
Molecular Biology of the Cell
Vol. 16, 3455–3466, August 2005

Role of the Septin Ring in the Asymmetric Localization of
Proteins at the Mother-Bud Neck in Saccharomyces
cerevisiae□V

Lukasz Kozubowski,* Jennifer R. Larson, and Kelly Tatchell

Department of Biochemistry and Molecular Biology, Louisiana State University Health Sciences Center,
Shreveport, LA 71130

Submitted September 1, 2004; Accepted May 11, 2005
Monitoring Editor: John Pringle

In the yeast Saccharomyces cerevisiae, septins form a scaffold in the shape of a ring at the future budding site that
rearranges into a collar at the mother-bud neck. Many proteins bind asymmetrically to the septin collar. We found that
the protein Bni4-CFP was located on the exterior of the septin ring before budding and on the mother side of the collar
after budding, whereas the protein kinase Kcc4-YFP was located on the interior of the septin ring before budding and
moved into the bud during the formation of the septin collar. Unbudded cells treated with the actin inhibitor latruncu-
lin-A assembled cortical caps of septins on which Bni4-CFP and Kcc4-YFP colocalized. Bni4-CFP and Kcc4-YFP also
colocalized on cortical caps of septins found in strains deleted for the genes encoding the GTPase activating proteins of
Cdc42 (RGA1, RGA2, and BEM3). However, Bni4-CFP and Kcc4-YFP were still partially separated in mutants (gin4, elm1,
cla4, and cdc3-1) in which septin morphology was severely disrupted in other ways. These observations provide clues to
the mechanisms for the asymmetric localization of septin-associated proteins.

INTRODUCTION

Septins are conserved GTPases that were first discovered in
Saccharomyces cerevisiae by analysis of mutants defective in
cytokinesis (Hartwell, 1971; Longtine et al., 1996) and were
subsequently found to be crucial for cell division in some,
but not all, fungal and animal cells (Longtine et al., 1996;
Field and Kellogg, 1999; Trimble, 1999; Nguyen et al., 2000;
Westfall and Momany, 2002). Septins seem to play roles in
vesicle transport and exocytosis and have been implicated in
neurodegenerative diseases and oncogenesis (Trimble, 1999;
Dent et al., 2002; Hall and Russell, 2004). However, the ways
in which they contribute to these processes are still poorly
understood. The yeast genome encodes seven septin pro-
teins, five of which (Cdc3, Cdc10, Cdc11, Cdc12, and Shs1)
are expressed in vegetative cells and two of which (Spr3 and
Spr28) act exclusively during sporulation (De Virgilio et al.,
1996; Fares et al., 1996; Longtine et al., 1996; Longtine and Bi,
2003). All five vegetative septins form a ring adjacent to the
plasma membrane at the incipient bud site �15 min before
bud emergence, at which time the septin ring rearranges into
an hourglass-shaped collar that spans both the mother and
the daughter sides of the mother-bud neck. This collar per-

sists until just before cytokinesis, when it splits into two
rings that occupy opposite sides of the neck.

The molecular architecture of septin complexes and the
mechanisms that govern septin organization and remodel-
ing are not well understood. Septins purified from yeast
(Frazier et al., 1998; Versele et al., 2004; Versele and Thorner,
2004), Drosophila (Field et al., 1996), rat (Hsu et al., 1998), and
Xenopus (Mendoza et al., 2002) form filaments in vitro. In
mouse NIH3T3 fibroblasts, the septins Sept2 and Sept6 co-
localize with actin in the form of bundles and rearrange into
�0.7-�m-diameter rings when actin organization is dis-
turbed (Kinoshita et al., 2002). Similar septin rings reconsti-
tuted in vitro consist of individual septin filaments that run
circumferentially (Kinoshita et al., 2002). Electron micro-
scopic examination of the yeast bud neck revealed 10-nm
striations that run perpendicular to the mother-daughter
axis (Byers and Goetsch, 1976). These striations are absent in
temperature-sensitive septin mutants at restrictive tempera-
ture, which suggests that septins form filaments that encircle
the neck perpendicular to the mother-daughter axis. How-
ever, in strains deleted for genes GIN4, NAP1, or CLA4, the
septins often look like bars that run parallel to the mother-
daughter axis (Longtine et al., 1998, 2000), suggesting that
septins can form filaments that run along the mother-daugh-
ter axis.

The septins at the bud neck act as a scaffold for proteins
involved in such fundamental and diverse processes as the
establishment of cell polarity (Sheu et al., 2000), cell wall
synthesis (DeMarini et al., 1997), spindle positioning
(Adames and Cooper, 2000; Kusch et al., 2002), regulation of
the mitotic checkpoint (Barral et al., 1999; McMillan et al.,
1999; Shulewitz et al., 1999; Longtine et al., 2000; Hanrahan
and Snyder, 2003; Theesfeld et al., 2003), and cytokinesis (Bi
et al., 1998; Lippincott and Li, 1998; Vallen et al., 2000). Many
septin-dependent proteins that occur in the neck region are
asymmetrically distributed across the mother-daughter axis
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(reviewed by Gladfelter et al., 2001). Such proteins associate
with the mother side of the neck, with the daughter side, or
with the middle zone between the mother and the daughter
cell. Some of these proteins localize exclusively to one side of
the neck, whereas others change their locations during the
cell cycle. These asymmetries are likely to have important
roles in growth, cell cycle regulation, and morphogenesis.
For example, the protein Bni4 coordinates the synthesis of
chitin in a ring on the mother side of the neck (DeMarini et
al., 1997). Loss or delocalization of this complex from the
mother side of the neck results in a defect in morphology in
a wild-type background and inviability in cells that also lack
the formin protein Bni1 (Tong et al., 2001). In contrast, the
protein kinase Hsl1 and its binding partner Hsl7 localize
exclusively on the daughter side of the neck, where they act
to regulate the stability of the morphogenesis checkpoint
kinase Swe1 (Barral et al., 1999; McMillan et al., 1999; Shule-
witz et al., 1999; Longtine et al., 2000; Cid et al., 2001). The
Kcc4 protein kinase also associates exclusively with the
daughter side (Barral et al., 1999; Okuzaki and Nojima, 2001),
where it may act with the related protein kinases Gin4 and
Hsl1 to regulate septins and the cell cycle (Barral et al., 1999).

Several models have been proposed to explain the asym-
metric localization of proteins at the bud neck (Gladfelter et
al., 2001). One possibility, first proposed by DeMarini et al.
(1997) for the asymmetry of Bni4, is that Bni4 binds irrevers-
ibly to the initial septin ring in unbudded cells. If septins are
added asymmetrically to form the collar at bud emergence,
this process would leave Bni4 on the mother side of the neck.
This model does not explain the asymmetric localization of
proteins such as Kcc4, which occur at the site of bud emer-
gence and remain on the daughter site of the neck during
budding. On the other hand, there is no evidence that a
single mechanism accounts for the asymmetry of all bud
neck-associated proteins, and individual proteins may local-
ize by distinct mechanisms. A second possibility is that the
asymmetry is generated because of the diffusion barrier
formed by the septin collar (Barral et al., 2000; Takizawa et
al., 2000; Dobbelaere and Barral, 2004). This barrier limits the
diffusion of the membrane-associated protein Ist2, whose
mRNA is delivered to the bud tip by an actomyosin-based
process. A hypothetical asymmetry-initiating factor also
could be transported to and retained in the membrane com-
partment of the bud by a similar mechanism. This factor
could then direct the asymmetric localization of other pro-
teins at the neck. A third hypothesis posits a specific septin
organization within the septin ring and/or collar as the basis
for the asymmetry. It is possible that septins are arranged
into polar filaments running parallel to the mother-daughter
axis in the neck. Such an organization of septins would
create different environments on the two sides of the septin
collar.

To investigate the mechanisms responsible for the asym-
metry of septin-binding proteins, we have focused on Bni4
and Kcc4, which localize to the mother and daughter sides of
the neck, respectively. These proteins have several attractive
attributes for this study. A green fluorescent protein (GFP)
fusion of each protein localizes to the neck, and the Bni4-
GFP fusion, at least, seems to have normal activity. Both
proteins localize to the incipient bud site early in the cell
cycle before bud emergence, yet neither is necessary for the
normal localization of the other. Using these two proteins as
probes, we have discovered that the spatial separation be-
tween Bni4 and Kcc4 occurs before bud emergence. Further-
more, our data indicate that the actin cytoskeleton is in-
volved in normal septin ring formation or maintenance in

unbudded cells and for the concomitant asymmetric distri-
bution of Bni4 and Kcc4.

MATERIALS AND METHODS

Yeast Strains, Media, and Reagents
The yeast strains used (Table 1) are all congenic to JC482 (Cannon and
Tatchell, 1987) except for strains YLK281 and YLK282, which were derived by
sporulation of KWY264 and KWY295 (Wertman et al., 1992; Ayscough et al.,
1997), and the deletion panel strains (Winzeler et al., 1999), which were
obtained from Research Genetics (Open Biosystems, Huntsville, AL). Mutant
alleles were introduced into the JC482 background by at least seven serial
backcrosses or by transformation. The cdc3-1 allele in YLK271 was derived
from SLTD3-6B (Johnson et al., 1987). The cla4::TRP1 allele in JRL55 was
derived from strain TRY-1D (Richman et al., 1999). The gin4::LEU2 allele in
YLK158 and YLK202 was derived from a strain obtained from Douglas
Kellogg (University of California, Santa Cruz, Santa Cruz, CA) (Altman and
Kellogg, 1997). The construction of BNI4-CFP::kanMX6, CDC10-GFP::kanMX6,
and CDC10-YFP::His3MX6 alleles was described previously (Kozubowski et
al., 2003).

To generate gene-deletion and GFP-fusion strains by the PCR method, each
amplified cassette was transformed into a KT1357 � KT1358 diploid strain,
drug-resistant or amino acid-prototrophic transformants were sporulated,
and haploid meiotic segregants were isolated by tetrad analysis. To generate
the shs1�::kanMX4 deletion in strain JRL18, the pFA6a-kanMX4 cassette (Gul-
dener et al., 1996) was amplified using primers SEP7F (CCAAAGATCTGCT-
TATAATTGCTAGAAAAATATATTATTAGCATAGGCCACTAGTGGATCT-
G) and SEP7R (GCTCAGCTTTGGATTTTGTACAGATACAACTCAATCTC-
TACAGCTGAAGCTTCGTACGC). To generate an elm1�::kanMX6 deletion, a
deletion cassette was amplified using DNA from the elm1� strain from the
Research Genetics panel and primers SP15-F (CCGGAATTCATAGTGCTTC-
GAGGA) and SP16-R (CGCGACACAGTGGGATCAAGATAA). To generate
the rga1� rga2� bem3� mutant strain JRL159, deletion cassettes were ampli-
fied using DNA from the rga1�, rga2�, and bem3� strains from the Research
Genetics panel and primers SP25-F (GCGCGCTTTATGCCGTATTAGGAA)
and SP26-R (CAGACTGCTTGGCGCTTATGATTC) (rga1�), SP21-F
(CCCAGTTAATTAGCCACAGTG) and SP22-R (GACGCAATACCAAGAG-
CATG) (rga2�), and SP23-F (GAAAGTTATATGGCGGCGGTGATG) and
SP24-R (CCTTCTTTATCTCAGCTCTTCGACC) (bem3�). The cassettes were
then individually transformed into a KT1357 � KT1358 diploid strain. Nat-
resistant strains were then created by restriction digesting pAG25 (Goldstein
and McCusker, 1999) with EcoRI and transforming into the Kan-resistant
haploids. Crosses among these strains and YLK189 then yielded strain
JRL159.

All integrated GFP, cyan fluorescent protein (CFP), and yellow fluorescent
protein (YFP) fusions were constructed according to the method described by
the Yeast Resource Center (University of Washington, Seattle, WA) (http://
depts.washington.edu/�yeastrc/fm_home3.htm), which is based on the
method described by Wach et al. (1997). BNI4-YFP in strain JRL18 was
generated using the primer pairs described in Kozubowski et al. (2003). For
the generation of GFP, CFP, and YFP fusions to Kcc4, primers KCC4F (AAT-
CCAAATTATTTTACAAAAAGAAGGTGTTTTGGACAAAGGTCGACGGA-
TCCCCGGG) and KCC4R (CGTATTGTCCATTTGGGGATCGATTATC-
CCTCCCTTTTTTATCGATGAATTCGAGCTCG) were used. Strains were
grown at 30°C on YPD medium (2% bacto peptone, 1% yeast extract, and 2%
glucose) or synthetic complete medium that was made as described by
Sherman et al. (1986) unless stated otherwise.

To generate pLK10, a BNI4-GFP LEU2 CEN plasmid, plasmid p366 (DeMa-
rini et al., 1997), was transformed into a bni4�1::TRP1 deletion strain, which
was then transformed with a PCR-generated EGFP-kanMX6 cassette ampli-
fied from plasmid pLK3 by using primer pairs BGFP1 and BGFP2 (Ko-
zubowski et al., 2003). The resulting BNI4-GFP–containing plasmid was re-
covered from yeast by transformation into Escherichia coli. pTD150-CDC3 is a
URA3 CEN plasmid containing CDC3-GFP expressed from the ACT1 pro-
moter and was a gift from Brian Haarer (SUNY Upstate Medical University,
Syracuse, NY).

Microscopy
Indirect immunofluorescence was done as described previously (Kozubowski
et al., 2003). The primary antibodies were anti-Bni4 (DeMarini et al., 1997),
anti-Cdc11 (Santa Cruz Biotechnology, Santa Cruz, CA), and anti-Cdc12
(kindly provided by M. Versele and J. Thorner, University of California,
Berkeley, Berkeley, CA), and the secondary antibody was Alexa Fluor 488
anti-rabbit-IgG (Molecular Probes, Eugene, OR). GFP, CFP, and YFP fusion
proteins were imaged as described by Kozubowski et al. (2003). The CFP and
YFP signals were pseudocolored green and red, respectively, and superim-
posed on the differential interference contrast (DIC) images by using IPlab
Spectrum software (Scanalytics, Fairfax, VA). Confocal images were collected
with a Bio-Rad Radiance 2000 confocal system (Nikon TE300 stand; 25-mW
Ar laser; 100�, 1.4 numerical aperture, Plan Apo objective). The three-dimen-
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sional (3D) image projections were made using either the Radiance 2000
software (Bio-Rad, Hercules, CA) or the IPlab Spectrum software.

Cell synchronization and treatment with latrunculin A (Lat-A) (Sigma-
Aldrich, St. Louis, MO) were carried out as described by Ayscough et al.
(1997). Briefly, a 200-�l aliquot of overnight culture was spread onto YPD
medium and incubated at 30°C overnight; the cells were then scraped into 20
ml of 50% YPD � 1 M sorbitol, and budded cells were eliminated by
successive centrifugations at 500 � g. The unbudded cells (mostly daughter
cells) remaining in the supernatant were pelleted and resuspended in YPD.
Typically, aliquots of 200 �l of unbudded cells (at �5 � 107cells/ml) were
incubated at 24°C in the presence of either Lat-A added from a 20 mM stock
solution in dimethyl sulfoxide (DMSO) or the equivalent amount of DMSO.
To evaluate the data and determine whether polarized fluorescence was in the
shape of a ring or a cap, two or three images at different focal planes were
acquired. The actin cytoskeleton was visualized using rhodamine-phalloidin
(Molecular Probes) as described by Yang et al. (1997).

RESULTS

Bni4 and Kcc4 Are Spatially Separated on Septin Rings of
Unbudded Cells
We constructed strains in which the blue-shifted and red-
shifted variants of GFP were fused to Bni4 and Kcc4, respec-
tively. Consistent with previous reports (DeMarini et al.,
1997; Barral et al., 1999; Okuzaki and Nojima, 2001; Ko-
zubowski et al., 2003), in small-budded cells, Bni4-CFP and
Kcc4-YFP bound exclusively to the mother and daughter
sides of the septin collar, respectively (Figure 1A). In unbud-
ded cells of the same strain, Bni4-CFP and Kcc4-YFP oc-
curred essentially simultaneously at the presumptive bud
site: 95% (n � 92) of unbudded cells with Bni4-CFP at the

incipient bud site also had Kcc4-YFP at that site, whereas
98% (n � 89) of unbudded cells with Kcc4-YFP at the incip-
ient bud site also had Bni4-CFP there. If bud emergence
were necessary for the Bni4-Kcc4 asymmetry, as originally
proposed for the asymmetric localization of Bni4 (DeMarini
et al., 1997), then there should be no separation between Bni4
and Kcc4 in unbudded cells. However, Bni4-CFP and Kcc4-
YFP did not colocalize in unbudded cells. In cross-section
(Figure 1B, 1–4), Kcc4-YFP was detected as either a single
patch or two patches positioned inside two patches of Bni4-
CFP. Examination of these signals in different focal planes
revealed that both Bni4-CFP and Kcc4-YFP form rings at the
future budding site. In cells for which the entire ring of
Bni4-CFP was imaged (Figure 1B, 5–8), Kcc4-YFP occurred
as either a smaller ring or a patch positioned inside the
Bni4-CFP ring. To quantify these results, we measured the
diameters of the Bni4-CFP and Kcc4-YFP rings in 128 un-
budded cells. The measured diameters varied between 0.4
and 1.5 �m for Kcc4 and between 0.6 and 2.0 �m for Bni4.
The ratio of the Kcc4 and Bni4 diameters was less variable
and was significantly less than one (0.81 � 0.09, p � 0.01).

Because Bni4 and Kcc4 require the septin scaffold for their
association with the neck, we reasoned that these proteins
should occupy the outer and inner portions of the septin
ring, respectively. To test this possibility, we visualized ei-
ther Bni4-CFP or Kcc4-CFP together with the septin Cdc10-
YFP. Both Bni4-CFP and Kcc4-CFP occurred at the future
budding site approximately simultaneous with the septin.

Table 1. Yeast strains

Strain Genotype Source or reference

KT1357 MATa leu2 ura3 his3 trp1 Frederick and Tatchell (1996)
KT1358 MAT� leu2 ura3 his3 trp1 Venturi et al. (2000)
YLK66 MAT� leu2 ura3 his3 trp1

CDC10-GFP::kanMX6
Kozubowski et al. (2003)

YLK158 MAT� leu2 ura3 his3 trp1 gin4::LEU2
CDC10-GFP::kanMX6

See text

YLK189 MAT� leu2 ura3 his3 trp1 BNI4-CFP::kanMX6
KCC4-YFP::His3MX6

See text

YLK202 MAT� leu2 ura3 his3 trp1 gin4::LEU2
BNI4-CFP::kanMX6 KCC4-YFP:: His3MX6

See text

YLK214 MAT� leu2 ura3 his3 trp1 KCC4-CFP::kanMX6
CDC10-YFP::His3MX6

See text

YLK215 MAT� leu2 ura3 his3 trp1 BNI4-CFP::kanMX6
CDC10-YFP::His3MX6

See text

YLK217 MATa/MAT� leu2/leu2 ura3/ura3 his3/his3 trp1/
trp1 KCC4-CFP::kanMX6/KCC4-CFP::kanMX6
CDC10-YFP::His3MX6/CDC10

See text

YLK218 MATa/MAT� leu2/leu2 ura3/ura3 his3/his3 trp1/
trp1 BNI4-CFP::kanMX6/BNI4-CFP::kanMX6
CDC10-YFP::His3MX6/CDC10

See text

YLK271 MAT� leu2 ura3 his3 trp1cdc3–1
BNI4-CFP::kanMX6 KCC4-YFP::His3MX6

See text

YLK281 MAT� leu2–3112 ura3–52 his3�200 ACT1:HIS3
tub2–201 CAN1? CRY1?

See text

YLK282 MATa leu2–3112 ura3–52 his3�200 act1–117:
HIS3 tub2–201 CAN1? CRY1?

See text

JRL18 MAT� leu2 ura3 his3 trp1shs1�::kanMX4
KCC4-CFP::kanMX6 BNI4-YFP::His3MX6

See text

JRL49 MAT� leu2 ura3 his3 trp1 elm1�::kanMX6
BNI4-CFP::kanMX6 KCC4-YFP::His3MX6

See text

JRL55 MAT� leu2 ura3 his3 trp1 cla4::TRP1
BNI4-CFP::kanMX6 KCC4-YFP::His3MX6

See text

JRL159 MAT� leu2 ura3 his3 trp1 bem3�::kanMX6
rga1�::natMX6 rga2�::natMX6
BNI4-CFP::kanMX6 KCC4-YFP::His3MX6

See text
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For Bni4-CFP, all unbudded cells with polarized Cdc10-YFP
also displayed colocalized Bni4-CFP (26 cells of haploid
strain YLK215; 26 cells of diploid strain YLK218). For Kcc4-
CFP, the same was true for nine of nine diploid cells (strain
YLK217) and 38 of 48 haploid cells (strain YLK214) with
polarized Cdc10-YFP. However, in the remaining 10 haploid
cells, which had weak Cdc10-YFP signals, there was no
detectable Kcc4-CFP. In both haploid and diploid cells, the
Cdc10-YFP rings were larger than those of Kcc4-CFP but
smaller than those of Bni4-CFP (Figure 1C; our unpublished
data).

To follow the locations of Bni4 and Kcc4 during the tran-
sition of the septin ring in unbudded cells to the septin collar
in budded cells, we performed time-lapse imaging. As
shown in Figure 1D, the patch or small ring of Kcc4-YFP
seemed to move into the bud at bud emergence, ultimately
occupying the daughter side of the neck, whereas the pre-
viously encircling ring of Bni4-CFP remained on the mother
side.

In summary, Bni4 and Kcc4 accumulate simultaneously
with the septins at the cell cortex in unbudded cells, but they
are asymmetrically distributed across the septin ring (Figure
1E). This asymmetry persists as the septin collar forms at

bud emergence. These data show that the spatial separation
between Bni4 and Kcc4 develops before, and not concomi-
tant with, bud emergence. In the remainder of this article,
we refer to the spatial separation of Bni4 and Kcc4 in both
budded and unbudded cells as asymmetric localization.

Septin Ring Formation Correlates with the Establishment
of Bni4/Kcc4 Asymmetry
The spatial separation of Bni4 and Kcc4 in unbudded cells
may seem to exclude the hypothesis that a diffusion barrier
generated by the septins imposes the asymmetry, especially
because this diffusion barrier was described only in budded
cells (Barral et al., 2000; Takizawa et al., 2000; Dobbelaere and
Barral, 2004). However, even in unbudded cells, a hypothet-
ical membrane-associated factor could conceivably be trans-
ported directly to the inside of the septin ring and remain
trapped in this small compartment. Because directed trans-
port of many proteins occurs by an actin-based process, one
way to test this possibility is to prevent actin polymerization
in unbudded cells by using Lat-A and then monitor the
localization of Bni4 and Kcc4. Septins and Bni4 were shown
to localize to polarized sites independently of actin (Ay-
scough et al., 1997; Harkins et al., 2001), but Kcc4 was not

Figure 1. Bni4 and Kcc4 do not colocalize in
unbudded cells. DIC and fluorescence images
are shown. For merged images, Bni4-CFP and
Kcc4-YFP are pseudocolored green and red,
respectively. (A) Asymmetric localization of
Bni4-CFP and Kcc4-YFP in small- and medi-
um-budded cells of strain YLK189. (B) Spatial
separation of Bni4-CFP and Kcc4-YFP in un-
budded cells of strain YLK189. (C) Localiza-
tion of Kcc4-CFP and Bni4-CFP to the inner
and outer edges of the Cdc10-YFP septin ring,
respectively. 1–3, strain YLK214; 4–6, strain
YLK215. (D) Separation of Kcc4-YFP (arrow-
heads) and Bni4-CFP (arrows) during bud
emergence. A cell of strain YLK189 was im-
aged before bud emergence (1 and 4) and 10
(2 and 5) and 20 (3 and 6) min later. (E) Model
showing the location of Bni4 and Kcc4 during
the transition of the septin ring into the septin
collar upon bud emergence. Bni4 (blue) forms
a larger ring that encircles the Kcc4 ring (yel-
low). At bud emergence, Kcc4 moves toward
the growing bud, whereas Bni4 stays on the
mother side of the neck. Bars, 1 �m.
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examined. If actin is necessary for the asymmetry, then the
septins, Bni4, and Kcc4 should overlap fully in unbudded
cells after treatment with Lat-A.

To address the role of actin, we isolated unbudded daugh-
ter cells, released them into fresh medium containing 150
�M Lat-A, and monitored the locations of Bni4-CFP and
Kcc4-YFP. After 3.5 h at 24°C, 46% of the DMSO-treated
control cells were budded, and most budded and unbudded
cells showed normal localization of Bni4-CFP and Kcc4-YFP
(Table 2; our unpublished data). As expected, 96% of the
Lat-A–treated cells were unbudded after 3.5 h, and filamen-
tous actin was absent, as shown by staining with rhoda-
mine-phalloidin (our unpublished data). We made two un-
expected observations in the Lat-A–treated cells. First, cells
with polarized Bni4-CFP and polarized Kcc4-YFP both de-
tectable were only 3 and 7% of the populations after 3.5 and
8 h, respectively (Table 2). Second, Kcc4-YFP and Bni4-CFP
formed clearly defined rings in only 5% of the cells that had
detectable signals (vs. 84% in the control cells); in the re-
maining cells, the proteins localized as small patches or
larger caps of fluorescence at the cortex when examined in
cross-section. In the remainder of this article, we refer to a
cortical fluorescence signal that does not look like a ring as
a cap, regardless of its size. Furthermore, the Bni4 and Kcc4
fluorescence signals largely colocalized in the caps of the
Lat-A–treated cells (Figure 2A).

To assess more precisely the relative locations of Kcc4-YFP
and Bni4-CFP in Lat-A–treated cells, we measured the di-
ameters of the fluorescence signals and compared the ratios
of these diameters to the ratios of diameters measured in the
control cells (Figure 2B and Table 2). In the few cells that had
rings, the average YFP/CFP ratio was 0.75 � 0.09 (n � 13),
similar to that in the control cells. In contrast, the average
YFP/CFP ratio for the caps in the Lat-A–treated cells (0.98 �
0.15, n � 128) was significantly larger (p � 0.01) than the
average ratio for rings in either control cells that were not
treated (0.81 � 0.09, n � 128) or treated with DMSO (0.80 �
0.09, n � 16). Sixteen percent of the DMSO-treated unbud-
ded cells with polarized signal did show apparent caps of

signal (Table 2). However, the average ratio of Kcc4-YFP to
Bni4-CFP diameters in these cells was 0.77, suggesting that
Bni4 and Kcc4 were still separated (note that the classifica-
tion of the fluorescence signal as ring or cap is subject to
error when cells are examined in only one focal plane).

The accumulation of Bni4-CFP/Kcc4-YFP caps after Lat-A
treatment suggests that the actin cytoskeleton has a role in
formation and/or maintenance of the septin ring. To test
this, we examined the locations of Bni4-CFP and the septin
Cdc10-YFP in Lat-A–treated cells of strain YLK215. As be-
fore, only a small fraction of the unbudded cells showed a
polarized Bni4-CFP signal (8 and 5%, respectively, after 2.5
and 7 h in Lat-A), and this signal was largely present as caps
rather than rings (Figure 2C). In contrast, significantly more
cells showed a polarized Cdc10-YFP signal (27 and 37%,
respectively). Approximately 10% of the unbudded cells
showed more than one cap of Cdc10-YFP, a phenomenon
also observed for Bni4-CFP and Kcc4-YFP, although less
frequently (Figure 2, A and C, 7–9).

Because these results seemed inconsistent with those re-
ported previously (Ayscough et al., 1997; Harkins et al., 2001;
Kadota et al., 2004), we repeated our experiments by using
the S288C genetic background as used in the previous stud-
ies. Strain YLK281 was transformed with a low-copy plas-
mid encoding either Bni4-GFP or Cdc3-GFP and treated as
in the previous experiments. After 3.5 h of incubation in the
presence of 100 �M Lat-A, �90% of cells in both strains
remained unbudded. The percentages of cells with polarized
signal for Bni4-GFP and Cdc3-GFP were higher in this strain
background, reaching 34 and 70%, respectively (Table 3,
lines 1 and 2; and Figure 2D). However, as in the previous
experiments, the majority of signal (�75%) for both fusion
proteins occurred as caps. To confirm that the appearance of
septin caps resulted from the lack of filamentous actin, we
also used a strain (YLK282) that contains the Lat-A–resistant
actin allele act1-117. This strain did not show Cdc3-GFP caps
upon treatment with 100 �M Lat-A, and most cells had
budded after 2 h of incubation (our unpublished data).

Table 2. Effect of Lat-A treatment on the spatial organization of Kcc4 and Bni4

DMSO Lat-A

3.5 h
(n � 648)

3.5 h
(n � 1779)

4.25 h
(n � 948)

8 h
(n � 875)

% Unbudded cells 54 96 97 95
No. of unbudded cells with a ring 16 6 1 0
Diameter of Kcc4-YFP ring (�m) 0.92 � 0.09 1.02 � 0.21 1.08
Diameter of Bni4-CFP ring (�m) 1.15 � 0.09 1.46 � 0.19 1.20
Kcc4-YFP/Bni4-CFP ring ratio 0.80 � 0.09 0.70 � 0.07 0.90
No. of unbudded cells with a cap 3 39 25 54
Diameter of Kcc4-YFP cap (�m) 0.75 � 0.07 1.06 � 0.25 1.22 � 0.25 1.15 � 0.28
Diameter of Bni4-CFP cap (�m) 0.99 � 0.17 1.14 � 0.22 1.20 � 0.21 1.18 � 0.28
Kcc4-YFP/Bni4-CFP cap ratio 0.77 � 0.06 0.93 � 0.14 1.02 � 0.60 0.99 � 0.15
No. of unbudded cells with an indeterminate

signala
0 6 4 4

Diameter of Kcc4 indeterminate signal (�m) 1.11 � 0.17 1.26 � 0.25 1.28 � 0.09
Diameter of Bni4 indeterminate signal (�m) 1.28 � 0.17 1.28 � 0.05 1.29 � 0.17
Kcc4/Bni4 diameter ratio for indeterminate signal 0.87 � 0.13 0.99 � 0.21 1.00 � 0.07
% of Unbudded cells with lost asymmetryb 5 49 77 74

Unbudded cells of strain YLK189 were isolated and treated with 150 �M Lat-A as described in Materials and Methods. Only cells with both
proteins visible were scored.
a The Kcc4 and Bni4 signals were intermediate between rings and caps.
b Lost asymmetry is defined as a ratio of Kcc4 toBni4 signal diameter of �0.9.
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Indirect immunofluorescence using anti-Bni4, anti-Cdc11,
and anti-Cdc12 antibodies confirmed the effect of Lat-A on
septin organization. DMSO-treated control cells budded and
showed the expected rings of both Bni4 and septins (our
unpublished data). In the Lat-A–treated cells of either strain
background, polarized Bni4 was in the form of a cap in
56–67% of unbudded cells with a detectable polarized sig-
nal (Figure 3A; Table 3, lines 3 and 4). Cdc11 and Cdc12 also
formed caps in most cells with a polarized septin signal
(Figure 3B and Table 3, lines 5 and 8). As with the GFP
fusion proteins, the percentages of cells with polarized sep-
tin signals were significantly higher than that for Bni4. The
use of higher Lat-A concentrations did not significantly af-
fect the results (Table 3, lines 6, 7, 9, and 10). To confirm that
the signals observed in the Lat-A–treated cells were mostly

caps and not rings, we examined the cells by using a confo-
cal microscope in multiple focal planes. The reconstructed
images of the septins show clear differences between a ring
of Cdc11 (Figure 3C, 1 and 2, and Supplemental Fig
3c1.mov) and caps of Cdc11 (Figure 3C, 3–6, and Supple-
mental Fig 3c2.mov and Fig 3c3.mov).

The results with Lat-A suggest that F-actin is important
for the formation and/or maintenance of septin rings before
bud emergence. They also suggest that the initial organiza-
tion of septins into a ring in unbudded cells is crucial for the
efficient spatial separation of Bni4 and Kcc4. Septin caps may
be normal but transient structures that precede ring forma-
tion (Caviston et al., 2003; Longtine and Bi, 2003). If this were
the case, then septin caps might rearrange into rings when
F-actin is restored, and cells would presumably then bud

Figure 2. Role of F-actin in formation
and/or maintenance of the septin ring and
Bni4/Kcc4 asymmetry before bud emer-
gence. (A) Unbudded cells of strain
YLK189 were incubated in Lat-A–contain-
ing medium (see Materials and Methods
and Table 2) for 4 (1–6) or 8 (7–9) h before
imaging Bni4-CFP and Kcc4-YFP. (B) His-
togram showing ratios between Kcc4-YFP
and Bni4-CFP signal diameters calculated
either for rings in untreated YLK189 cells
(open bars and light Gaussian curve; n �
128) or for caps in the Lat-A–treated cells
(black bars and dark Gaussian curve; see
Table 2). The mean values were signifi-
cantly different according to a t test (p �
0.01). The data for the Lat-A–treated cells
are from a total of 128 cells imaged at
times between 1.5 and 8 h during the in-
cubation with Lat-A. The average ratios
for the individual time points were not
significantly different (Kcc4/Bni4 ratios
for the individual time points were 10 cells
at 1.5 h, average ratio of 1.02 � 0.16; 39
cells at 3.5 h, average ratio of 0.93 � 0.14;
25 cells at 4.25 h, average ratio of 1.02 �
0.16; 54 cells at 8 h, average ratio of 0.99 �
0.15). (C) CDC10-YFP BNI4-CFP strain
YLK215 was treated as in A and incubated

for 3.5 h at 24°C before imaging. (D) Strain YLK281 was transformed with a low-copy plasmid expressing Cdc3-GFP (pTD150-CDC3) and
treated as in A, except that 100 �M Lat-A was used. Cells were imaged after a 4-h incubation at 24°C. Bars, 1 �m.

Table 3. Effect of Lat-A on the localization of Bni4 and septins

Line Strain Signal
Concentration
of Lat-A (�M)

% of Unbudded cells with
signal

% of Signals detected as
ringsa

No. of cells
scored

1 YLK281 Bni4-GFP 100 34 24 395
2 YLK281 Cdc3-GFP 100 70 26 435
3 KT1357 anti-Bni4 100 9 44 1272
4 YLK281 anti-Bni4 100 12 33 1721
5 YLK281 anti-Cdc11 100 37 19 288
6 YLK281 anti-Cdc11 200 37 27 386
7 YLK281 anti-Cdc11 400 35 29 375
8 YLK281 anti-Cdc12 100 39 33 554
9 YLK281 anti-Cdc12 200 43 30 419
10 YLK281 anti-Cdc12 400 43 28 335

Unbudded cells of strains YLK281 (S288C background) and KT1357 (JC482 background) were isolated, treated with Lat-A, and prepared for
indirect immunofluorescence as described in Materials and Methods. Bni4-GFP (from plasmid pLK10) and Cdc3-GFP (from plasmid
pTD150-CDC3) were imaged in live cells.
a The remaining signals in each case seemed to be caps.

L. Kozubowski et al.

Molecular Biology of the Cell3460



from the site of the cap. To test this, we incubated unbudded
daughter cells expressing Cdc10-GFP in Lat-A–containing
medium, washed out the Lat-A, and visualized the cells by
time-lapse confocal and wide-field microscopy. As before,
most Lat-A–treated cells formed septin caps rather than
rings (Figure 4, A, B, D, and E, and Supplemental Fig
4d.mov; a control cell is shown in Figure 4C and Supple-
mental Fig 4c.mov). After 2 h on Lat-A–free medium, most
cells had budded again. Some cells budded from the site
marked by a septin cap (Figure 4A, arrow), whereas other
cells budded from a new site, accompanied by diminution of
the original cap signal (Figure 4B, arrows). In cells that
budded from the sites of the caps, the caps reorganized into
rings before bud emergence (Figure 4E and Supplemental
Fig 4e1.mov and Fig 4e2.mov). Because images were taken at
10-min intervals, these results do not provide direct evi-
dence that septin caps normally precede the formation of

rings, but they do suggest that caps can rearrange into rings
under some circumstances (Caviston et al., 2003).

Mutants lacking the GTPase-activating proteins (GAPs)
for Cdc42 (Bem3, Rga1, and Rga2) often display septin caps
reminiscent of those described above (Caviston et al., 2003).
To determine whether Bni4 and Kcc4 also are uniformly
distributed in these caps, we imaged Bni4-CFP and Kcc4-
YFP in the elongated cells (Caviston et al., 2003) of a mutant
strain (JRL159). Like the septins, Kcc4-YFP and Bni4-CFP
were frequently found in a cap at the site of polarized
growth (Figure 5A). Although the two proteins were distrib-
uted roughly symmetrically over the cap, a close inspection
revealed that they often did not completely colocalize. In
particular, Kcc4-YFP was often distributed more toward the
tips of the cells than was Bni4-CFP (Figure 5A, arrows). In
those cells that presumably had relatively normal septin
rings (Caviston et al., 2003), Kcc4-YFP and Bni4-CFP showed
the normal asymmetrical distribution, with Kcc4-YFP closest

Figure 3. Localization of Bni4, Cdc11, and Cdc12 by indirect im-
munofluorescence. Unbudded cells of strain YLK281 were incu-
bated in Lat-A-containing medium as described in Figure 2D. (A
and B) Bni4 (A), Cdc11 (B), and Cdc12 (B) were visualized as rings
or, more frequently, as caps. (C) Samples stained with anti-Cdc11
antibody were analyzed using a confocal microscope (see Materials
and Methods), by using a Z-section scan to create a 3D projection
image. One and 2 show an image of one focal plane and a corre-
sponding 90° angle projection image, respectively, of a septin ring.
Three to 6 show similar pairs of images of cells for which the Cdc11
signal was a cap. See also the supplementary videos showing 3D
projections of a ring and caps (Fig 3c1.mov, Fig 3c2.mov, and Fig
3c3.mov). Bars, 1 �m.

Figure 4. Septin caps can rearrange into rings when F-actin is
restored. Unbudded cells of CDC10-GFP strain YLK66 were incu-
bated in medium containing 150 �M Lat-A for 4 h and washed into
Lat-A-free medium. (A) A cell that budded in a location previously
marked by a cap (arrow). (B) A cell that budded in a location distant
from the cap, whose signal diminished during the incubation (ar-
rows). (C–E) Images in one focal plane (1) and the corresponding 90°
angle projection images (2) of a control cell treated with DMSO (C)
and of cells that were treated with Lat-A for 4 h (D and E). (E, 3) A
90° angle projection image of the same cells in 1 and 2 after 2 h of
incubation on Lat-A-free medium. C-E are accompanied by supple-
mental video materials (Fig 4c.mov, Fig 4d.mov, Fig 4e1.mov, and
Fig 4e2.mov). Bars, 1 �m.
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to the bud tip (Figure 5A, arrowheads; cf. the congenic
control cell in Figure 5B). These results support the hypoth-
esis that the Bni4/Kcc4 asymmetry across the bud neck is
associated with septin ring formation.

Partial Separation of Bni4 and Kcc4 in Budded Cells with
Aberrant Septin Organization
The results described above suggest that the underlying
structure of the septin complex is responsible for the Bni4/
Kcc4 asymmetry. However, these results do not eliminate
the possibility that a diffusion barrier is necessary for the
initiation of asymmetry. As an alternative approach to this
question, we examined the localization of Bni4-CFP and
Kcc4-YFP in mutants in which septin morphology was dis-
rupted in ways that should eliminate the diffusion barrier.
Several such mutants have been described previously (Glad-
felter et al., 2001; Longtine and Bi, 2003; Gladfelter et al.,
2004). The affected proteins are involved in the initial assem-
bly of the septin ring, in the conversion of the ring to the
collar, or both. We examined gin4�, cla4�, and elm1� mu-
tants, as well as temperature-sensitive septin mutants, for
localization of Bni4 and Kcc4.

As reported previously (Longtine et al., 1998, 2000), some
gin4� cells displayed normal morphology and septin orga-
nization, but other cells had aberrant septin organization
and morphology, particularly during growth at 37°C (Figure
6A). When the gin4� cells were grown at 24°C, Bni4-CFP
and Kcc4-YFP were asymmetrically localized in all cells in
which both proteins were detected (50% of 105 cells exam-
ined; Figure 6B, 1–4). After 5 h of growth at 37°C, Bni4-CFP
was detected in �50% of the cells (n � 341), whereas Kcc4-
YFP was detected in only �35% of the cells. The asymmetry
of the proteins was largely retained but the locations of
Kcc4-YFP and Bni4-CFP were highly variable. In 36% of all
small-budded and medium-budded cells, Bni4-CFP and
Kcc4-YFP partially overlapped (Figure 6B, 5–8). In some
cells with elongated buds, Bni4-CFP was found at the neck,
whereas Kcc4-YFP was located at the bud tip (Figure 6C,
1–4). In other cells, both proteins localized in the region
close to the bud tip but were still largely separated (Figure
6C, 5–8). Importantly, Bni4-CFP and Kcc4-YFP remained
largely separated even in cells with bars of fluorescence that

Figure 5. Bni4 and Kcc4 are present as caps in a mutant lacking the
Cdc42 GAPs. Unbudded cells of a bem3� rga1� rga2� mutant
(JRL159) (A) and the congenic wild-type strain (YKL189) (B) were
isolated by centrifugation of a starved population as described in
Materials and Methods, incubated for 2 h at 24°C, and examined by
fluorescence and DIC microscopy. Green, Bni4-CFP; red, Kcc4-YFP.
Arrows and arrowheads indicate structures described in the text.

Figure 6. Bni4 and Kcc4 localization in
gin4� and elm1� mutants. DIC, fluorescence,
and merged images are shown. (A) A gin4�
strain expressing Cdc10-GFP (YLK158) was
grown at 37°C. Cdc10-GFP was often found
diffusely throughout most of the bud plasma
membrane (2, arrow) or as bars in the neck (2
and 4, arrowheads). In some cells with elon-
gated buds, septins were detected both at the
neck and at the tip of the bud (4, arrows). (B
and C) A gin4� strain expressing Bni4-CFP
and Kcc4-YFP (YLK202) was grown either at
24°C (B, 1–4) or for 5 h at 37°C (B, 5–8, and C).
(D) An elm1� strain expressing Bni4-CFP and
Kcc4-YFP (JRL49) was grown at 37°C. Green,
Bni4-CFP; red, Kcc4-YFP. Bars, 1 �m.
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presumably correspond to the septin bars often seen in this
strain (Figure 6C, 9–12).

Results with a cla4� strain (JRL55) were similar to those
with gin4� cells, but the percentages of small- and medium-
budded cells that had a partial loss of the Bni4/Kcc4 asym-
metry were somewhat lower (our unpublished data). In
elm1� cells grown at 24°C, Bni4-CFP and Kcc4-YFP seemed
to localize normally, but at 37°C some cells with elongated
buds contained caps (presumably corresponding to caps of
septins) in which Bni4-CFP and Kcc4-YFP partially colocal-
ized (Figure 6D). In other cells, Bni4 and Kcc4 retained their
normal asymmetric distribution (our unpublished data).

Finally, we localized Bni4-CFP and Kcc4-YFP in septin
mutants. Bni4 was proposed to bind primarily to the septin
Cdc10 (DeMarini et al., 1997), and indeed we found that
Bni4-YFP localized poorly to the neck in either cdc10� cells
at 24°C or cdc10-1 mutant cells at 37°C (our unpublished
data). This precluded colocalization studies in cdc10 mu-
tants. We also did not evaluate colocalization in a cdc11�
septin mutant because Kcc4 is thought to bind primarily to
Cdc11 (Okuzaki and Nojima, 2001). Although Cdc3 is essen-
tial for the organization of the septin cortex at the neck (Kim
et al., 1991), the morphology of cdc3-1 cells grown at 24°C
was indistinguishable from that of wild type, and the asym-
metry between Bni4-CFP and Kcc4-YFP was preserved (our
unpublished data). However, when these cells were shifted
to 28–30°C for �2 h, Bni4-CFP and Kcc4-YFP occupied a
significant portion of the bud in many small- and medium-
budded cells. Although there was substantial overlap of the
two signals, Kcc4-YFP was typically located more toward
the bud tip (Figure 7A, 1–4). In most large-budded cells, the
signals were lost, but in some cases, both proteins were
detected close to the bud tip and were still partially sepa-
rated (Figure 7A, 5–8). In some cases, the localization of
Kcc4-YFP was clearly aberrant but Bni4-CFP remained on
the mother side of the neck (Figure 7B, 1–3). In some cells,
only the Kcc4-YFP signal was detected (Figure 7B, 4–6),
whereas the reverse was never observed. Temperatures
higher than 30°C or longer incubation times at 30°C resulted
in almost complete loss of both fluorescent signals. Similar

results were observed in a cdc12-6 mutant (our unpublished
data).

Cells lacking the nonessential septin Shs1 (Mino et al.,
1998) exhibited wild-type morphology and normal asym-
metric localization of Bni4-CFP and Kcc4-YFP at 24°C (our
unpublished data). After 2.5 h at 30°C, most shs1� cells
retained the spatial separation between Bni4-CFP and Kcc4-
YFP despite their aberrant morphology (Figure 7D). Under
these conditions, 12% of all small and medium-budded cells
were scored as having a partial loss of asymmetry, as judged
by the partial overlap of the two signals in the merged
images (our unpublished data). Although incubation of the
shs1� strain at 37°C caused loss of the fluorescent signals in
most cells, some cells with clearly aberrant morphology still
showed asymmetry between Bni4 and Kcc4 (Figure 7C).

Together, these results indicate that the Bni4/Kcc4 asym-
metry can be established even when the normal organiza-
tion of the septin ring is significantly perturbed in ways that
would be expected to eliminate the septin-based diffusion
barrier.

DISCUSSION

Several models have been proposed to explain the asymmet-
ric location of septin-binding proteins. One possibility is that
the asymmetry is initiated at the time of bud emergence
when the septin ring forms a collar. Nearly 30 yr ago, Byers
and Goetsch (1976) noted a periodic �10-nm banding pat-
tern in electron micrographs of bud necks. These striations,
together with the evidence of septin self-assembly in vitro
(Field et al., 1996; Frazier et al., 1998; Kinoshita et al., 2002;
Mendoza et al., 2002), support the hypothesis that septins
form filaments at the neck. In the electron microscopy (EM)
studies, filament-like structures were never observed in un-
budded cells (Byers and Goetsch, 1976). These data, together
with fluorescence recovery after photobleaching studies on
GFP-tagged septins (Caviston et al., 2003; Dobbelaere et al.,
2003), have led to the suggestion that septin complexes
undergo a major rearrangement during the transition from
the septin ring in unbudded cells to the collar in budded

Figure 7. Bni4 and Kcc4 localization in cdc3
and shs1 mutants. DIC, fluorescence, and
merged images are shown. (A and B) cdc3-1
cells expressing Bni4-CFP and Kcc4-YFP
(YLK271) were imaged after a 2 h incubation
at 30°C (A, 1–4), a 3-h incubation at 30°C (A,
5–8), or a 6-h incubation at 28°C (B, 1–6). (C
and D) shs1� cells expressing Bni4-YFP and
Kcc4-CFP (JRL18) were imaged after a 3-h
incubation at 37°C (C) or after a 2.5-h incuba-
tion at 30°C (D). Green, Bni4-CFP; red, Kcc4-
YFP. Bars, 1 �m. Arrows indicate structures
described in the text.
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cells (Longtine and Bi, 2003). Although this may well be the
case, our studies have revealed that Bni4 and Kcc4 bind to
distinct domains of the septin array before bud emergence.
Thus, the ring-to-collar transition is not responsible for the
initiation of Bni4/Kcc4 asymmetry.

How then could proteins be asymmetrically distributed
on the septin scaffold? As outlined in the Introduction, we can
envision two mechanisms, which are not mutually exclu-
sive. One possibility is that the septin complexes themselves
have an inherent asymmetry or polarity. It has not been
resolved whether septin filaments run around the neck,
perpendicular to the mother/bud axis, or run parallel to the
mother/bud axis (Gladfelter et al., 2001). If filaments run
parallel to the long axis and do so in a polar manner, then
asymmetry could be achieved by the binding of one or more
proteins exclusively to one end of the polar structure. This
polarity would arise upon ring formation but would not be
present in the septin caps formed after Lat-A treatment or in
various mutants in which the septins are largely disorga-
nized. This structural model would not require that most of
the proteins that bind asymmetrically to the ring have an
inherent affinity for only one end. A single asymmetry-
initiating protein that bound to one side of the ring could
potentially generate or establish the overall asymmetry.

The apparent lack of filaments in unbudded cells (Byers
and Goetsch, 1976) suggests that a well-defined septin
higher order structure may arise only at the time of the
ring-to-collar transition. This poses a difficulty for our
model. However, recent EM images of yeast plasma-mem-
brane surfaces suggest that septin rings may be arranged
into a higher order structure similar to that found in septin
collars (Rodal et al., 2005). In this study, immunogold label-
ing of HA-Cdc3 revealed binding to two classes of plasma
membrane-associated ultrastructures, fibrous net-like struc-
tures that the authors call “gauzes,” which probably corre-
spond to septin collars, and less common rings that seem to
be constituted of similar cross-linked linear fibers. Purified
mammalian septins form bundles of filaments that can con-
vert into coils and rings (Kinoshita et al., 2002). Those rings
have comparable diameters to the rings observed by Rodal
et al. (2005). However, whereas the rings reconstituted in
vitro clearly show filaments that run circumferentially, the
rings imaged on yeast membranes seem to have a more
complex architecture. This suggests that septin rings before
bud emergence are organized in a manner that could gen-
erate different environments at the outside and inside of the
ring. There is no reason to believe that septins organized
circumferentially would be more dynamic than septins or-
ganized into a net-like structure, so this model does not
contradict the observation that septins in unbudded cells are
more dynamic than those in budded cells.

The second possible model is that Bni4/Kcc4 asymmetry
is initiated by a diffusion barrier constituted by the ring in
unbudded cells. This would be consistent with the loss of
asymmetry observed upon Lat-A treatment, in the triple-
GAP-mutant strain, and in some elm1� cells. However, this
model seems to be contradicted by the evidence that asym-
metry is preserved in gin4� cells, in which the septins fre-
quently form bars that would seem unable to sustain a
septin diffusion barrier. On the other hand, the dramatically
altered septin structures in gin4� mutants are observed pri-
marily in large-budded cells rather than in small-budded or
unbudded cells. Therefore, although a diffusion barrier does
not seem to be required to maintain the asymmetry, we
cannot rule out the possibility that it is necessary for the
establishment of the asymmetry.

The precise role of the actin cytoskeleton in cell polariza-
tion is uncertain at present. Ayscough et al. (1997) found that
Cdc42 could polarize in the absence of actin polymerization,
but it was subsequently reported that the polarization of an
overexpressed, constitutively active form of Cdc42 was actin
dependent in the absence of the spatial cues that normally
define the site of polarization (Wedlich-Soldner et al., 2003).
More recently, Irazoqui et al. (2005) reported that Cdc42 is
initially polarized in an actin-independent manner but
maintenance of the polarization requires positive feedback
between Cdc42 and actin cables to counteract the dispersing
effects of endocytosis. Our results do not directly address the
role of actin in selecting the primary site of polarization
because our strains retain the normal polarization cues.
However, the failure to efficiently form and/or maintain
septin rings in Lat-A–treated cells suggests that an actin-
dependent process is involved in the formation and/or sta-
bilization of the fully developed septin ring. Given the role
of Cdc42 in septin ring formation (Gladfelter et al., 2002;
Caviston et al., 2003), it is possible that in Lat-A–treated cells
the effective delivery of active Cdc42 to the plasma mem-
brane is impaired. Alternatively, the absence of the actin
cytoskeleton could prevent a protein that acts upstream or
downstream of Cdc42 from localizing to the polarization
site. Distinguishing between these possibilities will require
further studies.

Our observation that septin ring formation in unbudded
cells is largely disrupted by Lat-A differs from published
results showing that septin rings form in the absence of actin
polymerization (Ayscough et al., 1997; Harkins et al., 2001;
Kadota et al., 2004). The reason for the discrepancy is un-
known to us, but it may reflect the complexity of the mech-
anisms that govern septin ring formation and particularly
the involvement of actin cables in this process. The discrep-
ancy could be due to methodological differences in the way
unbudded cells were obtained and treated. Given the com-
plex dependence of Cdc42 polarization on actin polymeriza-
tion, it is also likely that the nascent septin rings in unbud-
ded cells are unstable and/or transient in Lat-A–treated
cells. We may have largely missed the time when the rings
were abundant and only observed cells after the collapse of
nascent septin rings.

We conclude that the septin structure that is necessary for
Bni4/Kcc4 asymmetry is established early in the cell cycle,
concomitant with septin ring formation. The only mutations
and conditions found to date that block Bni4/Kcc4 asymme-
try are those that also interfere with the formation of a
normal septin ring before budding and of a septin collar at
the neck after budding. In contrast, other mutations that
alter septin organization but do not prevent formation of
some form of septin ring and collar at the neck do not
disrupt the asymmetry, as demonstrated by the septin bars
in the gin4 mutant that retain Bni4/Kcc4 asymmetry (Figure
6C). This suggests that the asymmetry is due to basic struc-
tural features of septin complexes and indeed suggests that
the septin complexes may be polar. Identification of muta-
tions that eliminate the asymmetry or the reconstitution of
the Bni4/Kcc4 asymmetry in vitro will allow a more thor-
ough characterization of the phenomenon.
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