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Summary

Septin complexes at the bud neck in Saccharomyces cerevisiae serve as a scaffold for proteins involved in signaling, cell cycle control,
and cell wall synthesis. Many of these bind asymmetrically, associating with either the mother- or daughter-side of the neck. Septin
structures are inherently apolar so the basis for the asymmetric binding remains unknown. Bni4, a regulatory subunit of yeast protein
phosphatase type 1, Glc7, binds to the outside of the septin ring prior to bud formation and remains restricted to the mother-side of
the bud neck after bud emergence. Bni4 is responsible for targeting Glc7 to the mother-side of the bud neck for proper deposition of
the chitin ring. We show here that Bni4 localizes symmetrically, as two distinct rings on both sides of the bud neck following energy
depletion or activation of cell cycle checkpoints. Our data indicate that loss of Bni4 asymmetry can occur via at least two different
mechanisms. Furthermore, we show that Bni4 has a Swel-dependent role in regulating the cell morphogenesis checkpoint in response
to hydroxyurea, which suggests that the change in localization of Bni4 following checkpoint activation may help stabilize the cell cycle

regulator Swel during cell cycle arrest.

Key words: Bni4, GIc7, Cell stress, Septins

Introduction

Septins are a conserved family of cytoskeletal GTP-binding proteins
that form cortical filaments and ring-like structures in animals and
fungi (Kinoshita, 2006; Versele and Thorner, 2005; Weirich et al.,
2008). In metazoans, septins have been implicated in diverse
physiological processes. They are required for cytokinesis in some
Drosophila (Fares et al., 1995; Neufeld and Rubin, 1994) and
Caenorhabditis elegans cells (Nguyen et al., 2000), and for
morphogenesis of neurons (Tada et al., 2007; Xie et al., 2007) and
sperm (Ihara et al., 2005). Septin mutations have roles in the etiology
of cancer (Hall and Russell, 2004) and in neurodegenerative
diseases (Kuhlenbaumer et al., 2005). In the budding yeast
Saccharomyces cerevisiae, where septins were first identified and
have been studied in the most detail, septins form filaments at the
bud neck that are required for cytokinesis, for proper cell
morphogenesis, and for the regulation of several cell cycle
checkpoints (reviewed by Longtine and Bi, 2003). In other fungi,
septins have roles in cell morphogenesis and cytokinesis (reviewed
by Douglas et al., 2005).

What are the roles of septins in these diverse processes? In yeast,
cortical septin filaments at the bud neck form a diffusion barrier
that serves to compartmentalize the mother cell from the bud
(Dobbelaere and Barral, 2004; Takizawa et al., 2000). This barrier
is necessary for normal polarized growth and division and prevents
newly formed daughter cells from acquiring the age of their mother
cells (Shcheprova et al., 2008). A similar function has been
proposed to account for the role of septins in the morphogenesis
of mammalian neurons and sperm (Caudron and Barral, 2009).
Septins also provide a docking site for protein complexes involved
in processes ranging from cell wall synthesis to cell cycle control.
In yeast, septins tether the chitin synthase III complex, formin

proteins, components of the morphogenesis checkpoint, and
components of the actomyosin ring during cytokinesis (reviewed
by Gladfelter et al., 2001; Longtine and Bi, 2003). Importantly,
septins act as a scaffold for proteins required for the DNA-damage
checkpoint in yeast and metazoans (Kremer et al., 2007; Smolka
et al., 2006).

Details of the basic structure of septin filaments are rapidly
emerging. X-ray crystallographic and electron microscopy studies
of septin filaments have led to an understanding of the basic septin
architecture (Bertin et al., 2008; John et al., 2007; Sirajuddin et al.,
2007). Filaments are polymerized from a core oligomeric structure
that contains two, three or four different septins, depending on the
species. Importantly, the core structures are non-polar. In yeast, five
septins, Shs1, Cdc3, Cdc10, Cdcl1 and Cdc12, are expressed during
vegetative growth and first form a ring prior to bud emergence at
the presumptive bud site. This ring rearranges into an hourglass-
shaped collar at bud emergence and remains in this arrangement at
the bud neck until cytokinesis, when the septin complex splits into
two separate rings, occupying opposite sides of the neck (Longtine
and Bi, 2003). The use of orientationally constrained green
fluorescent protein (GFP)-septin fusion proteins with polarized
fluorescence microscopy has revealed that septin filaments are
aligned parallel to the mother-daughter axis in the septin collar and
may reorient 90° when the collar splits at cytokinesis (Vrabioiu and
Mitchison, 2006). Further analysis of a collection of orientationally
constrained fusions reveals that the filaments have no net polarity
(Vrabioiu and Mitchison, 2007), consistent with the apolarity of
septin filaments polymerized in vitro.

In remarkable contrast to the apolar nature of the septin filaments
are the observations that many septin-binding proteins associate
asymmetrically with the septin collar. Some are located exclusively
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on the daughter-side of the collar, whereas others are located on
the mother-side (for a review, see Gladfelter et al., 2001). An apolar
septin cytoskeleton excludes the most obvious mechanism to
explain the asymmetric localization of binding proteins. To
investigate the mechanism of asymmetric protein binding to septin
filaments, we have focused on the yeast protein Bni4. This protein
localizes to the outside of the septin ring prior to budding and
remains restricted to the mother-side of the neck as the septin ring
develops into a collar during bud emergence (DeMarini et al., 1997,
Kozubowski et al., 2005; Kozubowski et al., 2003; Sanz et al., 2004).
This asymmetry is maintained in mutants that have defects in septin
architecture, including cla4, gin4 and elml (Kozubowski et al.,
2005). Localization of Bni4 to septins requires phosphorylation by
the G1-cyclin-dependent kinase Pcll,2-Pho85 (Zou et al., 2009).
In addition, Bni4 associates with the type 1 protein phosphatase
Glc7 and, together, this complex recruits chitin synthase III to the
cell cortex on the mother-side of the septin collar (Kozubowski et
al., 2003; Larson et al., 2008). The asymmetric localization of Bni4
and Glc7 is essential for proper morphological development, as
expression of a septin Cdc10-Bni4 chimera targets Glc7 and chitin
synthase III to both sides of the bud neck, resulting in slow growth
and elongated buds (Larson et al., 2008). In this study we show
that cell cycle arrest and energy deprivation lead to dramatic loss
of Bni4 asymmetry. Our data provide insight into how Bni4 is
asymmetrically restricted to the mother-side of the bud neck.

Results

Bni4 loses asymmetry during cell cycle arrest

Bni4 forms a ring on the cell cortex prior to bud emergence and
remains on the mother-side of the neck after the bud has formed.
Levels of Bni4 at the neck gradually fall as the bud grows in size,
as shown in time-lapse images of Bni4-mCitrine in living cells (Fig.
1A). During our studies, we noted that Bni4 localizes to the bud neck
as two bright, symmetric rings in a minor population of cells. Time-
lapse imaging revealed that these cells are uniformly large-budded,
growth arrested, and often have short spindles, as determined by the
localization of Spc42-GFP, a spindle pole body protein (data not
shown). To define the conditions that lead to this altered localization,
we examined the location of Bni4-mCitrine in cells arrested at several
points in the cell cycle. In many cases, cell cycle arrest induced nearly
symmetric localization of Bni4. This was true for activation of the
DNA-damage and DNA-replication checkpoints following Y-
irradiation and treatment by hydroxyurea (HU), respectively (Fig.
1B,C). Activation of the spindle assembly checkpoint in glc7-129
mutant cells (Bloecher and Tatchell, 1999) also induced symmetric
localization of Bni4-mCitrine (Fig. 1D). We assayed the
morphogenesis checkpoint by testing localization of Bni4-GFP in
hsl1A mutants. Activation of this checkpoint by stabilizing the Swel
kinase causes a cell cycle delay in G2. Swel degradation is inhibited
in cells deleted for the Hsll kinase, whose binding to septins leads
to the phosphorylation and subsequent degradation of Swel (Lew,
2003). We examined the localization of Bni4 in As//A mutant cells
and found that Bni4 is present at higher levels at the bud necks, as
previously reported (Kozubowski et al., 2003), but remains on the
mother-side of the bud neck in cycling cells. However, in arrested
cells containing elongated buds, Bni4 is present as two bright rings
(Fig. 1E). Deletion of SWEI suppresses the elongated phenotype of
hsl1 Amutant cells and loss of Bni4 asymmetry was no longer detected
(Fig. 1E). Interestingly, Bni4-GFP levels remain elevated in As/1A
swelA mutant cells (data not shown), indicating that the influence
of Hsl1 on Bni4 protein levels at the neck is independent of Swel.

A .

Omin 16 min 30min 47 min 82min 78 min 95min 113 min 132 min

untreated 200mM H%
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DIC

Bni4-
mCitrine

D Ic7-129 E

Bnid-
mCitrine

Fig. 1. Bni4 is targeted to mother- and daughter-sides of the bud neck
following cell cycle arrest. (A) DIC and fluorescence microscopy showing
Bni4-mCitrine localization throughout the cell cycle. Strain JRL265 (BNI4-
mCitrine) was grown to mid-log phase in synthetic complete (SC) medium
then examined at the indicated times. (B) DIC and fluorescence images of
Bni4-mCitrine in strain JRL264. Cells were grown to mid-log phase and either
left untreated or exposed to 150 Gy y-radiation. Cells were examined after a 3
hour incubation at 30°C following irradiation. (C) DIC and fluorescence
images of cells from diploid strain JRL1000 (BNI4-mCitrine/BNI4-mCitrine
SPC42-GFP(3X)/SPC42). Cells were grown to mid-log phase in SC medium
and incubated for 2 hours in the presence of 200 mM hydroxyurea (HU).

(D) DIC and fluorescence images of cells from strain KT2592 (BNI4-mCitrine
SPC42-GFP(3X) glc7-129) grown to log phase at 24°C in synthetic medium.
(E) DIC and fluorescence images of cells from strains JRL240 (BNI4-GFP
SPC42-GFP(3X)), JRL236 (hsl1A BNI4-GFP SPC42-GFP(3X)), and JRL238
(hsl1A swelA BNI4-GFP SPC42-GFP(3X)). Cells were grown to mid-log
phase in SC medium. Scale bars: 3 um.

Activation of the DNA-damage checkpoint by incubating
temperature-sensitive cdcl3-1 cells above the permissive
temperature also induces symmetric binding of Bni4 to the septin
collar (Fig. 2A). To determine whether the loss of Bni4 asymmetry
occurs in response to checkpoint activation or as a consequence of
cell cycle arrest, we imaged cdcl3-1 cells that had been grown at
the permissive temperature and then shifted the cells on the
microscope slide to the non-permissive temperature using a heated
objective. Bni4-GFP lost asymmetry only as cells arrested with large
buds, irrespective of the time at the restrictive temperature (Fig.
2A). This result indicates that the movement of Bni4 to the
daughter-side of the neck occurs as a consequence of cell cycle
arrest rather than as a consequence of activation of some upstream
component in the checkpoint pathway.

Cell cycle arrest at G2/M results in the accumulation of neck-
spanning septin collars rather than split rings (Cid et al., 2001), and
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Fig. 2. Bni4-mCitrine localization in large budded cells.

(A) Time-lapse imaging of DIC and fluorescence images of cells
from strain KT2575 (BNI4-mCitrine cdcl3-1) after a shift from
24°C to 32°C. The time indicated in each panel is the time after
the temperature shift. Note the small budded cells at the 90
minute and 120 minute time points still retain Bni4-mCitrine on
the daughter-side of the bud neck. (B) Upper panels: fluorescence
images of septin (Cdc11-mCFP) and Bni4-mCitrine in diploid
strain JRL265/JRL574 (BNI4-mCitrine homozygous CDC11-
mCFP heterozygous). Cells were grown to mid-log phase in
synthetic medium and then incubated for 1.5 hours in 150 mM
hydroxyurea. Lower panels: the relative fluorescence of the CFP
and mCitrine was measured through the middle of the bud neck
along the mother-bud axis for 3 um as illustrated by the bars in
the upper panels. (C) Immunoblot analysis of Bni4-mCitrine
using o-GFP. Strain KT2575 (BNI4-mCitrine cdcl13-1) was
grown to mid-log phase in YPD at 24°C and then incubated for
the indicated times at either 24°C or 30°C. A non-specific band
was used as a load control.
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so the two bright rings of Bni4 in arrested cells should not be due
to splitting of the underlying septin scaffold. We confirmed this in
our background by imaging Bni4-mCitrine and Cdc10-mCFP in
cdcl3-1 and HU-arrested cells (data not shown). Here, Bni4
appears to be located on the outside edges of the septin collar, rather
than directly over the septins. We imaged Cdc11-mCFP and Bni4-
mCitrine after HU treatment and measured the fluorescence intensity
through the neck along the mother-bud axis in small and large
budded cells (Fig. 2B). In large budded, arrested cells, Bni4 is
located in two rings at the outer edges of the septin collar whereas,
in small budded cells, Bni4 remains on the mother-side of the septin
collar. The implications of this result are discussed below (see
Discussion).

If the septin collar is not physically altered following cell cycle
arrest, is it possible that Bni4 is modified following cell cycle arrest,
allowing symmetric binding to the septin collar? Bni4 is
phosphorylated in a cell-cycle-dependent manner (Kozubowski et
al., 2003), in part by the Pcl1,2-Pho85 cyclin-dependent kinase (Zou
etal., 2009). Bni4 phosphorylation can be monitored by a reduction
in its electrophoretic mobility. However, immunoblot analysis

showed that the mobility of Bni4-mCitrine does not change
following activation of the DNA-damage checkpoint in cdcl3-1
mutant cells (Fig. 2C).

bni4A partially suppresses the hypersensitivity to HU
caused by deletion of HSL1

What is the physiological reason for loss of Bni4 asymmetry during
cell cycle arrest? Septins have a central role in the cell
morphogenesis checkpoint (Lew, 2003) and have been more recently
implicated in the cellular response to DNA replication stress
(Enserink et al., 2006; Liu and Wang, 2006; Smolka et al., 2006).
Rad53, an essential DNA-damage checkpoint kinase, was recently
found to associate with the septin complex in the presence of
genotoxic stresses such as methyl methanesulphonate (MMS) or
HU (Smolka et al., 2006). In addition, deletion of RADS53 results
in elongated buds due to an accumulation of Swel (Enserink et al.,
2006). Deletion of the Hsll kinase, which is responsible for
targeting Swel to the bud neck, results in HU hypersensitivity
(Enserink et al., 2006; Liu and Wang, 2006). To test the possibility
that Bni4 has a role in this response, we assayed bni4A mutants for
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altered sensitivity to HU. bni4A mutants exhibit a wild-type
response to HU (data not shown) but the bni4A mutation partially
suppresses the hypersensitivity of As/I/A strains to HU (Fig. 3A).
In liquid medium, the buds of /s//A bni4A mutant cells are also
more uniform in size and shape (Fig. 3B). As with the plate assay,
the elongated bud phenotype is completely dependent on SWE! (Fig.
3B). Together, these results suggest that Bni4 has a role in
modulating Swel activity in response to replication stress.

Bni4 loses asymmetry when cells are starved for
carbohydrates or depleted for energy

‘We monitored the location of Bni4-mCitrine under conditions that
induce nutritional stress. Cells were grown in SC medium containing
glucose, washed in water, and resuspended in a variety of media
lacking either glucose, yeast nitrogen base, amino acids or uracil,
for which the strain is auxotrophic. We also arrested cells with
rapamycin, which is thought to mimic starvation conditions (Crespo
and Hall, 2002).

Glucose starvation was the only condition that led to symmetric
localization of Bni4-mCitrine. Within 30 minutes of transfer to
glucose-deficient medium, we observed cells with Bni4-mCitrine
located on both sides of the bud neck. After 1.5 hours in glucose-

A 100 mM HU

hsl1A bnidA . Q

swelA

Fig. 3. Genetic interactions between BNI4 and HSLI. (A) Cultures of
diploid strains KT1112xKT1113 (WT), JRL1002xJRL1005 (hs/1A),
JRL1003xJRL1004 (hsl1A bni4A), KT2801xKT2803 (hsl1A bni4A swelA)
were serially diluted onto SC medium or SC medium containing 100 mM
hydroxyurea (HU) and incubated at 33°C for 72 hours before imaging.

(B) DIC images of cells from strains listed in A. Cells were grown to mid-log
phase in SC medium and then incubated for 5 hours in SC medium containing
the designated concentrations of HU.

deficient medium, Bni4-mCitrine localized to both sides of the bud
neck in most budded cells (89%, n=148) (Fig. 4A). This loss of
asymmetry occurred in cells containing buds of all sizes, indicating
that the loss of asymmetry after glucose starvation occurs
independently of the cell cycle. Close examination of larger diploid
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Fig. 4. Localization of Bni4 following energy depletion. (A) DIC and
fluorescence microscopy of cells from strains JRL264 (BNI4-mCitrine). Cells
were grown to mid-log phase in synthetic medium then placed in synthetic
medium lacking glucose for 1.5 hours. Scale bar: 3 um. (B) DIC and
fluorescence microscopy analysis of homozygous diploid strain JRL876
(BNI4-mCitrine). Cells were grown to mid-log phase in synthetic medium then
incubated in synthetic medium lacking glucose and containing 100 mM
2-deoxyglucose/10 mM NaNj for 30 minutes. Scale bar: 3 um. (C) Time-lapse
microscopy of strain JRL326 [BNI4-mCitrine SPC42-GFP(3X)]. Cells were
grown to mid-log phase in synthetic medium then placed in synthetic medium
lacking glucose for 1.5 hours. Cells were then followed by time-lapse on
synthetic medium containing 2% glucose. The Spc42-GFP protein marks the
spindle pole body, which duplicates and separates during S phase. In many
images only one spindle pole body is visible in the focal plane. Scale bar:

3 um. (D) Upper panels: fluorescence images of Cdc11-mCFP and Bni4-
mCitrine in diploid strain JRL265/JRL574 growing in synthetic medium (left
panels) or incubated for 30 minutes in 10 mM sodium azide (right panels).
Lower panels: the relative fluorescence of the mCFP and mCitrine for 3 um
through the middle of the bud neck along the mother-bud axis as illustrated by
the bars in the upper panels.
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cells revealed that Bni4-mCitrine is present as two rings, one on
each side of the bud neck, rather than as an hourglass-shaped collar,
as in the septin complex (data not shown). Loss of Bni4 asymmetry
also occurs in cells in YP media lacking glucose (data not shown).
In cells treated with the metabolic inhibitors 2-deoxyglucose
(2-DG) and sodium azide (NaN3), Bni4 asymmetry is lost in nearly
all budded cells (93%, n=263) after 30 minutes of exposure (Fig.
4B). To determine whether loss of Bni4 asymmetry is a reversible
process, we incubated cells in media lacking glucose for 1.5 hours,
then placed them on an agarose pad of medium containing glucose
and followed the cells by time-lapse microscopy. Bni4-mCitrine
asymmetry is restored approximately 15 minutes after cells are
exposed to glucose, prior to the time at which they resume growth
and cell division (Fig. 4C). The effect of metabolic inhibitors is
also rapidly reversible, with restoration of Bni4 asymmetry within
minutes after washing cells with fresh media containing glucose
(data not shown). In conclusion, Bni4 relocates to the mother- and
daughter-side of the septin collar when cells are subjected to energy
depletion, but upon energy restoration, asymmetry is rapidly re-
established.

As during cell cycle arrest, during glucose starvation Bni4 appears
to be located on the outside edges of the septin collar, rather than
directly over the septins. We imaged Cdc11-mCFP and Bni4-
mCitrine in growing and sodium-azide-arrested cells and measured
the fluorescence intensity through the neck along the mother-bud
axis. In growing cells, Bni4 is located at the outer edge of the septin
collar in the mother cell whereas, in the energy-depleted cells, Bni4
is located at the outer edges of the septin collar in both mother and
daughter cells (Fig. 4D).

Many proteins bind asymmetrically to the septin scaffold at the
bud neck (Gladfelter et al., 2001). We examined the locations of
other bud neck proteins following energy deprivation. The Bni4-
binding protein Glc7 remains associated with Bni4 at the neck
following arrest (Fig. 5A) but Chs4, an activator of chitin synthase
111, does not (data not shown). Hsll and Kcc4 are Niml-related
kinases normally restricted to the daughter-side of the bud neck
(Barral et al., 1999; Gladfelter et al., 2001). Following glucose
starvation, Hsll and Kcc4 remain localized to the daughter-side of
the bud neck in the majority of cells (Fig. 5B). Bnrl, a formin protein
responsible for nucleating actin filaments at the bud neck
(Evangelista et al., 2002; Pruyne et al., 2004; Sagot et al., 2002),
is restricted to the mother-side of the neck but dissociates from the
bud neck following glucose starvation (Fig. 5C). By contrast, Bnrl
remains associated with the bud neck following cell cycle arrest
(data not shown). Thus, energy depletion does not affect the location
of all proteins associated with the septin scaffold in the same manner.

The septin architecture is not altered by energy depletion
The observed changes in Bni4 localization following energy
depletion could be caused by a structural change in the septin collar.
Alternatively, the change could be due to an alteration or
modification of Bni4 or an undefined regulatory protein. To test
the former possibility, we investigated the structure of the septin
collar in more detail. At the end of the cell cycle, the septin collar
splits into two rings with a concomitant change in the conformation
of septins or the orientation of septin filaments (Vrabioiu and
Mitchison, 2006). One explanation for loss of Bni4 asymmetry is
that energy depletion might lead to premature splitting of septin
rings. However, septin collars, as observed using fluorescence
microscopy, appeared normal following energy depletion (data not
shown).

A Cdc10-
DIC mCFP

Glc7-

tdimer2 Merge

B Bni4-  Hsl1- Keed- C

Citrine  GFP GFP

+glucose - glucose

+ glucose

- glucose

Fig. 5. Energy deprivation changes the location of some, but not all, bud
neck-associated proteins. (A) DIC and fluorescence images of septin (Cdc10-
mCFP) and Glc7-tdimer?2 in diploid strain JRL884/KT2450. Cells were grown
to mid-log phase in synthetic medium then incubated for 1.5 hours in synthetic
medium with or without 2% glucose. (B) DIC and fluorescence images of cells
from strains JRL264 (BNI4-mCitrine), YLK173 (HSLI-GFP) and YLK179
(KCC4-GFP). Cells were treated as in A. (C) DIC and fluorescence images of
cells from strain JRL443 (BNRI-YFP). Cells were treated as in A. Scale bars:
3 um.

To examine changes in septin structure or orientation, we used
a conformationally constrained Cdc3-GFP fusion protein expressed
from the native CDC3 promoter (Vrabioiu and Mitchison, 2006).
The o-helix at the C-terminus of Cdc3 was attached directly to the
N-terminal o-helix of GFP (Fig. 6A), creating a GFP moiety
constrained in a direction dictated by the orientation of the septin
filaments. Vrabioiu and Mitchison used this septin fusion, together
with polarized fluorescence microscopy, to confirm the filamentous
nature of the septins in vivo (Vrabioiu and Mitchison, 2006). In the
septin collar of budded cells, filaments are oriented parallel to the
mother-bud axis. After the collar splits into rings, septins are oriented
perpendicular to the long axis. As described previously (Vrabioiu
and Mitchison, 2006), we assayed polarized fluorescence in diploid
cells heterozygous for the orientationally constrained Cdc3-GFP
fusion. Using polarized filters for fluorescence excitation and
emission that are oriented orthogonally in the X- and Y-axes, the
signal from one axis was subtracted from that from the other (XX-
YY or YY-XX) to determine the polarized fluorescence signal, and
hence the direction of Cdc3-GFP orientation. As shown in Fig. 6B,
septin collars in cells whose mother-bud axis is orientated along
the Y-axis emit fluorescence in the YY-XX filter configuration
(pseudocolored green in Fig. 6C), whereas septin collars orientated
along the X-axis are fluorescent in only the XX-YY configuration
(pseudocolored red). By contrast, the split septin rings have the
orthogonal orientation (Fig. 6B). As shown in Fig. 6C, septins in
budded cells with collars are oriented along the mother-bud axis,
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whereas septins in large budded cells with split rings are oriented
perpendicular to the mother-bud axis. After 1.5 hours of glucose
starvation, when Bni4 should be present as a double ring, the septin
orientation appears unchanged compared with that in control cells
growing in the presence of glucose (Fig. 6C). For example, cells 3
and 4 (Fig. 6C) are oriented along the Y-axis and their septin
filaments, in the collar form, are also oriented along the Y-axis. By
contrast, cells 1 and 2 in Fig. 6C are oriented along the X-axis, but
their septin collars have already split and, therefore, the filaments
are oriented along the Y-axis. These results demonstrate that the
septins do not reorient upon glucose starvation. Thus, an underlying
change in septin filament orientation cannot explain the loss of Bni4
asymmetry.

Bni4 phosphorylation correlates with its change in
location following energy depletion

We next assayed the phosphorylation state of Bni4 following energy
depletion by monitoring the electrophoretic mobility of Bni4-GFP.
Interestingly, immunoblot analysis of Bni4-GFP revealed that its
electrophoretic mobility is increased following glucose starvation
(Fig. 7A, lane 2) or energy depletion (lane 3). We also tested the
phosphorylation state of Bni4V33!AF833A "4 Bni4 variant that is
normally hyperphosphorylated (Kozubowski et al., 2003). This
variant also exhibits an increased mobility on glucose-depleted
medium (Fig. 7A, lane 5) and a more dramatic increase after energy
depletion (lane 6).

The change in Bni4 electrophoretic mobility following energy
depletion suggests that dephosphorylation of Bni4 is responsible
for the loss of asymmetry. However, pcllIA pcl2A and pho85A
mutants, which substantially reduce the level of Bni4
phosphoryation, reduce the levels of Bni4 at the neck (Zou et al.,
2009) but do not alter its location on the mother-side of the neck.
However, Bni4 retains some phosphorylated residues in pc/IA pcl2A
and pho85A mutants, consistent with the abundance of non-Pho85-
dependent phosphorylation sites in Bni4 (Bodenmiller et al., 2008).
If these remaining phosphorylated residues are responsible for the

Fig. 6. Loss of Bni4 asymmetry is not due to changes in
septin architecture. (A) The orientationally constrained
septin-GFP fusion protein. The standard septin-GFP fusions
contain a flexible linker connecting the septin and GFP
portions of the fusion protein (left). In the orientationally
constrained septin-GFP fusion, the last o-helix of the coiled-
coil domain of Cdc3 was fused to the first a-helix of GFP,
creating a single o-helix. Consequently, the orientation of
Cdc3 dictates the orientation of GFP (right). (B) Diagram of
septin filaments and their orientation as visualized by
polarized fluorescence microscopy. Filaments oriented in the
direction of the Y-axis are colored green and filaments
oriented in the X-axis are colored red. (C) Polarized
fluorescence images of strain JRL794 (CDC3-GFP
heterozygous diploid). Strain YLK68 (CDC12-GFP), which
does not contain an orientationally constrained GFP-tag, was
used as a negative control. Cells were treated as in Fig. 4A
and then imaged by polarized fluorescence microscopy. The
X-axis signal subtracted from the Y-axis signal (YY-XX)
and the Y-axis signal subtracted from the X-axis signal (XX-
YY) are pseudocolored green and red, respectively, and
correspond to the orientations shown in B. Scale bar, 3 um.

asymmetric localization of Bni4 and energy depletion results in
global dephosphorylation of Bni4, then we would expect that pcl1A
pcl2A and pho85A mutants would behave similarly to the wildtype
when energy depleted. As predicted, glucose depletion completely
restores Bni4 to the bud neck in the pcl1 A pcl2A mutant (Fig. 7B,C).
Bni4 levels were only partially restored in the pho85A strain, but
the pho85 mutation is pleiotropic, and so it is possible that the failure
of glucose depletion to ameliorate the defect of pho85 is due to off-
target effects.

The dephosphorylation of Bni4 following energy depletion
suggests that activities of Bni4 protein kinases and/or Bni4
phosphatases are regulated in response to energy depletion. Glc7
has been implicated as a Bni4 phosphatase because a Bni4 variant
that cannot bind to Glc7 (Bni4¥8314F8334) is hyperphosphorylated
(Kozubowski et al., 2003). However, following energy depletion,
Bni4V83IAF83A_GEP is hypophosphorylated (Fig. 7A) and still
localizes to both sides of the neck (data not shown), which suggests
that a rapid increase in Glc7 activity is probably not responsible
for the decrease in Bni4 phosphorylation following energy depletion.
We also examined the localization of Bni4-GFP in a collection of
deletion mutants of phosphatase-related genes in the presence of
2-DG and NaNj (Table 1). However, Bni4 was asymmetrically
distributed under normal growth conditions and rapidly lost
asymmetry in the presence of the metabolic inhibitors in all strains
tested. These results do not eliminate the hypothesis that one or
more phosphatases regulate Bni4 localization due to the functional
redundancy of the phosphatases and their regulators.

Discussion

In budding yeast, septins act as a scaffold to tether a diverse array
of proteins to the bud neck. These proteins carry out many important
and, in some cases essential, functions but it is unknown how they
bind to septins at the molecular level. Furthermore, the temporal
and spatial association of these proteins with septin filaments is
complex, exhibiting cell-cycle-specific association with septins or
localization to one side of the neck. This asymmetry could be
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Fig. 7. Bni4 and Bni4"33!14/F833A hecome hypophosphorylated following
energy depletion. (A) Immunoblot of Bni4-GFP and Bni4 V%! AF83A.GFp
using o-GFP. Strains JRL369 (BNI4-GFP) (lanes 1-3) and YLK85
(bni4"8314/F8334_GEP) (lanes 4-6) were grown to mid-log phase in synthetic
medium containing glucose. Cells were then left untreated (lanes 1 and 4) or
incubated in synthetic media lacking glucose (lanes 2 and 5) with the addition
of 100 mM 2-deoxyglucose and 10 mM NaNj (lanes 3 and 6) for the indicated
times. A non-specific band was used as a load control. (B) Fluorescence
microscopy of Bni4-mCitrine at the neck in wild-type (JRL265), pcll1A pcl2A
(JRL685) and pho85A (JRL653) cells. Cells were imaged at mid-log phase in
synthetic medium (+ glu) or after incubation for 1.5 hours in synthetic medium
without glucose (— glu). Scale bar: 5 um. (C) Quantitative analysis of relative
fluorescent signal at the bud neck of the cells in B (#>50). Double asterisks
denote significantly different levels. **P<0.0001, according to the unpaired
Student’s #-test.

accounted for if the septin filaments were inherently polar. However,
recent studies indicate that septin filaments are fundamentally apolar
structures, thus eliminating the most convenient model to explain
this asymmetry. Our observations that the asymmetric localization
of Bni4 can be disrupted by either energy deprivation or cell cycle
arrest shed new light on this complex process.

The loss of Bni4 asymmetry during energy deprivation is
independent of the cell cycle and is rapidly reversible. This
alteration appears to be due largely to Bni4 dephosphorylation rather
than to any gross change in the underlying septin architecture. The
observation that decreased levels of Bni4 at the bud neck in mutants
with reduced Pcl1,2-Pho85 kinase activity can be reversed by
glucose depletion leads us to propose that Bni4-septin association
is regulated both positively and negatively by phosphorylation.
Phosphorylation by Pcl1,2-Pho85 allows Bni4 to associate with the
neck, whereas phosphorylation at additional sites is required to
prevent Bni4 from localizing to the daughter-side of the neck. In
this model, energy deprivation results in nearly complete
dephosphorylation of Bni4, allowing it to localize to both sides of
the neck in a cell-cycle-independent manner. A Bni4 variant lacking
ten putative Pcl1,2-Pho8S5 sites (Bni4-10A) binds at very low levels
to the neck (Zou et al., 2009) but association with the neck is not
recovered by glucose deprivation (J.R.L. and K.T., unpublished).
This result is not strictly compatible with our model, but it is possible
that the ten amino acid substitutions disrupt the activity of Bni4 for
reasons other than preventing Pcll,2-Pho85 phosphorylation.
Identification and alteration of the in vivo phosphorylation sites in
Bni4 will be necessary to test this model. The model also predicts
that one or more protein phosphatases are involved in
dephosphorylating Bni4 upon energy deprivation but the nature of
these activities is unknown at present.

An interesting feature of the association of Bni4 with the bud
neck is that Bni4 does not strictly co-localize with septins. Bni4 is
located at the inner edge of the septin collar during vegetative growth
and at the inner and outer edges of the collar following cell cycle
arrest or energy deprivation (Fig. 2A,B). Although an accurate
assessment of Bni4 localization will require spatial resolution
beyond that of the light microscope, our results suggest that Bni4
is binding to the interface of the septin filaments and the membrane
cortex. In this regard, we have not been able to demonstrate a direct
interaction between Bni4 and septins in immune complexes and no
Bni4—septin interactions have been reported, other than a two-hybrid
interaction between Bni4 and Cdc10 (DeMarini et al., 1997). An
association of Bni4 with the cortical edge of the septin collar would
fit with its biological role in targeting chitin synthase III. To
effectively target this transmembrane complex from a cytoplasmic
endosomal compartment to the plasma membrane, Bni4 would need
to be located at the extreme edge of the septin collar. We do not
know the physiological role of targeting Bni4 to the mother- and
daughter-side of the neck following energy deprivation. Wild-type
and bni4A cells recover from arrest following energy depletion with
similar kinetics and bni4A mutants do not lose viability more rapidly
following energy depletion (K.T., unpublished). Furthermore, Chs4,
which is targeted to Bni4 during vegetative growth, dissociates from
the neck following energy deprivation.

We believe that the loss of Bni4 asymmetry by depletion of
cellular energy and cell cycle arrest occurs via two different
mechanisms. Energy depletion induces a loss of asymmetry
throughout the cell cycle, whereas cell cycle arrest leads only to
the symmetric targeting of Bni4 to the neck in large budded cells.
In addition, Bnrl, another protein restricted to the mother-side of
the bud neck, dissociates from the neck upon energy depletion but
remains unchanged in large-budded cells during cell cycle arrest.
Energy depletion also results in an increased electrophoretic
mobility of Bni4, which suggests a decrease in its phosphorylation
state. By contrast, no obvious change in Bni4 electrophoretic
mobility occurs upon cell cycle arrest.
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Table 1. Phosphatase deletion strains examined for retention of Bni4 asymmetry after treatment with 100mM 2-DG/10mM

NaN3
Standard ~ Systematic Standard Systematic
name name Protein function name name Protein function
CNBI YKL190W  Calcineurin regulatory subunit PTC3 YBLO56W Protein phosphatase type 2C
DOGI YHR044C 2-deoxyglucose-6-phosphate phosphatase PTC4 YBR125C Protein phosphatase type 2C
DOG2 YHR043C 2-deoxyglucose-6-phosphate phosphatase PTCS YOR090C Protein phosphatase type 2C
DPPI YDR284C Diacylglycerol pyrophosphate phosphatase ~ PTC6 YCRO79W Protein phosphatase type 2C
FBPI1 YLR377C Fructose-1,6-bisphosphatase PTC7 YHRO76W Protein phosphatase type 2C
HOR2 YER062C DL-glycerol-3-phosphatase RHR2 YILOS3W DL-glycerol-3-phosphatase
LPPI YDRS503C Lipid phosphate phosphatase RRD1 YIL153W Activator of PP2A
MSG5 YNLO5S3W  Dual specificity phosphatase RRD?2 YPL152W Activator of PP2A
PPG1 YNRO32W  Protein phosphatase RTS1 YORO14W PP2A regulatory subunit
PPH21 YDL134C PP2A catalytic subunit SDP1 YIL113W Dual-specificity phosphatase
PPH22 YDLI188C PP2A catalytic subunit SER2 YGR208W Phosphatase involved in serine and glycine biosynthesis
PPH3 YDRO75W  PP2A-related phosphatase SIT4 YDL047W PP2A-related phosphatase
PPQI YPL179W  PPl-related phosphatase TEPI YNL128W Lipid phosphatase
PPS1 YBR276C Protein phosphatase TPD3 YALO16W PP2A regulatory subunit
PPTI YGR123C Protein phosphatase YMRI YJRI1OW Phosphatidylinositol 3-phosphate phosphatase
PTCI YDLO06W  Protein phosphatase type 2C YVHI YIR026C Protein phosphatase
PTC2 YERO089C Protein phosphatase type 2C

Previous studies indicate that one physiological role of Bni4 is
to target the Glc7 phosphatase to the bud neck and activate it towards
substrates involved in chitin synthesis (Kozubowski et al., 2003;
Larson et al., 2008). Genetic studies also support a role for Bni4
in the regulation of cell wall synthesis (Lesage et al., 2004). In
addition, Bni4 was identified as a regulator of cortical septin
organization through the use of a sensitized assay (Gladfelter et al.,
2005). The results presented here support a further role for Bni4 in
the morphogenesis or DNA replication checkpoints. Swel is
stabilized in response to DNA replication stress and alterations in
components of the morphogenesis checkpoint that negatively

regulate Swel, such as Hsl1, Hsl7 and Cla4, lead to hypersensitivity
to HU and an elongated bud phenotype (Enserink et al., 2006; Liu
and Wang, 2006). We show here that bni4A mutations partially
suppress the HU sensitivity of 4s// A and influence bud morphology.

Since Glc7 is targeted to the bud neck by Bni4, a logical inference
is that Glc7 activity is important for this checkpoint process. It is
worth noting that both Hsll and Hsl7 are located on the daughter-
side of the bud neck. During vegetative growth, Bni4 is located on
the opposite side of the septin collar but relocates to the daughter-
side of the neck following checkpoint activation, bringing it into
proximity with components of the morphogenesis checkpoint. The

Table 2. Yeast strains used in this study

Name Description Source
KT1112 MATa leu2 his3 ura3 (Stuart et al., 1994)
KT1113 MATo. leu?2 his3 ura3 (Frederick and Tatchell, 1996)
JRL236 MATo leu2 his3 ura3 trpl hsl1A::NatMX4 BNI4-GFP::KanMX6 TRP1::SPC42-GFP(3X) This study
JRL238 MATo. leu2 his3 ura3 trpl hsllA::NatMX4 swel A::KanMX4 BNI4-GFP::KanMX6 TRP1::SPC42-GFP(3X) This study
JRL240 MATo leu? his3 ura3 trpl BNI4-GFP::KanMX6 TRP1::SPC42-GFP(3X) This study
JRL264 MATa leu2 his3 ura3 BNI4-yEmCitrine::SpHISS This study
JRL265 MATo leu? his3 ura3 BNI4-yEmCitrine: :SpHISS (Zou et al., 2009)
JRL326 MATa leu2 his3 ura3 BNI4-yEmCitrine::SpHIS5 TRP1::SPC42-GFP(3X) This study
JRL369 MATa leu2 his3 ura3::BNI4-GFP::URA3 bni4A::NatMX4 (Larson et al., 2008)
JRL443 MATo. leu? his3 ura3 BNRI-YFP::SpHIS5 BNI4-CFP::KanMX6 This study
JRL574 MATa leu2 his3 ura3 BNI4-yEmCitrine::SpHIS5S CDC11-mCFP::SpHIS5 This study
JRL653 MATo leu? his3 ura3 pho85A::NATMX4 BNI4-yEmCitrine::SpHISS This study
JRL685 MATo leu? his3 ura3 pell A::NATMX4 pcl2A::KanMX4 BNI4-yEmCitrine::SpHIS5 (Zou et al., 2009)
JRL794 MATalMATo. leu2/leu2 his3/his3 ura3/ura3 CDC3-GFP::KanMX6/CDC3 This study
JRL876 MATa/MATo. leu2/leu? his3/his3 ura3/ura3 BNI4-yEmCitrine::SpHIS5/BNI4-yEmC Citrine: :SpHISS This study
JRL884 MATo leu2 his3 ura3 CDC10-mCFP::SpHISS GLC7-tdimer2::KanMX4 This study
JRL1000 MATa/MATo. leu2/leu2 his3/his3 ura3/ura3 BNI4-yEmCitrine::SpHIS5/BNI4-yEmC Citrine::SpHIS5 TRPI::

SPC42-GFP(3X)/SPC42 This study
JRL1002 MATa leu2 his3 ura3 hsl1A::KanMX4 This study
JRL1003 MATa leu2 his3 ura3 hsl1A::KanMX4 bni4A::NatMX4 This study
JRL1004 MATo leu2 his3 ura3 hsllA::KanMX4 bni4A::NatMX4 This study
JRL1005 MATo leu?2 his3 ura3 hsll1A::KanMX4 This study
KT2450 MATa leu2 his3 ura3 GLC7-tdimer2::KanMX4 This study
KT2575 MATa leu2 his3 ura3 BNI4-yEmCitrine::SpHISS cdcl3-1 This study
KT2592 MATa leu2 his3 ura3 BNI4-yEmCitrine::SpHIS5S TRP1::SPC42-GFP(3X) glc7-129 This study
KT2801 MATo leu2 his3 ura3 hsl1A::KanMX4 bni4A::NatMX4 swelA::KanMX4 This study
KT2803 MATa leu2 his3 ura3 hsl1A::KanMX4 bni4A::NatMX4 swelA::KanMX4 This study
YLK68 MATo leu? his3 trpl ura3 CDCI2-GFP::KanMX6 This study
YLKS85 MATa leu2 his3 trpl ura3::bni4dV8314/F833A4-GFP::KanMX6::URA3 bni4A::TRP1 This study
YLK173 MATo leu? his3 trpl ura3 HSL1-GFP::KanMX6 This study
YLKI179 MATo leu? his3 trpl ura3 KCC4-GFP::KanMX6 This study
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Table 3. Primers used in this study

Name Purpose Sequence

BNRGFP1 BNRI-YFP 5’-CTAGAGAGAACGCATGCTATGCTGAACGATATTCAAAATATAGGTCGACGGATCCCCGGE-3’
BNRGFP2 BNRI-YFP 5’-CTTTATATAAGCTCCACAACTACATAAAATACTAAGTCTTCAATCGATGAATTCGAGCTCG-3’
HSLI1F HSLI1-GFP 5’-TGATGATGTGGAGAGAGTAATTCGAAATGCCGGACGTTCAGGTCGACGGATCCCCGGE-3’
HSLIR HSLI-GFP 5 -GTTAAATTTTTCAAATTATTGTTGTATAATTATATAACATATCGATGAATTCGAGCTCG-3’
SP27-F swelA 5’-CGTCTCTAGTACTGGTAAGCCTTTC-3’

SP28-R swelA 5’-GAGAACCAACAACACTATCCGTTAC-3’

SP63-F BNI4-yEmCitrine 5’-GGAAGTACACGATGATTCGCGATGTTACACACATTTTTATGGTGACGGTGCTGGTTTA-3’
SP66-R BNI4-yEmCitrine 5-TGTATGATTTGATTCATTTCCATTTCTCCCAGTTTTCTGCTTCGATGAATTCGAGCTCG-3’

implication here is that Bni4-Glc7 could now dephosphorylate one
or more components of the checkpoint pathway. Glc7 could also
dephosphorylate septins. Septins were found to associate with
Rad53, a key component of DNA-damage and replication
checkpoints, and null mutants in the septin Shsl are sensitive to
HU (Smolka et al., 2006). Consistent with the possibility that Glc7
activity targets septins, Gladfelter et al. identified Bni4 in a screen
for proteins that regulate septin assembly (Gladfelter et al., 2005).
We have also found that expression of the Glc7-binding domain of
Bni4 (Bni4-823-892) fused to the septin Cdc10 causes slow growth
and accumulation of cells with elongated buds (Larson et al., 2008).
This phenotype is dependent upon Glc7 binding, as a Cdc10 fusion
containing a Bni4 fragment with the V831A/F833A amino acid
substitutions, which prevents Glc7 binding, fails to induce the
elongated bud phenotype. Furthermore, directly targeting Glc7 to
the bud neck via a Cdc10 fusion causes the redirection of septins
to the bud tip and accumulation of cells with elongated buds (J.R.L.
and K.T., unpublished).

In conclusion, we have shown that the temporal and spatial
restriction of Bni4 on the septin collar can be altered in response
to energy deprivation and cell cycle arrest. Elucidation of the
mechanisms responsible for these dynamic changes will most likely
require a detailed analysis of the phosphorylated residues in Bni4
and septins. However, given our current lack of understanding, in
general, of how proteins associate with septins, such studies could
have broader implications for understanding the roles of septins in
animals and fungi.

Materials and Methods

Yeast strains and media

The yeast strains used in this work are listed in Table 2 and are congenic to KT1112
(Stuart et al., 1994) or KT1358 (MATo. leu2 his3 ura3 trpl) (Bloecher and Tatchell,
2000), except the deletion panel strains (Winzeler et al., 1999), which were obtained
from Research Genetics (Open Biosystems, Huntsville, AL). Primers are listed in
Table 3. Yeast strains were grown on YPD medium (2% Bacto peptone, 1% yeast
extract, 2% glucose) at 30°C, except where noted. Strains were sporulated at 24°C
on medium containing 2% Bacto peptone, 1% yeast extract, and 2% potassium acetate.
Synthetic complete medium and media lacking supplements were prepared as
described previously (Sherman et al., 1986). Yeast transformation, manipulation of
Escherichia coli, and the preparation of bacterial growth media were performed as
described previously (Kaiser et al., 1994; Maniatis et al., 1989). PCR was used to
generate gene deletion and fluorescent protein fusion strains. Each amplified cassette
was introduced into a diploid strain; drug-resistant or amino acid-prototrophic
transformants were sporulated; and haploid meiotic segregants were isolated by tetrad
analysis. Deletion of HSLI was described previously (Kozubowski et al., 2003). To
generate hslIA::NatMX6, YLKS2 (MATo leu2 his3 ura3 trpl hsllA::KanMX6) was
transformed with EcoRI-digested pAG25 (Goldstein and McCusker, 1999). To
generate swelA::KanMX4, a deletion cassette was amplified using DNA from the
swelA Research Genetics panel strain and primers SP27-F and SP28-R. The cassette
was then used to transform YLK239 (MATa/MATo. leu2/leu2 his3/his3 ura3/ura3
trpl/trpl) and haploids were recovered after tetrad dissection. BNI4-yEmCitrine was
generated with primers SP63-F and SP66-R, using pKT211 (Sheff and Thorn, 2004)
as the template. Integrated GFP-CHS4 and CDC10-mCFP were described previously
(Larson et al., 2008). Construction of GLC7-tdimer2 was described previously
(Bharucha et al., 2008). The SPC42-GFP(3X) allele (a gift from Mark Winey,
University of Colorado, Boulder, CO), the cdci6-1 allele, cdc27-1 allele and cdci3-

1 allele (a gift from Ted Weinert, University of Arizona) were introduced into the
JC482 background by at least seven serial backcrosses. Ectopically integrated BNI4-
GFP and bni4"33!4834_GEP were described previously (Kozubowski et al., 2003;
Larson et al., 2008). BNI4-CFP was previously described (Kozubowski et al., 2003).
The polarized CDC3-GFP fusion was constructed and characterized by Vrabioiu and
Mitchison (Vrabioiu and Mitchison, 2006). Plasmid pLK10 (pRS315 CEN LEU2
BNI4-GFP) and construction of KCC4-GFP and CDCI2-GFP were described
previously (Kozubowski et al., 2003). BNRI-YFP was generated with primers
BNRGFP1 and BNRGFP2 with pDHS (Yeast Resource Center, University of
Washington, Seattle, WA) as the template. HSL/-GFP was made using pLK3
(Kozubowski et al., 2003) as the template and primers HSL1F and HSLIR.

Microscopic analysis and biochemical procedures

Cells were placed onto a pad of 2% agarose in synthetic medium containing 2%
glucose or 100 mM 2-deoxyglucose, 10 mM NaNs, as noted, and imaged for GFP,
CFP, YFP and RFP, as previously described (Kozubowski et al., 2003). Image analysis,
filter wheels, shutters, and Z-axis stepping motor were controlled by Slidebook
software (Olympus Imaging Systems, Melville, NY). Time lapse imaging was
performed as previously described (Bloecher and Tatchell, 2000).

To assess Bni4-GFP phosphorylation state, total protein was prepared from
cultures by lysis in TCA (Davis et al., 1993; Stuart et al., 1994). Protein extracts were
electrophoresed on 6% polyacrylamide-SDS gels. Immunoblot analysis was performed
as described (Stuart et al., 1994) using the Living Colors A.v. monoclonal anti-GFP
(JL-8) antibody (Clontech, Mountain View, CA), with subsequent detection using
the enhanced chemiluminescence system (Amersham ECL Plus, GE Health Care,
UK).

We thank Mark Winey and Ted Weinert for reagents and Lucy
Robinson for critically reading the manuscript. A portion of this work
was supported by National Institutes of Health grant GM-47789.
Deposited in PMC for release after 12 months.
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