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Summary

Cells of the budding yeast Saccharomyces cerevisiae select a site for polarized growth in a specific pattern that depends on their cell type.
Haploid a and o cells bud in the axial budding pattern, which requires assembly of a landmark that includes the Bud4 protein. To understand
how an axial bud site is established, we performed a structure—function analysis of Bud4. Bud4 contains DUF1709 (domain of unknown
function), which is similar to a part of the anillin-homology domain, and a putative Pleckstrin homology (PH) domain near to its C
terminus. Although its localization depends on septins, a conserved family of GTP-binding proteins, Bud4 is necessary for the stable
inheritance of septin rings during cell division. Although some anillins interact directly with septins, we find that neither DUF1709 nor the
PH domain is necessary for targeting Bud4 to the mother-bud neck. Instead, this C-terminal region is crucial for association of Bud4 with
Bud3 and other components of the axial landmark. Remarkably, septins colocalize with Bud4 mutant proteins that lack these C-terminal
domains, forming an arc or a single ring instead of a double ring during and after cytokinesis. Interestingly, overexpression of Bud4 also
induces formation of extra Bud4 rings and arcs that are associated with septins. Analyses of a series of bud4 truncation mutants suggest that
at least two domains in the central region play a redundant role in targeting Bud4 to the mother-bud neck and are thus likely to interact with

septins. Taken together, these results indicate that Bud4 functions as a platform that links septins to the axial landmark.
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Introduction

Organization and positioning of a variety of macromolecular
structures at specific subcellular locations are critical for cellular
processes. During vegetative growth, haploid a and o cells of the
budding yeast Saccharomyces cerevisiae bud in the axial pattern,
in which both mother and daughter cells select a bud site
immediately adjacent to their previous division site (Chant and
Herskowitz, 1991; Chant and Pringle, 1995; Freifelder, 1960;
Hicks et al., 1977). The axial budding pattern is dependent on
Bud3, Bud4, Axl1 and AxI2, which are thought to assemble as a
spatial landmark (Chant et al., 1995; Halme et al., 1996; Lord
et al., 2002; Roemer et al., 1996; Sanders and Herskowitz, 1996).
This axial landmark dictates a new bud site by recruiting the Rsrl
GTPase module (Kang et al., 2001), which is comprised of Rsrl
(also known as Budl), its GTPase activating protein (GAP) Bud2
and its GDP-GTP exchange factor (GEF) Bud5 (Bender, 1993;
Bender and Pringle, 1989; Chant et al., 1991; Chant and
Herskowitz, 1991; Park et al., 1993). The Rsrl GTPase module
then likely links the spatial cues to the polarity establishment
machinery, including the Cdc42 GTPase (Bi and Park, 2012;
Kozminski et al., 2003; Park et al., 1997).

Bud4 appears to play a pivotal role in the assembly of the axial
landmark. Bud4 localizes to the mother-bud neck first by
interacting with septins and then recruits other components of
the axial landmark including Bud3 (Kang et al., 2012; Sanders
and Herskowitz, 1996). Localization of Bud3 to the mother-bud
neck is diminished greatly, although not completely, in the
absence of Bud4. In contrast, Bud4 localizes to the neck normally

in the absence of Bud3, but its ring structure becomes unstable
during/after cytokinesis (Kang et al., 2012). Bud4 also interacts
with Ax11 and AxI12 to mediate the ordered assembly of the axial
landmark and its cell-type-specific interaction with Bud5 (Gao
et al., 2007; Kang et al., 2012; Lord et al., 2002).

Septins are conserved GTP-binding proteins and are involved in
a variety of cellular processes including cytokinesis. In budding
yeast, mitotic septins (Cdc3, Cdc10, Cdcl1, Cdc12 and Shs1/Sep7)
form heteromeric complexes that assemble into filaments. Septins
localize to the mother-bud neck, forming a tubular ‘collar’
throughout the cell cycle and a split double ring during
cytokinesis that is inherited by mother and daughter cells as a
single ring marking the division site (Oh and Bi, 2011; Versele and
Thorner, 2005). Septins are also important for the axial budding
pattern, as cdcl0-10 and cdcll-6 are defective in axial budding
(Chant et al., 1995; Flescher et al., 1993). Bud4 localizes poorly to
the neck in septin mutants such as cdcl104 and cdcli1A (Frazier
et al., 1998; Sanders and Herskowitz, 1996). BUD4 on a low copy
plasmid partially suppresses the temperature-sensitive growth of
the cdcl2-6 mutant, supporting the idea that Bud4 and the septin
proteins interact with each other (Sanders and Herskowitz, 1996).

How does Bud4 mediate the assembly of the axial landmark at
the proper bud site? Bud4 contains DUF1709 (domain of unknown
function), which is found in the anillin-related proteins. This
domain has similarity to the C-terminal part of the conserved
anillin-homology (AH) domain and is adjacent to the putative
Pleckstrin homology (PH) domain in Bud4 as in other anillin-
related proteins such as Midl and Mid2 in S. pombe (Berlin et al.,
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2003; Tasto et al., 2003). Anillins are highly conserved proteins
with multiple domains that interact with cytoskeletal components
and their regulators (Piekny and Maddox, 2010). The C-terminal
region containing the AH and PH domains of vertebrate anillins
interacts directly with septins (Kinoshita et al., 2002). Mid2 in
fission yeast is involved in septin ring organization (Berlin et al.,
2003; Tasto et al., 2003). Both the DUF1709 and PH domains
overlap with the GTP-binding motif of Bud4. Because of this
anillin-related C-terminal region, Bud4 has been considered as an
anillin-related protein in budding yeast (Wloka et al., 2011).
However, there was little information available about the
functional significance of these domains of Bud4.

Here, we report that Bud4 is involved in linking septins to the
axial landmark through its multiple domains. Bud4 is necessary
for the integrity of the septin rings during cell division. To our
surprise, the anillin-related C-terminal region of Bud4 is
important for its association with Bud3 and other components
of the axial landmark rather than with septins. A series of
mutational analyses indicate that the central domains of Bud4 are
involved in its localization to the mother-bud neck and are thus
likely to interact with septins.

Results

Overexpression of BUD4 leads to the assembly of extra
septin rings or arcs

Because Bud4 shares sequence similarity with anillin-related
proteins, we wondered whether Bud4 is involved in the
organization of septins. We first examined how overexpression
of Bud4 affects septins by monitoring Cdc12-GFP localization.
Cells overexpressing Bud4 from the inducible GALI promoter
often exhibited more than one septin ring (Fig. 1). A new septin
ring typically forms 5-8 minutes before the disappearance of the
old septin ring in mother cells of rapidly growing wild-type cells,
but the old ring is rarely seen in cells after the emergence of a
new bud (Iwase et al., 2006; Tong et al., 2007). To distinguish
whether these extra septin rings resulted from a failure in
disassembly after cytokinesis or from formation of additional
septin rings during one cell cycle, cells were stained with
Calcofluor (to mark bud scars) before induction with galactose.
While Cdc12-GFP co-localized with a single bud scar or the base
of a bud in cells with a vector control (100%, n=80) (Fig. 1Ad),
cells overexpressing Bud4 showed extra septin rings in three
different patterns after growing in galactose-containing media for
6 hours (n=136) (Fig. 1A): (a) two or more Cdc12-GFP rings co-
localized with bud scars (9.6%); (b) a normal Cdc12-GFP ring
co-localized with a bud scar plus one or two fainter Cdc12-GFP
rings that were not associated with bud scars (14%); and (c) an
abnormally large and less tightly organized Cdc12-GFP ring with
several ‘satellite’ rings or arcs (15%). The percentage of cells
with abnormal septin structures increased as Bud4 expression
was induced for longer time. Thus, extra septin rings or arcs can
result from both slow disassembly of the old septin ring after
division (Fig. 1Aa) and formation of extra septin rings or arcs
independent of cell division (Fig. 1Ab,c).

To test whether Bud4 was associated with the extra septin rings
and arcs that resulted when it was overexpressed, we examined
localization of Cdc3-mCherry in cells overexpressing GFP-Bud4
from the GALI promoter. Overexpression of GFP-Bud4 also
induced formation of extra rings and fragmented Cdc3-mCherry,
all of which co-localized with GFP-Bud4 (Fig. 1B). This
phenotype was milder than that seen with overexpression of
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Fig. 1. Overexpression of Bud4 from the GALI promoter.

(A) Localization of Cdc12-GFP (pLP17) in cells (HPY210) carrying (Aa—c)
the Pgar -BUD4 plasmid or (Ad) an empty vector. Cells were grown in SRaf-
Ura, Leu stained with Calcofluor, and then grown in SGal-Ura, Leu for 8 hours
before imaging. (B) Colocalization of Cdc3-mCherry and GFP-Bud4 in cells
(HPY2008) carrying the Pgar -GFP-BUD4 plasmid. Cells were grown in
SRaf-Ura and then shifted to SGal-Ura for 7 hours. Arrows indicate
colocalized rings or arcs of GFP-Bud4 and Cdc3-mCherry. (C) Budding
patterns of HPY2008 carrying the Pgar-GFP-BUD4 plasmid or an empty
vector. Cells were either continuously grown in SRaf-Ura (Raf) or shifted to
SGal-Ura for 7 hours (Gal). Cells with =3 bud scars were counted in three
independent counts (=300 for Pgar -GFP-BUD4; n=200 for the vector
control). Mean (%) *s.d. of the axial, bipolar, and random patterns are
shown. Scale bars: 3 pum.

untagged Bud4. This difference is likely due to the lower level of
GFP-Bud4 accumulation than that of untagged Bud4 upon
induction with galactose (supplementary material Fig. S1A).
Despite the presence of these extra rings or arcs of septins, cells
overexpressing Bud4 did not exhibit any obvious cytokinesis
defect or abnormal morphology. These cells did, however, exhibit
a partial defect in the axial budding pattern upon overexpression of
GFP-Bud4 (Fig. 1C). Taken together, these results suggest that
Bud4 has a direct role in disassembly/assembly of septin rings,
which are important for proper bud-site selection.

Bud4 is necessary for stable segregation of septin rings
during cytokinesis

Next, we asked how septins are affected in the absence of Bud4.
We determined the localization of Cdc3-mCherry in a bud4A4
mutant that also expressed GFP-Tubl (a-tubulin) as a cell cycle
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Fig. 2. Localization of Cdc3-mCherry in bud4 mutants. (A) Time-lapse
images of (Aa) wild-type (HPY2053), (Ab) bud44 (HPY2088), (Ac)
bud44G2 (HPY2099) and (Ad) bud444 (HPY2139), which express Cdc3-
mCherry and GFP-Tubl. Numbers indicate time (in minutes) after the first
image. Below, the integrated density of Cdc3-mCherry at the mother-bud
neck is quantified from large-budded cells, either with long spindles (mitosis)
or with short spindles (post mitosis). Mean pixel intensity (in a.u.) *s.d. is
plotted for wild type (n=9), bud44 (n=9), bud44G2 (n==8) and bud444
(n=9) (*P>0.1, **P<<0.001). Scale bar: 3 um. (B) Diagram of Bud4 protein
with the GTP-binding motif (black bars with numbers for the G1-G4 boxes),
DUF1709 (green bar) and the PH domain (blue bar). Below, the regions
deleted in bud44A4 and bud4A4G2 are depicted with white bars marked with
AA and AG2, respectively.

marker. Unlike wild-type cells, bud44 cells often did not show a
double ring of Cdc3-mCherry (compare a and b in Fig. 2A). After
anaphase, a faint Cdc3-mCherry signal appeared only on the bud
side of the mother-bud neck (87.5%; n=9) and rapidly de-
localized in bud44 cells (Fig. 2Ab, time 13-21), although little
defect was evident until the end of mitosis. These results suggest
that septins fail to maintain the intact ring structure in the absence
of Bud4 during/after cytokinesis, consistent with recent reports
(Eluére et al., 2012; Wloka et al., 2011).

Since the C-terminal region of Bud4 carries the DUF1709 and
PH domains (Fig. 2B), we next tested whether these domains of
Bud4 are necessary for the integrity of septin rings. We examined
localization of Cdc3-mCherry in the bud44G2 mutant, which
lacks a part of the PH domain, and in the bud44A4 mutant, which
lacks a part of DUF1709 (see Fig. 2B). Despite its normal
localization to the mother-bud neck prior to cytokinesis, Cdc3-
mCherry failed to form an intact double ring during cytokinesis
in these bud4 mutants (Fig. 2Ac,d). Instead, Cdc3-mCherry
appeared as an arc or a tiny ring. This defect was evident initially

at the mother side of the neck and subsequently at the bud side.
The Cde3-mCherry fluorescence in a fixed rectangle region at the
mother-bud neck was reduced particularly in post-mitotic cells of
bud44 (15%), bud44G2 (36%), and bud444 (50%) compared to
wild type (see quantification in Fig. 2A). The steady-state levels
of Cdc3-mCherry were about the same in wild type and these
bud4 mutants (supplementary material Fig. S1B), suggesting that
these defects in Cdc3 localization are due to delocalization rather
than instability of Cdc3 in these bud4 mutants. Thus, the C-
terminal region of Bud4 is necessary for the integrity of septin
ring during/after cytokinesis.

The anillin-related region of Bud4 is unlikely to be involved
in association with septins

GFP-Bud4 arrives initially at the mother side and then at the bud
side of the septin ‘collar’ and co-localizes with the septin double
ring at/after cytokinesis (supplementary material Fig. S2A). We
wondered whether abnormal localization of Cdc3 in the bud444
and bud4AG2 mutants is due to the failure of these Bud4 truncation
mutants to associate with Cdc3. To test this possibility, we examined
localization of Cdc3-mCherry and GFP-Bud4AA in the same cells
by time-lapse microscopy. Remarkably, GFP-Bud4AA also formed
an arc or a tiny ring after cytokinesis, and these structures
overlapped with Cdc3-mCherry (Fig. 3A), suggesting that
Bud4AA is unlikely to be defective in association with septins.
Since the G1 box of the GTP-binding motif of Bud4 resides within
DUF1709 (see Fig. 2B), we also examined localization of Cdc3-
mCherry in cells expressing GFP-Bud4AG1, which lacks the Gl
box. Localization of GFP-Bud4AG1 was similar to that of the wild-
type GFP-Bud4, overlapping with Cdc3-mCherry particularly from
the onset of cytokinesis when the septin ring splits (see cells marked
with an arrow in supplementary material Fig. S2A,B).

We then asked whether the PH domain is involved in
interaction with septins. We examined co-localization of Cdc3-
mCherry and GFP-Bud4AG2 (see Fig. 2B) or GFP-Bud4AE,
which lacks the predicted B-sheet structure of the PH domain.
GFP-Bud4AG2 localized to the mother-bud neck but often failed
to form a discrete double ring during/after cytokinesis, similar to
GFP-Bud4AA. Although the defect was less severe at 30°C, GFP-
Bud4AE also failed to form an intact double ring when cells were
grown at 37°C (Fig. 3B). However, even when GFP-Bud4AG2
and GFP-Bud4AE formed the ‘broken rings’ during/after
cytokinesis, these mutant proteins closely associated with
Cdc3-mCherry as in the case of GFP-Bud4AA. Taken together,
none of these Bud4 C-terminal truncation mutants is likely to be
defective in interaction with septins. Thus, these data suggest that
the anillin-related region of Bud4, including DUF1709 and the
PH domain, is not involved in interaction with septins, contrary
to our initial prediction.

DUF1709 and PH domains of Bud4 are necessary for
interaction with Bud3

What, then, could be the biochemical defects of these bud4
mutants lacking the C-terminal domains? We noticed that the
localization patterns of GFP-Bud4AA and GFP-Bud4AG2 were
strikingly similar to that of GFP-Bud4 in hud34 cells (Kang et al.,
2012). We thus speculated that Bud4AA and GFP-Bud4AG2
might be defective in interaction with Bud3. Consistent with this
idea, we found that Bud3-mCherry co-localized poorly with
GFP-Bud4AA and GFP-Bud4AG2 in most cells, with the
exception of some pre-cytokinesis cells (Fig. 4Ab,c), whereas it
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co-localized with GFP-Bud4 at various cell cycle stages
(Fig. 4Aa). Quantification of fluorescence intensity along the
mother-bud axis of many large-budded cells confirmed that
Bud3-mCherry co-localized poorly with GFP-Bud4AA and GFP-
Bud4AG2 (see line-intensity plots in Fig. 4A, right). Since the
Bud3 protein level was about the same in wild type and in these
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Fig. 3. Localization of Cdc3-mCherry in cells expressing GFP
fusions of the Bud4 mutant proteins lacking a part of DUF1709 and
the PH domain. (A) Time-lapse images of the cells (HPY2152)
expressing GFP-Bud4AA and Cdc3-mCherry. Arrows mark GFP-
Bud4AA and Cdc3-mCherry starting to form abnormal shapes after
cytokinesis. Numbers indicate time (in minutes) after the first image.
(B) Localization of Cdc3-mCherry in cells expressing GFP-Bud4AG2
(HPY2265) (grown at 30°C) or GFP-Bud4AE (HPY2218) (grown at
30°C or 37°C). Arrows mark cells with defective double rings of Bud4
and Cdc3 in post-mitotic cells. Arrowheads indicate abnormal patches
of GFP-Bud4AE. Scale bars: 3 pum.

bud4 mutants (see Fig. 4B), this result suggests that Bud3 is de-
localized in the bud44A and bud44G2 mutants.

Next, we assessed the physical association of Bud3 and these
Bud4 C-terminal mutant proteins by immunoprecipitation assays
using anti-Bud4 antibodies (which cross-react with wild type and
the C-terminal truncations of Bud4 equally well). Unlike wild

Fig. 4. DUF1709 and the PH domain of Bud4 are necessary for
interaction with Bud3. (A) Localization of Bud3-mCherry in cells
expressing (Aa) GFP-Bud4 (HPY2217), (Ab) GFP-Bud4AA (HPY2202)
and (Ac) GFP-Bud4AG2 (HPY2249). A representative line scan of a cell
with a large bud is shown along the mother-bud axis for each strain on the
right. (B) Co-immunoprecipitation of Bud3-Myc with Bud4. Extracts of
the BUD3-Myc strains [wild-type (HPY'1511), bud44 (HPY1514),
bud444 (HPY2254), bud4AE (HPY2255) and bud44G2 (HPY1991)]
were subjected to immunoprecipitation using polyclonal anti-Bud4
antibodies. Bud4 and Bud3-Myc recovered by immunoprecipitation (right
panels) and from the S10 fractions (left panels) were analyzed by
immunoblotting with anti-Bud4 antibodies (lower two panels) and anti-
Myec antibody (top two panels). The first lane shows the S10 fraction from
the wild-type strain (HPY'16) expressing untagged Bud3.
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type, Bud4AA indeed associated poorly with Bud3-Myc
(Fig. 4B). Similarly, we tested the two PH domain truncation
mutants of Bud4, and found that Bud3-Myc associated poorly
with Bud4AE and even less with Bud4AG2 (Fig. 4B). The level
of Bud4AG2 was about 70% of the wild-type Bud4 (Kang et al.,
2012), but even when normalized to the wild-type Bud4 level,
association of Bud3 with Bud4AG2 was negligible. These results
thus indicate that both DUF1709 and the PH domain of Bud4 are
necessary for the association of Bud4 with Bud3. Bud3-Myc
appeared as a broad band on SDS-PAGE gels and, intriguingly,
the slower-mobility form of Bud3-Myc was enriched after
immunoprecipitation with anti-Bud4 antibodies (Fig. 4B).
These observations suggest a possibility that Bud3 undergoes
post-translational modification and that the modified Bud3
preferentially associates with Bud4 (see Discussion).

Central region of Bud4 is necessary for its localization to
the mother-bud neck

Since localization of Bud4 to the mother-bud neck depends on
septins (Frazier et al., 1998; Sanders and Herskowitz, 1996) but
not any other components of the axial landmark (Kang et al.,
2012), a Bud4 region that is necessary for its localization to the
neck is likely to be involved in interaction with septins. Which
region of Bud4 is then necessary for its localization to the neck?
To address this question, we first generated a series of N-terminal
deletion mutants of BUD4 (see later), and determined the
localization of each Bud4 mutant protein fused to GFP. Several
GFP-Bud4 fusions with N-terminal deletions upto the residue 510
of Bud4 (ANI-4NS5) did not exhibit any obvious defect in
localization (Fig. 5Aa; data not shown), suggesting that most of
the N-terminal region of Bud4 is dispensable for its localization.
While GFP-Bud4ANG6 was enriched at the mother-bud neck, it
formed a less tightly organized ring structure and also existed
diffusely in the cytoplasm (Fig. SAb). Quantification of the GFP
fusions of the wild-type and mutant Bud4 proteins in many cells
confirmed this conclusion (n>20 for each strain; see line-
intensity plots of representative cells in Fig. 5). In contrast, GFP-
Bud4AN7 appeared diffuse in the cytoplasm with slight

GFP-Bud4AN7 Cde3-mCherry
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enrichment at the neck (Fig. 5B), indicating that the region
containing residues 884—1000 is necessary for targeting Bud4 to
the mother-bud neck. In the GFP-Bud4AN7 strain, Cdc3-
mCherry localized properly in cells undergoing bud emergence
or with a small bud but poorly in cells with large buds (see cells
marked with arrows and arrowheads, respectively, in Fig. 5B), as
in bud44 cells. Surprisingly, GFP-Bud4ANS8, which carries the
DUF1709 and PH domains, localized to the nucleus, as judged by
colocalization with Htb2 (histone H2B)-mCherry (Fig. 5C) (see
Discussion). Taken together, analyses of these N-terminal
deletion mutants indicate that the mid-region of Bud4 is
involved in its localization to the mother-bud neck. Consistent
with this conclusion, GFP-Bud4AC exhibited little defect in its
initial localization to the neck, but failed to form a double ring at
the neck and a single ring at the division site (Fig. 6B).

To define more precisely the central region of Bud4 that is
involved in targeting of Bud4 to the mother-bud neck, we then
generated several internal deletions (see Fig. 7A). To our
surprise, GFP-Bud4AB and GFP-Bud4AD were able to localize
to the neck (Fig. 6A,C). However, the double ring signal was
weaker in these cells, and the cytoplasmic diffuse signal was
particularly evident in cells expressing GFP-Bud4AD. When
many static images of large budded cells were analyzed, the
integrated density of GFP-Bud4AB and GFP-Bud4AD in a fixed
rectangle region of the neck was significantly lower than that of
the wild-type GFP-Bud4 (see graph in Fig. 6). In contrast, GFP-
Bud4AF, which lacks both regions (residues 530-997) deleted in
Bud4AB and Bud4AD, appeared completely diffuse in the
cytoplasm, and Cdc3-mCherry also localized poorly to the neck
in large-budded cells in this strain (see a cell marked with an
arrow, Fig. 6D), as in bud44 cells. The steady-state levels of
these Bud4 truncation mutant proteins (with the exception of
Bud4AC and Bud4AG2; see below) were about equal to or higher
than the wild-type Bud4 (Fig. 7B) (Kang et al., 2012), suggesting
that their localization defects are not due to lower expression or
instability of the mutant proteins.

Finally, we tested whether the central region (lacking in GFP-
Bud4AF) is sufficient for its targeting to the mother-bud neck.

Fig. 5. Localization of GFP fusions of Bud4 N-terminal
truncation mutants. (A) Time-lapse images of cells expressing
(Aa) GFP-Bud4ANS (HPY2159) and (Ab) GFP-Bud4AN6
(HPY2158) from the BUD4 locus. Numbers indicate relative time
(in minutes) after the first image. Below, a representative line scan
of a cell with a large bud is shown along the mother-bud axis:
GFP-Bud4 (green line), GFP-Bud4ANS (black line), and GFP-
Bud4ANG6 (purple line). (B) Localization of GFP-Bud4AN7 and
Cdc3-mCherry (HPY2226). Arrows mark the Cdc3-mCherry rings
in cells with a tiny bud and an emerging bud; arrowheads mark the
mother-bud neck of cells with large buds that failed to maintain
the intact Cdc3-mCherry ring. (C) Localization of GFP-Bud4ANS8
and Htb2-mCherry expressed from the BUD4 locus (HPY2132)
and from a CEN plasmid (pFJ115), respectively. Scale bars: 3 pm.
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Fig. 6. Localization of GFP fusions of Bud4 truncation mutants and
Cdc3-mCherry expressed from the chromosomal loci. Note that although
there was little difference in budding pattern between the BUD4 and GFP-
BUD4 strains, the GFP-bud4AF mutant exhibited slightly less axial pattern
(10%) than bud4AF (23%). Thus, the localization defect of GFP-Bud4AF
might be slightly more pronounced than that of Bud4AF. Below, the
integrated density of GFP-Bud4, GFP-Bud4AB and GFP-Bud4AD at the
mother-bud neck is quantified from static images of large-budded cells. Mean
pixel intensity (in a.u.) *s.d. is plotted for wild type (n=35), Bud4AB (n=43)
and Bud4AD (n=28) (*P<1x1077). Scale bar: 3 um.

Consistent with the deletion analyses described above, GFP-
Bud4AH (carrying amino acids 511-988) and GFP-Bud4Al
(carrying amino acids 511-804) were able to localize to the
neck, although some cytoplasmic and nuclear fluorescence was
also observed in cells expressing GFP-Bud4Al (Fig. 6E,F). Taken
together, these results suggest that the central region (residues
530-988) of Bud4 contains at least two domains that have a
partially redundant role in targeting Bud4 to the mother-bud neck.

Both the C-terminal and central regions of Bud4 are
necessary for proper bud-site selection

We next determined the budding pattern of the bud4 mutants by
introducing each bud4 allele into a haploid bud4A strain. As
expected from the localization patterns described above, the N-
terminal deletions, bud4ANI-bud4ANS, had little effect on the
budding pattern, whereas bud4N6 resulted in a partial defect in
the axial budding pattern. In contrast, bud4AN7 and bud4ANS
resulted in almost complete defects in the axial budding pattern
(Fig. 7A; data not shown). Deletions of a part of the central
region that is involved in targeting Bud4 to the mother-bud neck
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Fig. 7. Budding patterns and the protein levels of bud4 mutants.

(A) Budding patterns of the wild type and bud4 mutants. The average
percentage of axially budding cells is shown after growing at the indicated
temperatures. Cells with =3 bud scars were counted in 3 or 5 independent
counts (=300, s.d.<3% for cells grown at 30°C; n=500, s.d.=3-5% for
cells grown at 37°C). (B) Steady-state level of the wild-type and mutant Bud4
proteins. Extracts were prepared from cells grown in YPD at 30°C or 37°C,
and then analyzed by immunoblotting using polyclonal anti-Bud4 antibodies.
A non-specific cross-reacting band (marked with an asterisk) was used as a
loading control; numbers represent the relative protein levels normalized
against the wild-type Bud4 at 30°C.

(bud44B and bud44D) resulted in partial axial budding defects,
while a deletion of the whole central region (bud4AF) resulted in
a more severe defect in the axial budding pattern (Fig. 7A).

The C-terminal truncation mutants were also defective in axial
budding: The budding patterns of bud44A4 and bud44G2 were
similar to that of a bud4 null mutant (Fig. 7A). Although the
bud44G1 and bud4AE mutants were partially defective at 30°C,
these mutants were almost completely defective in the axial
budding pattern at 37°C. Because these bud4 mutations did not
affect overall protein stability at 30 and 37°C (with an exception
of bud4A4AC and bud44G2, which are reduced to 70% of wild
type) (Fig. 7B) (Kang et al., 2012), their phenotypes are unlikely
due to any global structural change or instability of the proteins
(see Discussion). Taken together, the phenotypes of these bud4
mutants thus indicate that both the C-terminal and central regions
of Bud4 are essential for the axial budding pattern.

Discussion

DUF1709 and PH domains of Bud4 are necessary for the
assembly of the axial landmark

A number of pieces of data presented in this study suggest that
the anillin-related C-terminal region of Bud4 is likely to be
involved in the assembly of the axial landmark rather than the



()
O
e
2
O
w
)
®)
y—
o
©
c
—
>
(®]
-

1224  Journal of Cell Science 126 (5)

interaction with septins. While localization of Bud4 to the
mother-bud neck depends on septins (Frazier et al., 1998; Sanders
and Herskowitz, 1996), partial deletion of DUF1709 (bud44A4) or
the overlapping G1 box (bud44G1) did not disrupt targeting of
Bud4 to the bud neck and its association with Cdc3. Instead,
bud444 and bud44GI disrupted the interaction of Bud4 with
Bud3 (this study) and Axll and AxI2 (Kang et al., 2012),
respectively.

PH domains are found in a variety of proteins and are involved
in interaction with phosphoinositides in some cases, allowing
membrane recruitment of proteins, or in protein-protein
interactions in other cases (Lemmon, 2004). Although the
isolated Bud4 fragment carrying the PH domain can bind to
PtdIns(3)P, it appears to do so with very low affinity, and its GFP
fusion localizes to the cytoplasm (Yu et al., 2004). Consistent
with this previous finding, we found that the Bud4 C-terminal
fragments (GFP-Bud4AN7 and GFP-Bud4ANS) fail to localize to
the plasma membrane; instead, these proteins localize mostly to
the cytoplasm and the nucleus, respectively. The C-terminal
region of Bud4 contains four putative nuclear localization
sequences (NLS) residing within Bud4AN8 and a putative
nuclear export sequence (NES) located at residues 1075-1085.
Disruption of this NES may account for the nuclear localization
of GFP-Bud4ANS, but further mutational studies are necessary to
test this idea and to address whether there is any functional
significance of these putative NLS and NES motifs in Bud4.

Despite some potential caveats of our mutational study (such
as possible global structural changes), our data indicate that the
PH domain of Bud4 is involved in the assembly of the axial
landmark. Deletions of a part of the PH domain of Bud4, bud4AE
and bud4A4G2, result in defects in association with Bud3, which
accounts for their axial bud-site-selection defect. The region
deleted in Bud4AG2 overlaps the G2-G4 boxes of the GTP-
binding motif. However, its failure to associate with Bud3 is
unlikely due to the lack of GTP binding because Bud4AGl,
which is more severely defective in GTP binding than Bud4AG2,
is not defective in association with Bud3 and septins (Kang et al.,
2012; this study). The PH domain of Bud4 is thus involved in
association with Bud3 (this study), which is prerequisite for the
assembly of Axll and AxI2 (Kang et al., 2012). Interestingly,
Bud4 appears to associate preferentially with the Bud3 species
that run more slowly on SDS-PAGE gels. Since several high-
throughput studies have indicated that Bud3 is phosphorylated
(Archambault et al., 2004; Bloom et al., 2011; Chi et al., 2007;
Holt et al., 2009; Smolka et al., 2007) and ubiquitinated (Peng
et al., 2003; Seyfried et al., 2008; Starita et al., 2012; Ziv et al.,
2011), these modifications of Bud3 might be necessary for its
interaction with Bud4. However, we cannot rule out the
possibility that the faster-migrating Bud3 band represents
cleaved Bud3 fragment(s). Further investigation is necessary to
determine the functional significance of these potential Bud3
modifications.

Interestingly, budding patterns of bud44G1 and bud4AE are
partially defective at 30°C but more severely so at 37°C. The
temperature-sensitive defect in the axial budding pattern appears
to be specific to bud44AGI1 and bud4AE, as other bud4 mutants
did not exhibit such a temperature-sensitive phenotype (see
Fig. 7A). This phenotype of bud44AGI correlates with the
temperature-dependent defect of AxIl localization in this
mutant despite the normal localization pattern of GFP-
Bud4AG1 (Kang et al., 2012). Localization of Bud4AE is more

severely defective at a higher temperature (see Fig. 3), likely
affecting the assembly of the axial landmark.

Although Bud4 is necessary for the integrity of the septin ring
particularly during/after cytokinesis (this study; Eluére et al.,
2012; Wloka et al., 2011), similar to Mid2 in S. pombe (Berlin
et al., 2003; Tasto et al., 2003), our findings indicate that the
anillin-related region of Bud4 is important for the assembly of the
axial landmark. Bud4 might be a specialized anillin-related
protein that coordinates cytokinesis and selection of a growth
site, as these two processes are closely linked in haploid budding
yeast (see below). The AH domains are also involved in
interaction with proteins other than septins, including the actin
cytoskeleton and RhoA (Piekny and Maddox, 2010), although
vertebrate anillins interact directly with septins (Kinoshita et al.,
2002).

Central domains of Bud4 are necessary and sufficient for
targeting Bud4 to the mother-bud neck

A series of mutational analyses uncovered a central region that is
necessary and sufficient for targeting Bud4 to the mother-bud
neck. Interestingly, a smaller fragment of Bud4 (amino acids
511-804) can also localize to the neck (see GFP-Bud4Al, Fig. 6),
whereas deletion of this region (bud44D) only partially affects
localization and the axial budding pattern. Similarly, despite the
drastic difference between the localization patterns of Bud4AN6
and Bud5AN7, Bud5AB has only minor defects in localization
and budding pattern. Thus, the central region (amino acids 511—
988) appears to have two domains that have a partially redundant
role in targeting Bud4 to the mother-bud neck. Since localization
of Bud4 to the neck depends on septins but not any other
components of the axial landmark (Frazier et al., 1998; Sanders
and Herskowitz, 1996), this central region of Bud4 is likely to be
involved in interaction with septins. A close examination of this
central region does not reveal any obvious common motif
between these two domains. Several questions remain: What are
the exact boundaries of each domain or the residues involved in
targeting Bud4 to the mother-bud neck? Do both or any of these
central domains of Bud4 interact directly with septins? Which
components of septins interact with Bud4? Further investigation
will be required to answer these questions.

Role of Bud4 in linking septins to the axial landmark

A ‘cytokinesis tag’ model has been previously proposed to
explain the axial budding pattern in haploid cell types (Chant and
Herskowitz, 1991; Snyder et al., 1991). In this model, a tag
remaining from cytokinesis is thought to direct assembly of
components for bud formation at the cortex in the subsequent cell
cycle. This model has been supported by a number of
observations including localization patterns of the axial-
budding-specific proteins to the mother-bud neck (and the
subsequent division site) and their genetic interactions with
septins (Bi and Park, 2012). Our findings in this study further
support the cytokinesis tag model and identify Bud4 as a key
player for the faithful inheritance of the axial spatial cue from the
cytokinesis tag septins. Bud4 may function as a platform to link
septins to the axial landmark through its multiple domains, as
modeled in Fig. 8. Septins recruit Bud4 to the mother-bud neck
(Frazier et al., 1998; Sanders and Herskowitz, 1996) by
interacting with the central domains of Bud4 (this study). Bud4
then mediates the assembly of the axial landmark via DUF1709
and the PH domain (Kang et al., 2012; this study). Bud4 is also
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Fig. 8. Model for the role of Bud4 in linking the cytokinesis tag septins to
the axial landmark. Bud4 is likely to interact directly with septin hourglass
via its central region in the G2 phase and mediate the assembly of the axial
landmark via its C-terminal domains. The split septin rings then interact with
the axial landmark either directly or indirectly. The exact domains or residues
of Bud4 involved in interaction with septins, Bud3, Axll or AxI2 are not
known (see text for details).

necessary for the integrity of the septin ring during and after
cytokinesis (this study; Eluére et al., 2012; Wloka et al., 2011).
The stable anchoring of both the septin and Bud4 rings at the
division site depends on the interaction between Bud3 and the C-
terminal domains of Bud4 and is likely to contribute to the
fidelity of the axial budding pattern (this study). The exact
residues or domains of Bud4 that are involved in interaction with
these proteins remain unknown. Further analyses are necessary to
fully understand the spatiotemporal regulation of the axial
landmark and the role of septins in axial budding.

Materials and Methods

Strains, plasmids, genetic methods and growth conditions

Standard methods of yeast genetics, DNA manipulation, and growth conditions
were used (Ausubel et al., 1999; Guthrie and Fink, 1991), unless indicated
otherwise. The strains and plasmids used in this study are listed in supplementary
material Tables S1, S2. Details of plasmid construction are provided below
supplementary material Table S2.

Immunoblotting and immunoprecipitation

Yeast cells were grown to mid-log phase (ODgp9 ~1.0) in YPD at 30°C, and
extracts were prepared as previously described (Kang et al., 2004a).
Immunoprecipitation and immunoblotting were carried as previously described
(Kang et al., 2010) using anti-Bud4 antibodies, which were raised against the N-
terminal fragment of Bud4 (a.a. 1-398) (Kang et al., 2012), anti-Myc antibody
9E10 (kindly provided by M. Bishop, University of California-San Francisco), and
anti-DSRED antibodies (Clontech Laboratories, Mountain View, CA). Protein
bands were then detected with Alexa Fluor 680 goat anti-rabbit IgG (Molecular
Probes, Eugene, OR) or IRDye 800CW conjugated goat anti-mouse IgG (LI-COR
Biosciences, Lincoln, NE) secondary antibodies using the LI-COR Odyssey
system (LI-COR Biosciences, Lincoln, NE). The amount of protein was quantified
using the software of the LI-COR Odyssey system, and the relative amount of
proteins was estimated based on an internal control on immunoblots.

Fluorescence microscopy and image processing

To determine budding patterns, cells were grown in YPD at 30°C or 37°C (where
indicated) overnight, and bud scars were visualized by staining cells with
Calcofluor, as previously described (Pringle, 1991). For live-cell imaging, cells
were grown at 30°C in synthetic complete (SC) or SD-His (to select for the HTB2-
mCherry plasmid). For imaging of cells overexpressing Bud4, cells were grown
overnight in raffinose (Raf)-based synthetic media, either SRaf-Ura (Fig. 1B) or
SRaf-Ura, Leu (Fig. 1A), and then induced by adding galactose (2% final) for 6—
9 hours. Cells were then concentrated by centrifugation and spotted on a slab of
the same media containing 2% agarose for imaging. GFP- and mCherry-fusion
proteins were visualized in exponentially growing cells, essentially as previously
described (Kang et al., 2012; Kang et al., 2004b), using a Nikon E800 microscope
(Nikon, Tokyo, Japan) fitted with a 100x oil-immersion objective (NA 1.30) and
FITC/GFP and mCherry/TexasRed filters from Chroma (Brattleboro, VT). Optical
Z-sections (0.3 pm intervals) were collected using Slidebook software (Intelligent

Imaging Innovations, Denver, CO) with a Hamamatsu ORCA-2 CCD camera
(Hamamatsu Photonics, Bridgewater, NJ) at room temperature (22-24°C) unless
indicated otherwise. A maximum projection was created for 2D images with
Slidebook software for all figures. A single optical section was used for
quantification of fluorescence intensities either along the line crossing cells or in
a defined area using Imagel] software (NIH). For line scan analyses, relative
intensity of fluorescence was analyzed as described in figure legends and the
representative cells are shown. To compare fluorescence intensity at the mother-
bud neck region, the integrated density was calculated by subtracting the
fluorescence intensity in the cytosol from the total intensity in an ImageJ-drawn
polygon covering the neck (Fig. 2A; Fig. 6). Mean*s.d. was calculated and
statistical significance was determined using Student’s #-test.
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