the bud neck and are essentiala late step of cytokinesis and indicate that proper
for cytokinesis (Carroll et al., 1998; Longtine et al., 1996).regulation of septin dynamics, possibly through the
One function of the septin ring in cytokinesis is to recruitcontrol of their phosphorylation state, is required for
Myo1 and Hof1, a protein involved in septation, to thethe completion of cytokinesis.
site of cleavage (Bi, 2001; Bi et al., 1998; Lippincott and
Li, 1998a, 1998b). In addition, the yeast septin ring alsoIntroduction
forms a diffusion barrier in the plane of the plasma mem-
brane during G2 (Barral et al., 2000). Thereby, it alsoIn order to give rise to two viable progenies, cytokinesis
plays an important role in the control of cell polarity andmust be both spatially and temporally coordinated with
bud growth. Furthermore, septins are involved in thethe partition of sister chromatids. Thus, the spindle must
control of secretion and cortical organization in highergenerate signals to “inform” the cleavage apparatus
eukaryotes. However, little is known about how septins

about both its location and functional status. These sig-
act in both cytokinesis and cell polarity.

nals and how they translate into proper assembly and
Here, we describe the dynamics of the septin ring in

timely activation of the cleavage machinery are poorly yeast cells using FRAP (Fluorescence Recovery After
understood. Photobleaching) and a novel septin dissociation assay.

The cleavage apparatus is organized and functions We show that the ring oscillates between two states.
similarly in fungi and animal cells (Bi, 2001; Field et al., Short dynamic periods, characterized by rapid subunit
1999). In these organisms, the cytokinetic machinery turnover (“fluid”), alternate with an immobile state (“fro-
assembles at the cell cortex and is composed of at zen”), during which septins do not move within the ring.
least two major elements: septins and an actomyosin The frozen state predominates during bud growth and
contractile ring. The structure and function of the acto- telophase. Fluidity is observed at bud emergence and
myosin ring is best understood. Its contraction during at the onset of cytokinesis. In contrast, cells lacking
late anaphase triggers furrowing of the cell and finishes Cla4 or Gin4, a PAK-related and a septin-dependent
with the formation of the midbody. Breakage of this last kinase, respectively (Carroll et al., 1998; Cvrckova et al.,
bridge (abscission) by a mechanism that remains to be 1995), show septin ring fluidity also during bud growth.
elucidated completes cytokinesis. In budding yeast, the Activation of septin dynamics at cytokinesis involves
type II myosin Myo1 is required for the formation and PP2A and its B� regulatory subunit, Rts1 (Shu et al.,
the contraction of the actomyosin ring at the end of 1997; Zhao et al., 1997). We show that the septin Shs1,
mitosis (Bi et al., 1998; Lippincott and Li, 1998a). a substrate of the Cla4/Gin4 pathway (Mortensen et al.,

2002), is involved in the control of septin ring dynamics
and that it is dephosphorylated in a Rts1-dependent*Correspondence: yves.barral@bc.biol.ethz.ch
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manner at the onset of cytokinesis. Rts1 localizes to Only three short dynamic phases are observed: prior to
bud emergence, at the onset of cytokinesis, and at cellkinetochores in S and G2 and translocates to the bud

neck at telophase. Translocation of Rts1 depends on separation. Therefore, septin dynamics are regulated
during the division cycle.mitotic exit and is required for the activation of septin

dynamics. Thus, Rts1 links septin dynamics to proper
exit of mitosis. Septin Subunit Dissociation Is Prominent

We also show that Rts1 is needed for efficient cytoki- at Cytokinesis
nesis. However, it is not involved in either the formation To investigate septin dynamics further, we sought to
or the contraction of the actomyosin ring, suggesting follow variations in the rates of subunit association and
that it acts in a later process. Together, these results dissociation. Our assay was based on the observation
suggest that phosphorylation-dependent regulation of that the cdc12-6 septin allele leads to septin ring disas-
septin dynamics is required for the proper completion sembly upon shift to the restrictive temperature (Barral
of a late step in cytokinesis, possibly abscission. et al., 2000). We rationalized that changes in the rate of

disassembly at specific cell cycle stages would reflect
changes in septin dissociation/association rates. GFP-Results
CDC3 cdc12-6 cells were shifted to 30�C, the lowest
restrictive temperature, and the intensity of the GFPSeptin Dynamics Vary during the Cell Cycle
signal at the bud neck was monitored over time (FiguresTo examine septin dynamics, FRAP experiments were
2A and 2C).performed on strains expressing a GFP-tagged septin.

Cells with a single ring showed a linear decrease ofDynamics of four of the five yeast septins, Cdc3, Cdc10,
the intensity of the ring (N � 27 cells), which disappearedCdc12, and Shs1/Sep7, were investigated. Each septin
within 50 min (Figures 2A and 2B). The rate of disassem-was tagged individually at its N terminus with GFP and
bly did not vary with the size of the bud, suggesting thatexpressed under the control of its own promoter. Half
the balance between septin association and dissocia-of the fluorescently labeled septin ring was irradiated
tion did not vary during bud growth. In wild-type cellswith a laser beam to irreversibly bleach GFP. Fluores-
expressing GFP-Cdc3, unsplit rings were fully stablecence was then monitored over time. Fluorescence re-
over the entire experiment (75 min; Figures 2A and 2B).covery in the bleached area indicated recruitment of

In cdc12-6 cells undergoing ring splitting, the GFP-nonbleached molecules. Loss of fluorescence in the un-
Cdc3 signal dropped suddenly and disappeared withinbleached region indicated exchange of fluorescent mol-
15 � 2.5 min (N � 24 cells; Figures 2C and 2D). A lossecules with some that are bleached. This analysis was
of signal was also observed concomitantly with the on-carried out with cells representative of the different
set of cytokinesis in wild-type. However, in these cellsstages of cell division (Figure 1) and produced similar
the fluorescence intensity of the separated rings stabi-results with the four reporters used.
lized rapidly (less than 5 min) to about 50% of the originalUnbudded cells with a newly assembled septin ring
level. These and the FRAP results consistently indicate(late G1, early S; Figure 1A) showed rapid septin turn-
that septin dynamics are transiently enhanced at cytoki-over. GFP-fluorescence recovered with a half-time of
nesis.175 � 110 s (N � 7 cells). Loss of fluorescence was

observed concomitantly in the nonbleached area until
fluorescence levels equilibrated (Figure 1A). When the Loss of PP2ARts1 Suppresses cdc12-6 Growth

Defect at 30�Centire ring was bleached, no recovery was observed
(data not shown), suggesting that there was little or no To identify factors controlling septin dynamics, we

screened for second site mutations that suppressexchange of material with the cytoplasm. Thus, prior to
bud emergence septins moved within the ring. cdc12-6 at 30�C. Our rationale was that inactivation of

genes that facilitate or activate septin dissociation mightIn contrast to unbudded cells, rings of small- and
medium-budded cells never recovered fluorescence sufficiently stabilize the ring to allow growth of cdc12-6

cells at this temperature. Thus, cdc12-6 cells were muta-after photobleaching (N � 10 cells; Figure 1B). Little or
no fluorescence loss was observed in the unbleached genized with EMS and plated at 30�C. At least five com-

plementation groups were identified. This report fo-area. Thus, rapidly after bud emergence septin mole-
cules were immobilized (same results were obtained by cuses on STS13 (suppressor of twelve-six), which is

represented by at least two temperature sensitive allelesL. Kozubowski and K. Tatchell; K. Tatchell, personal
communication). (see rts1-13 in Figure 3A). The strongest allele, sts13-1,

was used for further studies.The splitting of the septin ring marks the onset of
cytokinesis. All cells undergoing ring splitting during The temperature sensitivity of sts13-1 strictly coseg-

regated with the suppression of cdc12-6 (�80 tetradsobservation showed a sudden and rapid recovery of
fluorescence in the irradiated area (Figure 1C; t1/2 � analyzed), indicating that the two phenotypes were

probably due to the same mutation. Thus, we cloned117 � 56 s, N � 6). Recovery was preceded by fluores-
cence loss in the unbleached area. Subsequently, both STS13 by complementation of the temperature sensitive

phenotype. Out of three plasmids that restored growthrings were homogeneously labeled, indicating that again
subunits exchanged between bleached and unbleached of sts13-1 at 37�C, all contained the RTS1 gene. In two

cases, RTS1 was the only open reading frame in theareas. FRAP experiments on already split rings indicated
that they had regained a frozen state (N � 7 cells; Figure insert. Moreover, RTS1 and STS13 were tightly linked

(no disjunction in more than 30 tetrads), and disruption1D). Shortly prior to cell separation, the two rings were
again dynamic (N � 6, Figure 1E). Thus, the septin ring of RTS1 suppressed the growth defect of the cdc12-6

strain at 30�C (Figure 3A). Thus, we concluded that theis remarkably immobile during most of the cell cycle.
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Figure 1. Septin Dynamics during the Cell Cycle

GFP-labeled septin rings were subjected to FRAP. The small box in the first frame of each movie indicates the bleached region. The kinetics
and average half time of recovery are shown for each cell stage. No difference was observed whether we used GFP-Cdc12, GFP-Cdc3 YFP-
Cdc10, or GFP-Shs1 as a reporter protein.
(A) Unbudded cell.
(B) Budded cell with a single ring.
(C) Large-budded cell undergoing ring splitting. The double arrow indicates the first frame where splitting is visible.
(D) Large-budded cells with a split ring.
(E) Separating cells. The arrow shows the first frame were the two daughter cells move away from each other.
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Figure 2. Analysis of Septin Ring Stability in cdc12-6 Cells in G2 and at Cytokinesis

(A) Cells with a medium bud. Wild-type (upper row) and cdc12-6 (lower row) cells expressing GFP-Cdc3 grown at 22�C and shifted to 30�C
were monitored by time-lapse microscopy.
(B) Quantification of the GFP-fluorescence intensity of the septin ring in G2 cells (WT, N � 21; cdc12-6, N � 27).
(C) Cells in cytokinesis, undergoing ring splitting.
(D) Quantification of fluorescence intensity at the bud neck during ring splitting (WT, N � 16; cdc12-6, N � 24). The first image on which
splitting is observed is indicated by an arrow in each case. All images are at the same magnification.
Scale bar in (A) represents 2 �m.

sts13 mutations are novel alleles of the RTS1 gene. The expressing GFP-Cdc12 were shifted to 37�C and septin
rings were monitored microscopically for several hourssts13-1 mutation was renamed rts1-13.

Rts1 is one of the two alternate regulatory subunits (Figure 3B). A GFP-Nop1 reporter was used to stage the
cells in the cell cycle. GFP-Nop1 labels the nucleolus,of protein phosphatase 2A (PP2A) in yeast (Shu et al.,

1997; Zhao et al., 1997). These subunits control the sub- which allows visualization of nuclear division.
In small- and medium-budded cells, unsplit septincellular distribution of PP2A catalytic subunits, Pph21

and Pph22 (Gentry and Hallberg, 2002). Thus, we asked rings were morphologically indistinguishable between
mutant and wild-type cells (Figure 3B). Also ring splittingwhether loss of PP2A activity also suppressed the

growth defect of the cdc12-6 strain at 30�C. The strains occurred normally in rts1-� cells. However, split rings
were misshapen in these cells. They also failed to disas-cdc12-6 pph21-� and cdc12-6 pph22-� were con-

structed and tested for growth at 30�C. All pph21-� semble properly upon emergence of new buds. How-
ever, newly assembled rings were normal, indicatingcdc12-6 segregants formed colonies at 30�C, indicating

that pph21-� suppressed the cdc12-6 mutation (Figure that Rts1 is not involved in septin ring formation. Thus,
Rts1 is required to maintain proper septin organization3A). Suppression of cdc12-6 by pph22-� was less

penetrant. Nevertheless, the observation that dosage during cytokinesis, and to allow proper ring dissociation
in G1.reduction of PP2A catalytic subunits suppresses the

cdc12-6 growth defect is consistent with PP2ARts1 regu- Next, we used our dissociation assay to determine
which aspect of septin dynamics was affected by thelating septin dynamics or organization.

Suppression of septin defects by rts1-� depended on rts1-� mutation. Prior to ring splitting, the rate of septin
ring disappearance was not affected in the cdc12-6 rts1-�the septin allele. Unlike cdc12-6, the cdc12-1 mutation

affects new septin ring formation at the end of G1 but double mutant compared to cdc12-6 (Figure 3C). How-
ever, the rts1-� mutation clearly stabilized split rings.not the stability of previously existing rings (Y. Barral,

unpublished data). None of our rts1 alleles could sup- Moreover, FRAP experiments also failed to reveal a re-
activation of septin dynamics at telophase in rts1-� (datapress the growth defects due to the cdc12-1 mutation

(Figure 3A). Therefore, PP2ARts1 may specifically regulate not shown). Altogether, our results indicate that Rts1
activates septin dynamics specifically at cytokinesis.septin ring stability.

Cells Lacking RTS1 Fail to Properly Regulate Septin Rts1 Accumulates at the Bud Neck upon Exit
of MitosisDynamics Specifically at Cytokinesis

We next investigated the effect of RTS1 deletion on We next characterized the localization of Rts1 during the
cell cycle. As already described (Gentry and Hallberg,septin organization and function. RTS1 and rts1-� cells
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Figure 3. Rts1 Is Involved in Septin Dynamics
at Cytokinesis

(A) Disruption or mutation of the RTS1 gene
leads to suppression of the cdc12-6 growth
defect at 30�C. Cells with the indicated geno-
type were spotted on plates after serial dilu-
tion and incubated for 4 days at the indicated
temperature.
(B) Septin organization in wild-type and
rts1-� cells. Cells expressing GFP-Cdc12 and
GFP-Nop1, as a nuclear marker, were grown
at 25�C and shifted to 37�C for 3 hr. Scale
bars are 2 �m.
(C) The stability of the septin ring in cells
of the indicated genotype was determined
as in Figure 2 for cells in G2 and at cytokinesis
(rts1-� cdc12-6 G2, N � 12; cytokinesis,
N � 4).

2002), the fully functional Rts1-GFP fusion protein local- with an elongated spindle (late anaphase) rarely showed
Rts1 staining at the bud neck (3%; 2/78). Similarly, faintized to different places during the cell cycle (Figure 4A).

In unbudded cells, it predominantly accumulated in the Rts1 neck staining was observed in only a few large-
budded cells with an unsplit septin ring (4%; 1/27). Innucleus (Figure 4A, a). This diffuse nuclear staining was

observed throughout the cell cycle. Upon bud emer- these cells, Rts1 and septin staining overlapped exten-
sively. In all other cells with Rts1 at the neck, ring split-gence, Rts1 was enriched at kinetochores (Gentry and

Hallberg, 2002; see Supplemental Figure S1 [http://www. ting had already occurred (Figure 4C). Also, Rts1 was
not observed at the bud neck of cells arrested in latedevelopmentalcell.com/cgi/content/full/4/3/345/DC1]),

which was manifested by the formation of an intense, anaphase by virtue of the tem1-1, cdc15-1, and cdc14-1
mutations (data not shown). Thus, appearance of Rts1intranuclear dot (Figure 4A, b) that occasionally sepa-

rated into two distinct spots (Figure 4A, c). This dot(s) at the bud neck took place after spindle breakdown and
septin ring splitting and required activation of the MENfaded away in pre-anaphase cells and only diffuse nu-

clear staining was observed during anaphase (Figure pathway. Therefore, Rts1 required mitotic exit to localize
to the site of cleavage.4A, d). In about 75% of the cells with divided nuclei,

Rts1 was also seen at the bud neck (Figures 4A, e, f, g,
4B, and 4C). Thus, Rts1 appeared at the bud neck some Rts1 Relocalization to the Bud Neck Is Required

for Activation of Septin Dynamicstime during mitosis. These results are consistent with
the report that PP2A catalytic subunits localize to the To test whether Rts1 acted directly on septin dynamics,

we determined whether Rts1 translocation was requiredbud neck in a Rts1-dependent manner during mitosis
(Gentry and Hallberg, 2002). for proper septin organization and dynamics. The N-ter-

minal 250 amino acids of Rts1 are conserved in all bud-To clarify the timing of Rts1 localization to the bud
neck, we analyzed microtubule organization in cells with ding yeasts. Truncation of the first 216 amino acids leads

to the Rts1-�3 protein, which is fully functional for itsRts1-GFP at the bud neck (Figure 4B). Only 3% (2/65)
of these cells still contained a spindle. By contrast, cells nuclear roles, such as stress response and growth on
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DNA in ChIP experiments (Figure 5A). However, Rts1-
�3 failed to localize to the bud neck upon exit of mitosis
at room temperature (Figure 5B). This defect was not
due to a block in cell cycle progression, since rts1-�3
proliferated normally at this temperature.

Thus, we asked whether Rts1-�3 was still able to
stimulate septin dynamics. It was not the case. Although
it was not as defective as in the rts1-� strain, septin
organization was not restored in the rts1-�3 cells shifted
to 37�C (Figure 5D). In addition, the cdc12-6 rts1-�3
strain still survived at 30�C (Figure 5C), while the cdc12-6
RTS1 strain was unable to grow at this temperature.
Thus Rts1-�3 was unable to replace wild-type Rts1 for
its septin-related function. Therefore, our results are
consistent with translocation of Rts1 to the bud neck
being required to activate septin dynamics. Altogether,
our data indicate that Rts1 links septin dynamics with
exit of mitosis.

Cla4 and Gin4 Antagonize Rts1
Activation of septin dynamics by PP2ARts1 indicates that
phosphorylation events control the rigidity of the septin
ring. Three kinases have been shown to influence septin
organization: Elm1, Cla4, and Gin4 (Bouquin et al., 2000;
Cvrckova et al., 1995; Longtine et al., 1998). Two addi-
tional kinases, Hsl1 and Kcc4, also localize to the bud
neck (Barral et al., 1999). If one of them acts to stabilize
the septin ring, disruption of the corresponding gene
should be synthetic lethal with the cdc12-6 allele. Tetrad
analysis indicated that neither elm1-�, kcc4-�, nor
hsl1-� exacerbates the cdc12-6 phenotype. Only cla4-�
and gin4-� were synthetically lethal with cdc12-6, sug-
gesting that Cla4 and Gin4 specifically regulate septin
dynamics.

Therefore, FRAP experiments were performed in
gin4-� and cla4-K594A cells expressing GFP-Cdc12 to
characterize the effect of these mutations on septin dy-
namics. The cla4-K594A allele encodes a kinase inactive
form of Cla4 (Tjandra et al., 1998). In the cla4-K594A
cells, non-split septin rings were dynamic (Figure 6A)
independently of the size of the bud. Recovery was also
observed in the gin4-� strain (Figure 6B), but it was
restricted to large budded cells. Thus, Cla4 and Gin4
are required to establish and/or maintain the frozen state
of the ring prior to cytokinesis. Cla4 may act earlier than
Gin4.

Epistasis analyses were performed to determine
whether RTS1 acted antagonistically to CLA4 and GIN4
genes. Since PP2ARts1 is thought to reverse a phosphory-
lation event, it should have no function left if the corre-
sponding phosphate(s) is missing due to the lack of the
kinase. Thus, rts1-� should not suppress septin pheno-Figure 4. Rts1 Translocates to the Bud Neck upon Exit from Mitosis
types in a strain lacking such kinase(s). Supporting the(A) Cells expressing Rts1-GFP at endogenous level. Cells represen-
idea that Rts1 may reverse Cla4 function, the rts1-�tative of the different stages of the cell cycle are shown.
mutation was unable to suppress the lethality of the cla4(B) Localization of Rts1 and microtubules at the end of mitosis. Wild-

type cells expressing CFP-Tub1 and Rts1-GFP. cdc12-6 double mutant. Likewise, cdc12-6 gin4-� rts1-�
(C) Localization of Rts1 and septins in late mitotic cells. Wild-type cells were barely viable. In contrast, the rts1-� mutation
cells expressing CFP-Cdc12 and Rts1-GFP. Scale bars represent still fully suppressed the cdc12-6 phenotype in the elm1-�
2 �m. context. Altogether, these results are consistent with

Rts1 counteracting Cla4 and Gin4.
glycerol medium (Shu et al., 1997). Rts1-�3 also local-
ized to kinetochores properly (see Supplemental Figure The Septin Shs1 Is a Likely Substrate of Rts1
S1D [http://www.developmentalcell.com/cgi/content/ Shs1/Sep7 is phosphorylated in a Cla4- and Gin4-

dependent manner in vivo (Mortensen et al., 2002), andfull/4/3/345/DC1]) and co-isolated with centromeric
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Figure 5. Rts1 Translocation to the Bud Neck Is Required for Proper Regulation of Septin Dynamics

(A) Rts1-�3 associates normally with kinetochores. Anti-HA ChIP assays were performed as in Supplemental Figure 2B [http://www.
developmentalcell.com/cgi/content/full/4/3/345/DC1] on rts1-�3-(HA)3 and rts1-�3 cells.
(B) Rts1-�3 does not relocate to the bud neck upon exit from mitosis. Rts1-GFP and Rts1-�3-GFP cells were arrested as in Figure 4B and
released in fresh medium. The percentage of large budded cells with GFP at the bud neck is represented at regular time intervals after release.
(C) Rts1-�3 cannot replace Rts1 for the activation of septin dynamics. Cells carrying the cdc12-6 allele and expressing the indicated forms
of Rts1 were spotted and incubated as in Figure 3A. The strains were as follows: wt, (wt, pLEU2), cdc12-6 (cdc12-6 pLEU2), cdc12-6 rts1-�

(cdc12-6 rts1-� pLEU2), rts1-� (rts1-� pLEU2), cdc12-6 RTS1-GFP (cdc12-6 rts1-� pLEU2-RTS1-GFP), cdc16-6 rts1-�3-GFP (cdc12-6 rts1-�

pLEU2-rts1-�3-GFP), and rts1-�3-GFP (rts1-� pLEU2-rts1-�3-GFP).
(D) Expression of Rts1-�3 cannot suppress the septin organization defects due to the rts1-� mutation. rts1-� cells expressing GFP-Cdc12,
GFP-Nop1, and Rts1-�3 were grown at 22�C and shifted to 37�C for 3 hr. Scale bars are 2 �m.

it is a good target candidate for the Cla4/Gin4/Rts1 path- phosphatase may be able to partially substitute for
PP2ARts1 at this temperature. Altogether, our results indi-way. Thus, we asked whether Shs1 plays any special

role in septin dynamics. As already reported, Shs1 was cate that the septin Shs1 is one of the targets of the Cla4/
Gin4/Rts1 pathway and suggest that its phosphorylationnot required for cell viability and hence for septin ring

formation (Carroll et al., 1998). Disruption of the SHS1 state(s) regulate(s) the dynamic behavior of the septin
ring.gene also had no effect on the viability of the cdc12-1

mutant. However, it was colethal with the cdc12-6 allele
(no viable double mutants in 21 tetrads). Furthermore, Cells Lacking Rts1 Are Defective in a Late Stage

of Cytokinesisseptin rings were more dynamic in the SHS1 deleted
strain than in wild-type (Figure 6C). Thus, Shs1 plays We next investigated the physiological relevance of the

regulation of septin dynamics at cytokinesis. Therefore,some specific role in septin dynamics.
Shs1 phosphorylation state during the cell cycle was the phenotype of rts1-� cells was analyzed in more

detail. Interestingly, exponentially growing rts1-� cellsalso consistent with Shs1 being a substrate of Rts1. In
synchronized cells, Shs1 became hypophosphorylated shifted to 37�C for 3 hr accumulated into clusters of

unseparated cells (Figure 7A). Cells also accumulatedshortly after the cells exited mitosis and during bud
emergence (Figure 6D). We were unable to analyze the as large budded with a single nucleus (Shu et al., 1997),

suggesting that they were also delayed for the entry intophosphorylation state of Shs1 in rts1-� cells at 37�C
because of difficulties in synchronizing this strain at mitosis. These results were globally confirmed when we

analyzed the progression of synchronized cells (Supple-this temperature. However, rts1-� cells failed to fully
dephosphorylate Shs1 upon exit of mitosis at 30�C. At mental Figure S2C [http://www.developmentalcell.com/

cgi/content/full/4/3/345/DC1]). The cell clusters were30�C rts1-� cells have no strong phenotype. Another
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Figure 6. Cla4 and Gin4 Regulate Septin Dynamics Prior to Mitosis, Possibly in Part through Shs1 Phosphorylation

(A) cla4K594A (kinase dead).
(B) gin4-�.
(C) shs1-�. Septin rings were labeled with GFP-Cdc12 and FRAP was carried out as in Figure 1. Kinetics and average half recovery times are
shown.
(D) Shs1 is dephosphorylated upon exit of mitosis. RTS1-deleted cells fail to dephosphorylate Shs1 properly. Cells of the indicated genotype
and expressing Shs1-(HA)3, where Shs1 is C-terminally tagged with a triple HA epitope, were arrested with HU at 24�C for 2 hr, shifted to 30�C
for 1 hr, and released in fresh medium at 30�C. Samples were taken every 10 min and cell extracts were analyzed by Western using anti-HA
antibodies. The proportion of anaphase and small-budded cells is indicated for each sample.

not resolved by treatment with zymolyase (Figure 7B), staining indicated that rts1-� cells were not defective
for exit of mitosis and spindle breakdown (Figure 7C).indicating that unseparated cells were still connected

through their plasma membrane. In addition, tubulin Therefore, the cluster phenotype was due to a failure in
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Figure 7. Cytokinetic Defects in rts1-�

(A) Disruption of RTS1 leads to a cytokinetic
defect at 37�C. Wild-type and rts1-� cells
grown at 24�C were shifted to 37�C for 3 hr.
The fraction of premitotic and postanaphase
cells and of cells undergoing new bud emer-
gence without proper separation is shown
(N � 600).
(B) Zymolyase treatment of rts1-� cells. The
cell wall of cells grown at 37�C for 3 hr was
digested with zymolyase. The proportion of
anaphase, binucleate cells, and clusters be-
fore and after zymolyase treatment are shown
(N � 300).
(C) Percentage of large-budded cells with an
elongated versus a broken spindle after shift
to 37�C for 3 hr. Spindles of wild-type and
rts1-� cells were visualized by immunofluo-
rescence with an anti-tubulin antibody (YOL1/
34, SeraLab). N � 450.
(D) Effect of RTS1 disruption on actomyosin
ring contraction. Arrows indicate the Myo1
rings (Myo1-GFP). T � 0 corresponds to the
first frame at which the spindle reaches maxi-
mal elongation, as judged by nucleoli segre-
gation (GFP-Nop1). Genotypes of the cell are
indicated. The elapsed time is indicated in
each frame (in min).
(E) Suppression of rts1-�3 by cdc12-6.
Scale bar is 2 �m.

cytokinesis and not in either cell separation (primary microscopy indicated that this process was also not
affected at 37�C. In both strains, contraction rapidly fol-septum degradation) or exit of mitosis.

The cytokinetic defect was not due to problems in lowed the full separation of the GFP-Nop1 masses and
took a similar amount of time to reach completion (Figureactin ring organization. Actin rings could be observed

in the rts1-� cells at roughly the same frequency (3/120) 7D). In addition, the rts1-� hof1-� double mutant was
not sicker than either of the single mutants. Since hof1-�as in wild-type cells (2/135), even after 3h at 37�C. Analy-

sis of actomyosin ring contraction in MYO1-GFP GFP- cells require Myo1 function to complete cytokinesis and
remain viable (Vallen et al., 2000), this result indicatesNOP1 and rts1-� MYO1-GFP GFP-NOP1 by time-lapse
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that the Myo1 pathway is functional in rts1-� cells. Simi- is crucial for the maintenance of its position over an
extended period of time. Probably, freezing is also cru-lar data also demonstrated that Rts1 did not affect the

Hof1 pathway either. First, myo1-� rts1-� double mu- cial for the barrier and scaffold functions of the septin
ring, although further studies will be required to clarifytants were not much sicker than either single mutant,

indicating that the Hof1 pathway is functional in rts1-� this point.
cells. Second, Hof1 localized normally in rts1-� cells.
Finally, rts1-� did not show any genetic interaction with Role of Septin Dynamics during Cytokinesis
iqg1-1, a mutation in the yeast IQGAP gene. Thus, Rts1 The fluid state of the ring may have several functions.
defines a novel step in cytokinesis that is distinct from It is likely that it is important to loosen the septin ring
and most likely subsequent to the stage involving Myo1 in late G1 for disassembly and reformation purposes.
and Hof1. It may therefore be involved in the yeast equiv- Our data indicate that activation of septin dynamics is
alent to the abscission event described in animal cells. also required at cytokinesis, although not for ring split-

Importantly, Rts1 acted in a septin-dependent pro- ting. Thus, another function of septin dynamics may be
cess. This was indicated by the observation that the to permit reorganization of the ring as the topology of
cdc12-6 rts1-�3 cells grew better at 37�C than the strains the plasma membrane changes. Prior to bud emer-
carrying either of these mutations alone (Figure 7E). gence, the plasma membrane at the budding site has a
Thus, not only did rts1-�3 suppress the growth defect low inward curvature. Upon bud emergence, the curva-
due to cdc12-6, but the cdc12-6 allele was also able to ture of the membrane inverts to form the bud neck.
suppress the growth defect caused by rts1-�3. Sup- Therefore, the septin ring, which is tightly associated
pression was clearly due to the cdc12-6 allele since the with the plasma membrane, must change conformation
rts1-� growth defect was restored upon introduction of upon bud emergence (Gladfelter et al., 2001). Closure
the wild-type CDC12 gene (data not shown). Therefore, of the neck at cytokinesis brings the plasma membrane
our genetic analysis implicates Rts1 in a septin-specific back to its topology prior to bud emergence. In conse-
pathway in cytokinesis. This is the first evidence that quence, the split rings must reshape as well. In support
septins have Hof1- and Myo1-independent roles in cell of this idea, three-dimensional reconstruction of the
division. septin ring by deconvolution microscopy (Lippincott et

al., 2001) is consistent with the septin ring adopting an
hourglass shape during bud growth and a disk-shapeDiscussion
upon splitting. Failure to reshape may lead the ring to
break as the plasma membrane changes curvature. ThisThe Septin Ring Oscillates between a Frozen

and a Fluid State last possibility is in fact what we observe in cells lacking
Rts1. Thus, we propose that one function of septin dy-We used FRAP analysis to characterize the dynamics

of the yeast septin ring during the division cycle. Our namics is to adapt the septin ring morphology to
changes in plasma membrane topology.study reveals that the septin ring is dynamic in late G1

and late M but not during the rest of the cycle. Septin The current model for the cytokinetic role of the septin
ring is that it serves to recruit the cleavage apparatusdynamics were characterized by subunit exchange be-

tween the different parts of the ring. At least in late M (reviewed in Bi, 2001; Faty et al., 2002; Longtine et al.,
1996). Rts1 function defines a novel septin-dependentphase, it also correlated with an increase in the rate of

septin dissociation. Altogether, our results indicate that step in cytokinesis. Indeed, the rts1-� mutation leads
to a clear defect in cytokinesis. It does not interact,the septin ring exists in a dynamic (“fluid”) and an immo-

bile (“frozen”) state. In the fluid state, subunits move though, with myo1-�, hof1-�, or iqg1-1. In fact, the only
genetic interaction observed between rts1-� and an-rapidly inside the ring, possibly via the cytoplasm. In the

frozen state, little or no subunit movement is observed. other cytokinesis mutant is the suppression of rts1-�3
by cdc12-6. Therefore, the main function of Rts1 at cyto-Transitions between these states are strictly regulated in

time and take place at bud emergence and cytokinesis. kinesis appears to be the activation of septin dynamics.
Furthermore, our data show that this event impinges onThe observation that the septin ring spends most of its

time in the frozen state suggests that this is its functional cytokinesis without affecting actomyosin ring contrac-
tion or the Hof1 pathway. Thus, septins may have addi-conformation. This is in contrast to tubulin- and actin-

dependent structures, which need to be dynamic to be tional roles in cytokinesis besides recruiting the cleav-
age apparatus. Since Rts1 cells have no defects in thefunctional. Together with the findings that septins are

able to form filaments in vitro and are part of the 10 nm Myo1 and Hof1 pathways, we suggest that septins are
required for a later step in cytokinesis. One possibilityneck filaments observed in vivo, our results are consis-

tent with septins forming stable filaments in vivo. Fur- is that upon splitting it serves as a double diffusion
barrier in the plane of the membrane much like duringthermore, our FRAP results indicate that there is no

substantial pool of free septin in the cytoplasm. To- bud growth (Barral et al., 2000). In this manner, the split
rings could delineate a new plasma membrane compart-gether, our data suggest that polymerization is a central

aspect of septin function. In yeast the main role of the ment between them, dedicated to division. This com-
partment may then acquire specific competences forseptin ring is to form a spatial landmark at the bud neck

(Faty et al., 2002; Longtine et al., 1996). There, it acts vesicle fusion and plasma membrane fission. In that
sense, it would be essential for the vesicle fusion eventsas a scaffold for the recruitment of other neck compo-

nents and as a diffusion barrier to prevent mixing of probably required for the final closure of the bud neck
after actomyosin ring contraction, i.e., for abscission. Inbud- and mother-specific membrane and membrane-

associated factors. We propose that its ability to freeze rts1-� mutants, the discontinuous ring would no longer
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maintain their barrier function, providing a possible ex- already at this stage on septin dynamics. During cytoki-
nesis, the rings were found to freeze again. Interestingly,planation for the cytokinetic defect observed.
Cla4 is found to relocalize briefly to the bud neck after
ring splitting (M. Peter, personal communication).Coordination of Septin Dynamics
Hence, Cla4 may trigger refreezing of the ring duringwith Cell Cycle Events
cytokinesis. Three observations argue for Rts1 actingHere, we show that activation of septin dynamics at
in ring disassembly in early G1. First, the septin ring isthe onset of cytokinesis depends on PP2A and Rts1.
found to be again dynamic upon cell separation, indicat-Furthermore, translocation of Rts1 to the bud neck was
ing that septin dephosphorylation occur again at therequired for normal activation of septin dynamics. PP2A
end of cytokinesis. Second, rts1-� cells showed defectscatalytic subunits have been shown to relocalize to the
in septin ring disassembly. Third, Shs1 dephosphoryla-bud neck in a septin and Rts1-dependent manner in late
tion prior to bud emergence was at least in part depen-mitosis (Gentry and Hallberg, 2002). Thus, our results
dent on Rts1 function. Thus, Rts1 may act to induceare consistent with PP2ARts1 inducing septin dynamics
septin dynamics at both the onset and the completionby dephosphorylating some factor(s) at the bud neck.
of cytokinesis.Consequently, phosphorylation of the same factor(s)

Finally, the translocation of Rts1 to the bud neck de-may be required to establish the frozen state. Cla4 and
pends on the completion of mitosis and activation ofGin4 clearly meet the criteria for being involved in the
the MEN pathway. Thus, Rts1 links septin dynamics tocontrol of septin dynamics. Disruption of either of them
exit of mitosis. In this regard, it is interesting to noticewas colethal with cdc12-6, both mutations were epi-
that Rts1 localized to kinetochores very much like chro-static over rts1-�, and prevented proper freezing of the
mosomal passenger proteins in higher eukaryotes.septin ring. One of the substrates of Gin4 is the septin
Thus, it may serve to integrate septin dynamics withShs1/Sep7 (Mortensen et al., 2002). In summary, our
proper spindle function. Alternatively, the function ofand previous results are consistent with the following
Rts1 at the kinetochore may be independent of its func-working model (Supplemental Figure S3 [http://www.
tion at the bud neck. In order to distinguish betweendevelopmentalcell. com/cgi/content/full/4/3/345/
these two possibilities, further studies will have to estab-DC1]). We propose that septin phosphorylation regu-
lish the mechanism controlling Rts1 function.lates their dynamics. It would presumably do so by stabi-

lizing interactions between septin complexes. Support-
Experimental Proceduresing this idea, genetic data suggest that Shs1 acts

specifically in septin ring stabilization and not in septin Strains, Plasmids, and Growth Conditions
ring formation. Moreover, the septin ring failed to prop- All strains used were isogenic or congenic with S288c (YYB384).
erly freeze in cells lacking Shs1. However, it was by far Yeast media and standard genetic techniques were performed as

described (Guthrie and Fink, 1991). The original rts1-13 mutationnot as fluid as during bud emergence or cytokinesis.
and all other mutations were purified before use by backcrossingTherefore, Shs1 is a relevant but not the only substrate
three times with wild-type. Strains disrupted for RTS1, PPH21of the Cla4/Gin4 pathway. Other septins, such as Cdc3
PPH22, and SHS1 were obtained from Euroscarf; the gin4�, hsl1�,

and Cdc11, are also phosphorylated in vivo (Ficarro et kcc4� (Barral et al., 1999), tem1-1, cdc15-1, and cdc14-1 strains
al., 2002; Tang and Reed, 2002), although their modifica- are described. Septin-CFP, -YFP, and -GFP (GFP-CDC3, pYB405,
tion is not well characterized. Also, several mammalian GFP-CDC12, pYB407, CFP-CDC12, pYB458, YFP-CDC10, pYB480,

and GFP-SHS1, pYB481) were constructed by in vivo recombination.septins are phosphorylated in vivo (Xue et al., 2000).
S. Gasser kindly provided the GFP-Nop1 plasmid. pRS315 �3-3HATherefore, phosphorylation-dependent modulation of
is described (Shu et al., 1997).septin dynamics may be a general phenomenon.

For immunofluorescence microscopy, cells were fixed with 3.7%
Possibly, Cla4 first establishes ring freezing upon bud formaldehyde for 30 min. Cells stained with anti-Tub1 antibodies

emergence. Subsequent recruitment and activation of and DAPI (Vogel et al., 2001) were scored for cell cycle stages
Gin4 by septins (Carroll et al., 1998) would reinforce this counting at least 600 cells per sample. Zymolyase treatment (20

�g/ml final concentration) was performed for 30 min at 37�C. Cellssignal and help to maintain the frozen state when Cdc42,
were then vortexed extensively. For cell cycle analysis, rts1� cellsand hence Cla4, are being shut down at the apical to
were arrested with �-factor (5 �g/ml final concentration) for 2.5 hrisotropic growth transition. In the absence of Cla4, Gin4
at room temperature. Arrested cells were then shifted for 1 hr to

may be able to reduce septin dynamics, although not 37�C. The cells were then resuspended in fresh medium at 37�C.
as efficiently as in the presence of Cla4. Thus, this model Samples were taken every 10 min and the cells fixed with 3.7%
would have the advantage to explain why cla4 and gin4 formaldehyde.

For analysis of the role of de novo protein synthesis in Rts1 local-mutants have partial defects in septin dynamics and why
ization cells expressing Rts1-GFP and CFP-Tub1 were grown over-the double mutant cla4-� gin4-� has a much stronger
night in YPD, diluted to OD600 � 0.20 in fresh medium, and grownphenotype than either single mutant (Tjandra et al.,
for 5 hr to OD600 � 0.65. Nocodazole was added (final concentration

1998). It would also explain why gin4-� affected the of 2 mg/ml), and cells were left shaking for 3 hr at 30�C. Nocodazole
dynamics of the ring only in large-budded cells. Activa- was washed away and the culture was split. One half was resus-
tion of septin dynamics at the onset of cytokinesis de- pended in YPD, the other half in YPD 	 10 �g/ml cycloheximide.

Pictures were taken every 15 min and large-budded cells werepends on the relocalization of PP2ARts1 to the bud neck.
scored for elongated spindles and neck localization of Rts1. Rts1-We propose that Rts1 acts twice at cytokinesis: first to
�3-GFP localization was determined in the same manner.induce a transient increase in dynamics at ring splitting

and second during ring disassembly. The first event is
Chromatin Immunoprecipitation Analysis

difficult to characterize at the biochemical level, presum- Chromatin immunoprecipitation (ChIP) was performed as described
ably because of its transient nature. However, both mi- (Meluh and Broach, 1999) with the modifications described in Gentry

and Hallberg (2002).croscopy and genetic data strongly argue for Rts1 acting
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FRAP and Microscopy ring in Saccharomyces cerevisiae cytokinesis. J. Cell Biol. 142,
1301–1312.FRAP experiments were performed on a Zeiss LSM 510 confocal

microscope. Cells expressing GFP or YFP septins were grown on Bouquin, N., Barral, Y., Courbeyrette, R., Blondel, M., Snyder, M.,
YPD overnight. Cells were resuspended in synthetic complete me- and Mann, C. (2000). Regulation of cytokinesis by the Elm1 protein
dium and spread on a 1.6% agarose pad. Half the septin ring was kinase in Saccharomyces cerevisiae. J. Cell Sci. 113, 1435–1445.
bleached with a sequence of 20 to 25 irradiations at 50% of laser

Carroll, C.W., Altman, R., Schieltz, D., Yates, J.R., and Kellogg, D.
intensity. Pictures were taken at least every 30 s for 30 min. Fluores-

(1998). The septins are required for the mitosis-specific activation
cence intensities were analyzed with NIH image. In each picture we

of the Gin4 kinase. J. Cell Biol. 143, 709–717.
scored the average values of both the bleached and non-bleached

Cvrckova, F., De Virgilio, C., Manser, E., Pringle, J.R., and Nasmyth,part. To correct for general bleaching, a reference cell was present
K. (1995). Ste20-like protein kinases are required for normal localiza-in each movie.
tion of cell growth and for cytokinesis in budding yeast. Genes Dev.All other microscopy techniques used have been described
9, 1817–1830.(Kusch et al., 2002). To visualize septin dissociation septins were
Faty, M., Fink, M., and Barral, Y. (2002). Septins: a ring to part mothervisualized using GFP-CDC3. Cells were grown as above and shifted
and daughter. Curr. Genet. 41, 123–131.in temperature under the microscope using a prewarmed heating

stage at 30�C. Pictures were taken every 5 min for up to 75 min. Ficarro, S.B., McCleland, M.L., Stukenberg, P.T., Burke, D.J., Ross,
Septin ring intensities were the average of the two sides of the ring M.M., Shabanowitz, J., Hunt, D.F., and White, F.M. (2002). Phospho-
(the focal plane cuts the ring in the middle, which results in two proteome analysis by mass spectrometry and its application to Sac-
intense dots at the plasma membrane) in cells with a single ring, charomyces cerevisiae. Nat. Biotech. 20, 301–305.
and the four sides of the two rings after ring splitting. Background

Field, C., Li, R., and Oegema, K. (1999). Cytokinesis in eukaryotes:
staining was subtracted. No correction was applied for bleaching.

a mechanistic comparison. Curr. Opin. Cell Biol. 11, 68–80.
To monitor Rts1-GFP, cells were grown overnight on YPD. Three

Field, C.M., and Kellogg, D. (1999). Septins: cytoskeletal polymersfocal planes separated by 0.3 �m were taken using a piezo motor
or signalling GTPases? Trends Cell Biol. 9, 387–394.and projected into a single image. For GFP-CDC12, Nop1p-GFP,
Gentry, M.S., and Hallberg, R.L. (2002). Localization of Saccharo-CFP-Cdc12p, Spc42p-CFP, and CFP-Tub1p, seven focal planes
myces cerevisiae protein phosphatase 2A subunits throughout mi-were taken. Colocalization studies were performed with CFP and
totic cell cycle. Mol. Biol. Cell 13, 3477–3492.YFP filters, which enabled total separation of the CFP and GFP

signals. 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.

Shs1 Phosphorylation Guthrie, C., and Fink, G.R., eds. (1991). Guide to Yeast Genetics
WT and rts1� cells containing Shs1-(HA)3 were arrested with HU and Molecular Biology (San Diego, CA: Academic Press).
(7.6 mg/ml final concentration) for 2 hr at room temperature. Cells

Kusch, J., Meyer, A., Snyder, M.P., and Barral, Y. (2002). Microtubulewere then shifted for 1 hr to 30�C. The cells were released from the
capture by the cleavage apparatus is required for proper spindlearrest at 30�C and samples were frozen every 10 min. Afterward,
positioning in yeast. Genes Dev. 16, 1627–1639.samples were processed together and loaded on a gel. Western
Lippincott, J., and Li, R. (1998a). Dual function of Cyk2, a cdc15/detection was done with an anti-HA-HRP antibody (Santa Cruz).
PSTPIP family protein, in regulating actomyosin ring dynamics and
septin distribution. J. Cell Biol. 143, 1947–1960.Acknowledgments
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Spatial Coordination of Cytokinetic
Events by Compartmentalization

of the Cell Cortex
Jeroen Dobbelaere and Yves Barral*

During cytokinesis, furrow ingression and plasma membrane fission irreversibly
separate daughter cells. How actomyosin ring assembly and contraction, vesicle
fusion, andabscissionare spatially coordinatedwasunknown.We found thatduring
cytokinesis septin rings, located on both sides of the actomyosin ring, acted as
barriers to compartmentalize the cortex around the cleavage site. Compartmen-
talization maintained diffusible cortical factors, such as the exocyst and the po-
larizome, to the site of cleavage. In turn, such factors were required for actomyosin
ring function and membrane abscission. Thus, a specialized cortical compartment
ensures the spatial coordination of cytokinetic events.

In animals and fungi, cytokinesis begins with
the assembly of the actomyosin ring (1–3),
which starts contracting during anaphase.
Consequently, the cleavage furrow ingresses
until it contacts the central spindle. Subse-
quently, daughter cells, which are still con-
nected by the mid-body (2, 3), undergo ab-
scission; the plasma membrane is resolved
into two distinct membranes, and the daugh-
ter cells are irreversibly separated (4). Sep-
tins, a family of conserved GTPases that as-
semble into membrane-associated filaments
(5–7), are among the proteins that localize to
both the cleavage furrow and the mid-body
(8, 9). However, their function in cell cleav-
age is unclear. In Saccharomyces cerevisiae,
septins form a filamentous ring at the neck of
the growing bud. During the G2 phase, this
ring acts as a diffusion barrier to maintain
polarity factors in the bud (5, 10, 11) and as
a scaffold to recruit actomyosin ring compo-
nents (12). At cytokinesis, the septin ring
splits (13), and the actomyosin ring contracts
between the two septin rings (12). We inves-
tigated the role of yeast septins during
cytokinesis.

We first asked whether septins act as a
scaffold to recruit factors to the bud neck
during cytokinesis, as they do in G2. Factors
recruited to the bud neck at cytokinesis in-
clude the polarizome, a complex involved in
actin filament nucleation and signaling (14);
the exocyst, involved in exocytosis (15); and
chitin synthase II, a transmembrane protein
required for primary septum formation (16).
Cells coexpressing green fluorescent protein
(GFP)-labeled Spa2 (polarizome), Sec3 (exo-
cyst) or Chs2 (chitin synthase II) and cyan
fluorescent protein (CFP)-labeled septin
Cdc3 were analyzed by three-dimensional

fluorescence microscopy (17). None of Spa2,
Sec3, and Chs2 colocalized with septins at
any point of the cell cycle. In small- and
medium-budded cells, septins formed an
hourglass-shaped structure at the bud neck
(Fig. 1A; fig. S1) (13); Spa2 and Sec3 local-
ized to the bud cortex; but Chs2 was not
expressed (Fig. 1A; table S1). In the large-
budded cells where Spa2, Sec3, and Chs2
localized to the bud neck, the septin ring had
split (Fig. 1, A and B; fig. S1, table S1) and
the mitotic spindle, when visualized by CFP-
tubulin coexpression, was disassembled. In
these cells, Spa2, Sec3, and Chs2 localized
not on, but between, the split rings, as do the
actomyosin ring components Myo1 (myosin
II), Hof1 (an actin-associated protein), and
Iqg1 (IQGAP) (13, 18). Thus, during cytoki-
nesis, most factors at the cleavage site did not
colocalize with septins, which suggests that
the split septin rings might not act as scaf-
folds for their localization. Instead, septin
rings appeared to delineate the boundaries of
the cleavage area.

Thus, we asked whether the septin rings
delineated a separate cortical compartment.
We defined a cortical compartment as a cor-
tical region in which cortical proteins can
diffuse but from which they cannot exit. To
address this possibility, the mobility of Sec3-
GFP, Spa2-GFP, and Chs2-GFP at the neck
of cytokinetic cells was characterized using
FRAP (fluorescence recovery after photo-
bleaching) (17). For all three proteins, fluo-
rescence recovery was rapid (6 s � t1/2 �
15 s; Fig. 1C; table S2), and for Sec3 and
Spa2, it was comparable to that observed at
the bud cortex during G2 (fig. S2, A and B;
table S2). By contrast, septins showed very
slow dynamics in cytokinetic cells (Fig. 1C;
table S2). Thus, Spa2, Sec3, and Chs2 moved
freely and independently of septins at the bud
neck. Furthermore, no or little fluorescence
loss was observed at the bud neck for either
Spa2-GFP or Sec3-GFP when a cortical re-

gion in the mother or bud of cytokinetic cells
was constantly bleached (Fig. 1D). In con-
trast, Myo2-GFP fluorescence was lost with-
in 90 s in similar experiments (Fig. 1E). The
myosinV, Myo2 shuttles between the bud
neck and the cytoplasm during cytokinesis
(19). Thus, Spa2 and Sec3 did not escape the
neck region. Together these data suggested
that the split septin rings delineate an inde-
pendent cortical compartment.

FRAP experiments on Myo1-GFP,
Hof1-GFP, and Iqg1-GFP indicated that
none of them diffused within the cleavage
area during cytokinesis (table S2). For
example, in cells coexpressing Myo1-CFP
and Myo1-YFP (yellow fluorescent pro-
tein), the entire ring remained visible in the
CFP channel, while half of it was bleached
in the YFP channel (Fig. 1, F and G). In
cytokinetic cells, the bleached fraction of
the actomyosin ring failed to recover fluo-
rescence (Fig. 1F), even during ring con-
traction. In contrast, fluorescence recovery
was rapid (t1/2 � 19 �7 s, Fig. 1G) during
G2. Thus, during cytokinesis the actomyo-
sin ring is a self-contained, rigid structure,
potentially due to the recruitment of actin
cables and myosin II filament assembly.

The cdc12-6 septin allele was used to
investigate whether split septin rings served
as barriers to maintain diffusible molecules to
the bud neck. This allele leads to rapid septin
ring disassembly at 35°C (20) (fig. S3A, table
S3). When cytokinetic cdc12-6 cells express-
ing either Spa2-GFP or Chs2-GFP were shift-
ed to 35°C under the microscope (17), fluo-
rescence rapidly decreased at the bud neck
(Fig. 2A; table S5). Spa2-GFP foci started to
leave the neck region (75% of the cells, N �
19; movie S2 and Fig. 2A) 2 to 3 min after the
shift, i.e., after septin ring disassembly. In
wild-type cells treated in the same manner,
Spa2-GFP and Chs2-GFP remained at the
bud neck until after cells separated (Fig. 2A,
movie S1). Furthermore, maintenance of
Spa2 and Sec3 to the bud neck required the
split septin rings to remain continuous. In-
deed, in rts1-� cells grown at 37°C, septin
rings became discontinuous during cytokine-
sis (20) (Fig. 2B), and Spa2-GFP and Sec3-
GFP, but not Myo1-GFP, failed to localize to
the cleavage site (17). These markers local-
ized to the bud neck of all post-anaphase
wild-type cells treated similarly. Rts1 is the
yeast B� regulatory subunit of protein phos-
phatase 2A (PP2A) and targets it to the bud
neck at cytokinesis (20). Thus, continuous
septin rings were required for the mainte-
nance of diffusible markers to the bud neck,
which supports the idea that they acted as
diffusion barriers.

Actomyosin ring components moved lit-
tle during cytokinesis, which suggests that
their maintenance might not require diffu-
sion barriers. Accordingly, actomyosin
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rings remained stable when the septin ring
was disrupted during cytokinesis (Fig. 2C, d
and e; fig. S4, A and B, table S4) but, as
reported (21, 22), not during G2 (Fig. 2C, a
and b). In cdc12-6 cytokinetic cells, Myo1-
GFP, Hof1-GFP, and Iqg1-GFP rings even
contracted (Fig. 2C, d and e), indicating that
they remained functional. However, in half of
the cases contraction was significantly slower
in the cdc12-6 mutant than in the wild*type
(Fig. 2C, c and d). Furthermore, Myo1 rings

frequently failed to disassemble after contrac-
tion (Fig. 2C, e; table S4). Thus, the situation
is similar to that in fission yeast, C. elegans,
and mammalian cells (1, 6, 23); namely, bud-
ding yeast septins were dispensable for the
maintenance of actomyosin components to
the cleavage site during cytokinesis. Instead,
they facilitated actomyosin ring contraction
and disassembly.

We next tested whether septin function
is essential during cytokinesis. At 30°C,

cdc12-6 cells rapidly lose septin structures
during, but not before, cytokinesis (20).
Wild-type and cdc12-6 cells expressing GFP-
tagged septin Cdc3 were shifted from room
temperature to 30°C (Fig. 3, A and B).
Wild-type cells that underwent cytokinesis
under the microscope separated within 5 to
10 min after ring splitting, as shown by the
“nicking” movements of the separating cells
(Fig. 3A). In contrast, 60% (N � 19) of the
cdc12-6 cells, which rapidly lost septin struc-

Fig. 1. Protein dynamics dur-
ing cytokinesis. (A) Localiza-
tion of Spa2-GFP and the
septin CFP-Cdc3 duringG2/M
(upper lane) and cytokinesis
(lower lane). Enlargements of
the bud neck are shown (in-
sets). (B) Localization of
Iqg1-, Hof1-, Myo1-, Spa2-,
Sec3-, and Chs2-GFP (green)
and the septin CFP-Cdc3
(red). (C) Analysis of Spa2,
Sec3, and Cdc12 dynamics at
the bud neck using FRAP. The
photobleached region is indi-
cated (orange box). Fluores-
cence intensities are shown
over time for the bleached
(light green), and un-
bleached area (dark). (D
and E) Analysis of Spa2
and Myo2 diffusion out of
the cytokinetic area using
fluorescence loss in photo-
bleaching (FLIP). A region
of the cell cortex (orange
circle) was repetitively
bleached, and fluorescence
intensity at the bud neck
was monitored. (F and
G) Actomyosin rings of
diploid cells, coexpressing Myo1-CFP and Myo1-YFP, were subjected to
FRAP. Only YFP was bleached. The overlay between CFP and YFP (green),
the signal in the CFP channel (red) are shown during cytokinesis (F) and

G2 (G). Elapsed time is indicated starting right before bleaching. YFP
intensities over time are shown as in (C). Scale bars, 2 �m. All movies and
imaging methods are available (17 ).

Fig. 2. Septin rings main-
tain diffusible bud neck
proteins at the cleavage
area. (A) Spa2 localiza-
tion in wild-type and
cdc12-6 cytokinetic cells
after shift from permis-
sive (22°C) to restrictive
temperature (35°C). GFP-
labeled dots moving away
from the neck are indicat-
ed (open arrows). Elapsed
time since the tempera-
ture shift is indicated. (B)
Localization of Cdc12,

Spa2, Sec3, and Myo1 in rts1-� (top) and wild-type cells (bottom) after 3 hours at 37°C.
Coexpression of GFP-Nop1 (arrow), a nucleolar marker, and CFP-tubulin (asterisk)
facilitated the identification of post-anaphase cells. (C) Myo1 localization and
contraction in wild-type and cdc12-6 cells shifted to 35°C. Kymographs of ring
contraction are shown. Genotypes and cell cycle stages are indicated. Where
appropriate, an asterisk indicates the beginning of contraction.
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tures when the ring split, never separated
(Fig. 3B). Thus, septin rings are required
during cytokinesis for either abscission or
digestion of the primary septum.

To differentiate between these possibil-
ities, we assayed closure of the bud neck
when septin rings were disrupted. Wild-
type and cdc12-6 strains were constructed
that coexpressed soluble GFP in the cyto-
plasm and Myo1-GFP as a cytokinetic
marker; the cells were shifted to 35°C, and
the loss of cytoplasmic fluorescence in the
bud was monitored while a small region of
the mother cell was bleached (Fig. 3, C to
E). In wild-type cells, fluorescence decayed

in the bud only when photobleaching was
applied before actomyosin ring contraction
(Fig. 3, C and D). Thus, in wild type, the
bud neck closed when the actomyosin ring
contracted and disassembled. In contrast,
when photobleaching was applied on
cdc12-6 cells after actomyosin ring con-
traction and disassembly, fluorescence de-
cayed in the bud and the mother, with
similar kinetics for 80% of the cells (Fig.
3E). Thus, septin rings were required for
abscission when the actomyosin ring
contracted.

A simple explanation for septin func-
tions in cytokinesis could be that compart-

mentalized factors are required for both
actomyosin ring contraction and abscission.
Accordingly, genetic analysis indicated a
cytokinetic role for the exocyst. The tem-
perature-sensitive allele sec3-4, but not
sec3-2 (24, 25), was synthetic lethal with
both myo1-� and hof1-�, which suggests
that Sec3 acts in parallel to Myo1 and
Hof1. Furthermore, 50% of mitotic sec3-4
cells shifted to the restrictive temperature
failed to undergo cytokinesis (Fig. 4A).
Wild-type and sec3-2 cells separated prop-
erly. The sec3-4 allele did not affect septin
organization (Fig. 4B) but slowed down
actomyosin ring contraction (Fig. 4C). Fur-
thermore, although the actomyosin ring
completed contraction and disassembly in
all sec3-4 cells, many of these cells never
completed cytokinesis. Thus, the exocyst is
required for both efficient actomyosin ring
contraction and abscission, consistent with
the requirement of vesicle fusion for plas-
ma membrane extension during contraction
(26 ) and for plasma membrane resolution
(27 ). Therefore, maintenance of cortical
factors to the site of cleavage is likely to be
a major role of septins during cytokinesis.

Cell cleavage requires the convergence of
independent molecular pathways involved in
cortical contractility, vesicle fusion, and plas-
ma membrane fission. Our data indicate that
maintenance of the different molecules un-
derlying these processes to the cleavage site
is ensured by the compartmentalization of the
cortex around the actomyosin ring. In fission
yeast and mammalian cells, septins also lo-
calize to each side of the cleavage site and are
required for late cytokinetic events (7, 28).
Thus, compartmentalization of the cortex
may represent a conserved role of septins
during cytokinesis.
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The Limb Bud Shh-Fgf Feedback
Loop Is Terminated by Expansion

of Former ZPA Cells
Paul J. Scherz,1 Brian D. Harfe,1,2 Andrew P. McMahon,3

Clifford J. Tabin1*

Vertebrate limb outgrowth is driven by a positive feedback loop involving
Sonic Hedgehog (Shh), Gremlin, and Fgf4. By overexpressing individual com-
ponents of the loop at a time after these genes are normally down-regulated
in chicken embryos, we found that Shh no longer maintains Gremlin in the
posterior limb. Shh-expressing cells and their descendants cannot express
Gremlin. The proliferation of these descendants forms a barrier separating
the Shh signal from Gremlin-expressing cells, which breaks down the Shh-
Fgf4 loop and thereby affects limb size and provides a mechanism explaining
regulative properties of the limb bud.

Many key developmental decisions are
made in response to secreted factors ema-
nating from defined organizers or signaling
centers. Whereas much has been learned
about how signaling centers form, much
less attention has been given to an equally
important question: What is the mechanism
that terminates their activity, assuring that
the potent factors they produce do not in-
terfere with subsequent development once
they have fulfilled their function?

Two classic signaling centers are found in
the limb bud. The distal outgrowth of the
limb bud requires the activity of several
members of the fibroblast growth factor (Fgf)
family that are synthesized in a signaling
center at the tip of the limb bud known as the
apical ectodermal ridge (AER) (1, 2). Fgf
signaling also serves to maintain the expres-
sion of another critical secreted factor in the
limb bud, Sonic hedgehog (Shh) which is
produced by a second signaling center, the
zone of polarizing activity (ZPA) in the pos-
terior mesenchyme (1, 3). Shh is responsible
for patterning the anterior-posterior axis of
the limb (4) and also acts to maintain the

expression of several Fgf’s in the overlying
AER, including Fgf4 (1, 3), Fgf9, and Fgf17
(5). Shh maintains Fgf4 (and presumably
Fgf9 and Fgf17) by up-regulating Gremlin in
the adjacent mesenchyme (6, 7). Gremlin is a
bone morphogenetic protein (Bmp) antago-
nist (8) that prevents Bmp’s from down-reg-
ulating Fgf4 (9, 10). Importantly, the fourth
member of the Fgf family expressed in the
AER, Fgf8, is not directly dependent on Shh
for its transcription (11). However, in the
absence of Gremlin, the AER itself becomes
disorganized and Fgf8 is down-regulated
(12). Thus, the signaling centers in the pos-
terior and distal tip of the limb bud are inter-
dependent for their activity, and this positive
feedback loop is required for producing a
normal limb structure.

The signaling loop between Shh and
Fgf’s operates throughout limb develop-
ment until embryonic day 6 (E6) (stage 27)
(13), when Fgf4 and Gremlin cease to be
expressed and Shh is down-regulated [Shh
expression ceases at E7.5 (stage 29)] (4 ).
Concomitantly, the rate of cell proliferation
in the limb decreases (14 ). As critical as the
feedback loop is to patterning, it is equally
critical that it be terminated. This is high-
lighted by the effect of ectopically provid-
ing Shh late in limb development after the
ZPA no longer exists. Fgf8 expression is
transiently maintained at the distal tips of
each digit by factors secreted from the
forming skeletal elements (15). If Shh is
ectopically provided at this stage, Fgf8 ex-
pression is prolonged (15), the digit rays

continue to grow, additional phalanges are
produced, and the limb becomes longer
than normal (15, 16 ). Thus, the breakdown
of the Shh-Fgf feedback loop is critical to
control the size of the limb. To try to
understand how this breakdown occurs, we
overexpressed Shh, Gremlin, and Fgf4 be-
fore E6 (stage 27) and asked if any of them
maintain the other genes in the loop after
their normal down-regulation. A bead
soaked in Fgf4 implanted in the posterior
mesenchyme of E5 (stage 25) chick limb
buds maintained Shh up-regulation for 48
hours until E7 (stage 28) (16 out of 27
limbs), when expression of Shh in con-
tralateral controls was no longer detectable
(Fig. 1, A and B), suggesting that a loss of
responsiveness to Fgf4 is not the mecha-
nism by which the feedback loop breaks
down. Similarly, viral misexpression of
Gremlin with an RCAS virus injected at E4
(stage 23) leads to a continued up-regula-
tion of Fgf4 (8 out of 26 limbs) and Shh (4
out of 10 limbs) 72 hours later at E7 (stage
28) (Fig. 1, C to F), indicating that Gremlin
responsiveness is intact as the feedback
loop degenerates. In contrast, a bead
soaked in Shh and implanted in the poste-
rior limb at E5 (stage 25) cannot maintain
Gremlin (0 out of 12 limbs) or Fgf4 (0 out
of 10 limbs) expression 24 hours later (Fig.
1, G to J) This suggests that a loss in the
ability of mesenchymal cells to respond to
Shh by up-regulating Gremlin is the mech-
anism by which the Shh-Fgf feedback loop
breaks down.

In control experiments, a Shh bead was
implanted into the anterior limb at the same
stage, and it ectopically maintained Grem-
lin expression (9 out of 16 limbs) (Fig. 1K).
Thus, although Shh responsiveness is lost
in the posterior limb, it is maintained in the
anterior limb. This is less surprising in the
context of previous studies showing that
there is a zone in which Gremlin expression
is excluded in the posterior limb (7, 17 ).
From E4 to E5.5 (stages 23 to 26), this zone
of exclusion increasingly expands, such
that a gap opens between the domains of
Shh and Gremlin expression (Fig. 2, A and
B). It is the cells within this domain that are
unable to express Gremlin in response to
ectopic Shh.

In a separate recombinase-based fate
mapping study, we marked the descendants
of cells that at one time expressed Shh in
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