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The Anillin-Related Region of Bud4 Is the Major Functional
Determinant for Bud4’s Function in Septin Organization during Bud
Growth and Axial Bud Site Selection in Budding Yeast
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The anillin-related protein Bud4 of Saccharomyces cerevisiae is required for axial bud site selection by linking the axial land-
mark to the septins, which localize at the mother bud neck. Recent studies indicate that Bud4 plays a role in septin organization
during cytokinesis. Here we show that Bud4 is also involved in septin organization during bud growth prior to cytokinesis, as
bud4A shs1A cells displayed an elongated bud morphology and defective septin organization at 18°C. Bud4 overexpression also
affected septin organization during bud growth in shs1A cells at 30°C. Bud4 was previously thought to associate with the septins
via its central region, while the C-terminal anillin-related region was not involved in septin association. Surprisingly, we found
that the central region of Bud4 alone targets to the bud neck throughout the cell cycle, unlike full-length Bud4, which localizes to
the bud neck only during G,/M phase. We identified the anillin-related region to be a second targeting domain that cooperates
with the central region for proper septin association. In addition, the anillin-related region could largely mediate Bud4’s func-
tion in septin organization during bud growth and bud site selection. We show that this region interacts with the C terminus of
Bud3 and the two segments depend on each other for association with the septins. Moreover, like the bud4A mutant, the bud3A
mutant genetically interacts with shsIA and cdc12-6 mutants in septin organization, suggesting that Bud4 and Bud3 may cooper-
ate in septin organization during bud growth. These observations provide new insights into the interaction of Bud4 with the sep-

tins and Bud3.

he correct positioning of a polarity axis in response to spatial

cues is important for a variety of cellular functions, such as
neuronal transmission, cell fate determination, and directional
cell migration (1-3). In the budding yeast Saccharomyces cerevi-
siae, the spatial control of cell polarization is manifested by bud
site selection, a process that takes place at late G, stage of the cell
cycle, in which the mother cell chooses a new budding site (4, 5).
There are two patterns for bud site selection in budding yeast,
depending on the cell type. Haploid MATa or MATa cells bud in
an axial pattern, in which cells choose a new budding site next to
the preceding cell division site. As a result, the bud scars are con-
nected in a chain. Diploid MATa/MATa cells, however, bud in a
bipolar pattern, in which the daughter cells choose the new bud-
ding site exclusively at the pole distal to the preceding cell division
site, while the mother cells select the new budding site either ad-
jacent to or opposite the preceding division site. As a result, the
bud scars are distributed at the two poles of a cell (4-6).

Previous studies had established that a group of proteins, in-
cluding Bud3, Bud4, Axl1, Ax12 (also known as Bud10), and the
septins, is implicated in the control of axial bud site selection. All
these proteins localize to the mother bud neck, and loss-of-func-
tion mutations in any of these proteins result in a failure to bud in
an axial pattern but instead cause bipolar budding (7-13). Septins
are a class of conserved GTP-binding proteins with a conserved
function in cytokinesis. In budding yeast, five vegetatively ex-
pressed septins (Cdc3, Cdcl10, Cdcl1, Cdcl2, and Shs1/Sep7) as-
semble into heterooligomeric complexes, which polymerize to
form higher-order structure filaments at the bud neck (14, 15).
Septins at the bud neck function as a scaffold involved in anchor-
ing other proteins there. They also function as a diffusion barrier
confining cortical factors in the daughter cell (16). Bud3, Bud4,
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Axl1, and AxI2 are thought to assemble into a protein complex
(axial landmark) on the septin filaments in a sequential order at
about the time of mitosis. Septin filaments first recruit Bud3 and
Bud4 to the bud neck, and after that, Axl1 and AxI2 are recruited
(17, 18). During cytokinesis, the septin hourglass splits into two
rings and the daughter cell and the mother cell each inherit one
ring. Each ring lasts until the late G, stage of the next cell cycle
(16). The four proteins on the septin ring are thought to function
as a spatial memory to activate Rsr1/Budl, a Ras-family small
GTPase, which in turn activates Cdc42, a Rho-family small
GTPase, leading to the assembly of a new bud at an adjacent loca-
tion (19). A recent study showed that Bud3 possesses weak gua-
nine nucleotide exchange factor (GEF) activity toward Cdc42 and
can activate Cdc42 in vivo (20). This observation suggests that the
axial landmark may interact with Cdc42 at multiple levels.

Apart from bud site selection, Bud4 is known to play a role in
septin organization, as the septins in bud4A cells fail to form a
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discrete double ring during cytokinesis (21-23), whereas overex-
pression of Bud4 causes the assembly of extra septin structures
(23).Bud4 is also required for normal cytokinesis in the absence of
Gin4 or Cla4 (22), two protein kinases important for septin ring
assembly (14).

Bud4 shares a low degree of amino acid sequence similarity
(18%) with anillin, an animal protein (24). Like anillin, Bud4
contains a pleckstrin homology (PH) domain at the C terminus.
In fungal anillin-related proteins, a DUF1709 domain (function
unknown) is also found next to the conserved PH domain (23).
The common function of anillin and fungal anillin-related pro-
teins appears to be the regulation of cytokinesis (25), and in most
cases, this function involves their interaction with the septins. For
example, anillin is known to directly bind septins (26). Mid2, one
of two Bud4 homologues in the fission yeast Schizosaccharomyces
pombe, acts to stabilize septin rings during cytokinesis (27, 28).
Intl, a Bud4 homologue in the opportunistic human pathogen
Candida albicans, can interact with the septins in S. cerevisiae (29).
A few anillin-related proteins regulate cytokinesis without inter-
acting with the septins; for example, the fission yeast Mid1 plays a
role in the positioning of the site for cytokinesis (30). Itis currently
not known whether Bud4 homologues in the filamentous fungi
Neurospora crassa and Aspergillus nidulans, which are crucial for
cytokinesis (31, 32), interact with the septins.

Although the functions of Bud4 in bud site selection and in
septin organization during cytokinesis have been characterized by
previous studies, whether Bud4 is involved in septin organization
prior to cytokinesis and the exact mechanisms of how Bud4 reg-
ulates these processes are not clear. Here we report that Bud4 plays
a role in septin organization during bud growth. In addition, we
identified the C-terminal anillin-related region to be a second bud
neck-targeting domain in Bud4. This region, which consists of
DUF1709 and PH domains, interacts with the C terminus of Bud3
and plays a critical role in Bud4’s function in septin organization
and bud site selection.

MATERIALS AND METHODS

Strains, media, and genetic methods. The yeast strains used in this study
are listed in Table S1 in the supplemental material. Standard culture me-
dia and genetic techniques were used, except where noted (33). For GAL-
driven overexpression of Bud4, cells were grown in synthetic SRG me-
dium (0.67% yeast nitrogen base, 1% raffinose, 2% galactose). Escherichia
coli strains DH12S (Life Technologies, Gaithersburg, MD) and DH5«
(TaKaRa, Japan) were used as hosts for plasmid manipulation. Oligo-
nucleotide primers for PCR were purchased from Sangon Biotech (Shang-
hai, China). The nucleotide sequences of the primers are available upon
request.

Plasmid construction. The pBG2 (CEN URA3 Py,1,-GFP-Ty¢;)
vector was generated for the expression of green fluorescent protein
(GFP)-tagged Bud4 (GFP-Bud4) segments in the localization and func-
tional complementation studies. It has the pRS316 (CEN URA3) back-
bone and contains the BUD4 promoter (nucleotides —1000 to +12 rela-
tive to the A residue of the start codon) amplified by PCR from plasmid
pBUDA4 (13) in a SacI-Notl fragment, the 728-bp NotI-BamHI fragment
of GFP with an S-to-T mutation at position 65 (GFP®*T) digested from
pKS-GFP, and the 263-bp Sall-Kpnl fragment of the CYCI transcription
terminator from pUG36 (34). Full-length BUD4 or various BUD4 frag-
ments were amplified by PCR from pBUD4, digested with BamHI and
Xhol, and inserted into BamHI- and Sall-digested plasmid pBG2.

To generate the pBG5 (integrative, URA3 Py, ,p,,) vector used for inte-
grative expression of full-length Bud4 and Bud4 segments in yeast cells,
the BUD4 promoter (nucleotides —1000 to +12) in a SacI-NotI fragment
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from pBG2 was inserted into pRS306 (integrative, URA3). Full-length
BUD4 and BUD4 segments along with the Ty, terminator were re-
moved from pBG2-BUD4 segments in BamHI-Kpnl fragments and in-
serted into BamHI- and KpnlI-digested pBG5, yielding pBG5-BUD4 seg-
ments. pBG5 was linearized with Ncol, whereas pBG5-BUD4 segments
were linearized with Apal for integration at the ura3-52locus in yeast cells.

Plasmids pEGKT316-BUD4, pEGKT316-BUD4-C8, and pEGKT316-
BUD4-M1 were constructed by inserting the BamHI-Xhol fragments of
BUD¢4, the C8 segment of BUD4 (BUD4-C8), and BUD4-M1 amplified
from pBUD4 by PCR into BamHI- and Sall-digested pEGKT316 (CEN
URA3 UASGar1-Peyei-GST-Tyc;), respectively (35).

To generate the pGGFP316 vector (CEN URA3 UAS;u;;-Poyer-
YEGFP3-T ;) used for overexpression of GFP-Bud4 segments, yEGFP3
was amplified by PCR from pUG36 (CEN URA3 P, z155-VEGFP3-Tyc,;)
(34) and inserted into Sacl- and BamHI-digested pEGKT316 to replace
the glutathione S-transferase (GST) sequence, yielding pGGFP316. Then,
the BamHI-Xhol fragments of BUD4-C8 and BUD4-M1 were ligated into
BamHI- and Sall-digested pGGFP316, yielding pGGFP316-BUD4-C8
and pGGFP316-BUD4-M1, respectively.

For yeast two-hybrid assay, plasmids pGBDU-BUD4-C2, pGAD-
BUD4, pGAD-BUD4-C2, pGBDU-BUD3-M3/C2, pOAD-BUD3-M3/
C2, and pOAD-BUD3-C1614 were constructed. Full-length BUD4 and
BUD4-C2 were amplified by PCR from pBUD4, digested with BamHI and
Xhol, and inserted into BamHI- and Sall-digested pGBDU-C1 (2. URA3
GAL4-BD) and pGAD-C1 (2. LEU2 GAL4-AD) (36), yielding plasmids
pGBDU-BUD4-C2, pGAD-BUD4, and pGAD-BUD4-C2. To generate
pGBDU-BUD3-M3/C2, BUD3-M3/C2 was digested from pUG36-BUD3-
M3/C2 and inserted into BamHI- and Sall-digested pGBDU-CI.
BUD3-M3/C2 and BUD3-C1614 were digested with Smal and PstI from
pGBDU-based plasmids and inserted into pOAD (36), yielding pOAD-
BUD3-M3/C2 and pOAD-BUD3-C1614, respectively.

Yeast strain construction. Strain JGY2737 (a bud4A::TRPI shslA::
kanMX) was constructed by deleting BUD4 in YEF4603 (o shsIA:
kanMX) by a PCR-based method (37). JGY2903 (a iqgl A::His3MX6) was
constructed by deleting IQGI in the J]MY314.1-4b-derived W303 back-
ground strain JGY2482. Plasmids YIp211-CDC3-GFP, YIp128-CDC3-
GFP, and YIp128-CDC3-mCherry (17) were linearized by BgIII for
integration at the CDC3 locus in yeast cells, generating integrated CDC3-
GFP::URA3, CDC3-GFP::LEU2, and CDC3-mCherry::LEU2 alleles, re-
spectively. Strain JGY781 (o bud3A bud4A) was generated by mating
YEF3571 (o bud3A::HIS3) with YEF3572 (a bud4A::HIS3), followed by
sporulation and tetrad dissection. Strain JGY2966 was generated by tag-
ging the C terminus of Spc42 with mCherry in strain JGY2923 by a PCR-
based method (37).

Microscopy. An Olympus BX51 microscope (Tokyo, Japan) and a
Retiga 2000R charge-coupled-device (CCD) camera (QImagine Corpo-
ration, Canada) were used to visualize cell morphology and GFP-tagged
proteins by differential interference contrast (DIC) and fluorescence mi-
croscopy. The ImagePro Plus program (MediaCybernetics, Glen Mills,
PA) was used for image processing. The budding pattern of a yeast strain
was determined by staining the bud scars of cells with 0.01% calcofluor
white.

RESULTS

Bud4 plays a role in septin organization during bud growth.
Bud4 has a role in septin organization at the end of the cell cycle,
as bud4A cells formed a single septin ring instead of two rings at
the bud neck during cytokinesis (21-23). Because bud morpho-
genesis occurs normally in bud4A cells as well as cells overexpress-
ing Bud4 (21-23, 29), it is not clear whether Bud4 may play a role
in septin organization at early stages of the cell cycle. To explore
this possibility, we looked for mutants that showed a synthetic
defect in bud morphology with the bud4A mutant. Shsl (also
known as Sep7) is one of the five vegetatively expressed septins
and is not essential for cell viability (38—-40). In our strain back-
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FIG 1 Bud4 plays a role in septin organization during bud growth. (A) Cell morphology of strains YEF473A (wild type [WT]), YEF3572 (bud4A), YEF4603
(shsIA), and JGY2737 (bud4A shsiA). Cells were grown on YPD plates at 18°C and 22°C for 6 days and 30°C for 3 days. (B) Localization of Cdc3-GFP. Cells of
the strains described in the legend to panel A carrying integrated CDC3-GFP::URA3 were cultivated on YPD plates at 18°C for 2 days. (C) Bud4 overexpression.
Cells of strains YEF473A (wild type), YEF4603 (shs1A), YEF1238 (gin4A), and YEF1342 (cla4A) carrying plasmid pEGKT316 (vector [Vec]) or pPEGKT316-BUD4
(GAL-BUD4) were grown on an SC-Ura medium (dextrose [Dex]) plate for 2 days and an SRG-Ura medium (Gal) plate for 3 days at 37°C. (D) Morphology of
the cells described in panel C grown on an SRG-Ura medium plate at 30°C for 20 h. (E) Cdc3-GFP localization in shsIA cells overexpressing Bud4. Cells of strain
YEF4603 (shsIA) carrying integrated CDC3-GFP::LEU2 and plasmid pEGKT316-BUD4 (GAL-BUD4) were grown in SRG-Ura medium at 30°C for 20 h before

observation. Bars, 5 pm.

ground (S288C derived), shsIA cells showed normal growth and
cell morphology when grown on nutrient-rich yeast extract-pep-
tone-dextrose (YPD) agar medium at 22°C to 37°C. A defective
cell morphology that included slightly elongated buds could be
seen only at 18°C. Interestingly, we found that bud4A shsIA cells
displayed a severely defective morphology at 22°C: 70% of bud4A
shsIA cells examined (n = 866) displayed elongated buds, and
13% of cells formed chains/clusters consisting of three or more
cells (Fig. 1A, middle). This morphological defect was more pro-
nounced at 18°C, where a larger population of bud4A shsIA cells
(84%; n = 528) displayed an elongated bud morphology (Fig. 1A,
top). The septins (indicated by Cdc3-GFP) were not well orga-
nized in these cells. Cdc3-GFP was often found to be less concen-
trated or absent at the bud neck in bud4A shsiA cells grown at
18°C, while it was concentrated at the bud neck in wild-type,
bud4A, and shs1A cells (Fig. 1B). Some bud4A shs1A cells showed
amislocalization of Cdc3-GFP at the tips of elongated buds. These
observations suggest that Bud4 is required for septin organization
during bud growth, in addition to cytokinesis.

In addition to the morphological and septin organization de-
fect, bud4A shsiA cells grew more slowly than the isogenic wild-
type cells at 18°C (data not shown). Remarkably, bud4A shsIA
cells did not display morphological or growth defects at either
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30°C (Fig. 1A) or 37°C or when grown on synthetic complete (SC)
agar medium (data not shown).

Next, we asked whether the expression of excess Bud4 could
also perturb septin organization in shsIA cells. We observed that
Bud4 overexpression in shsIA cells significantly impaired growth
at elevated temperatures. The cells failed to grow into single colo-
nies at 37°C (Fig. 1C). At 30°C, where the cells could grow, cell
morphology was abnormal. Eighty-one percent of the cells exam-
ined (n = 833) displayed elongated buds (Fig. 1D). Cell clusters/
chains, indicative of a defect in cytokinesis or cell separation, were
frequently detected. This phenotype is very similar to that of cells
overexpressing Intl, the Bud4 homologue in Candida albicans
(29). Like the septin organization in cells overexpressing Int1, the
septin organization was also abnormal in these cells overexpress-
ing Bud4. Cdc3-GFP was not localized or organized properly at
the bud neck in most cells. It was often seen as short bars that were
aligned vertically at the bud neck or along the surface of elongated
buds (Fig. 1E). These findings indicate that too much Bud4 in
shsIA cells can also perturb septin organization during bud
growth.

In addition to shsIA cells, Bud4 overexpression in gin4A and
cla4A mutants, in which the septins are not well organized, also
impaired growth and generated a septin mutant-like morphology
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prediction. Bars, 5 pm.

similar to the effect of Bud4 overexpression in shsIA cells (Fig. 1C
and D). Fifty-eight percent (n = 805) of gin4A cells and 63% (n =
763) of cla4A cells overexpressing Bud4 exhibited elongated buds
at 30°C (Fig. 1D). Gin4 is a bud neck-associated protein kinase
that can interact with Shs1 and phosphorylate it in vivo and in vitro
(41). Cla4 is a p21-activated protein kinase that physically associ-
ates with and can directly phosphorylate the septins Cdc3, Cdc10,
Cdcll, and, to a much lesser extent, Cdc12 (42). These findings
suggest that cells defective in septin organization may be specifi-
cally sensitive to the effect of excess Bud4.

Taken together, our data suggest that Bud4 plays a role in
septin organization during bud growth. Bud4 may help to stabilize
the septin ring.

The C-terminal anillin-related region of Bud4 functions as a
second domain that mediates Bud4’s association with the
septins. Bud4 localizes to the bud neck in cells with medium to
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large buds, and this localization depends on the septins at the bud
neck (13). Bud4 contains an Iqgl-Bud4-interacting domain
(IBID) near the middle region (43) and an anillin-related region at
the C terminus. The latter consists of a DUF1709 domain (a do-
main of unknown function) and a pleckstrin homology (PH) do-
main (21, 23) (Fig. 2A). A previous study identified a Bud4 seg-
ment (amino acids [aa] 511 to 804) that could target to the bud
neck, indicating that the central region of Bud4 is capable of asso-
ciating with the septins (23). We confirmed this finding and found
that the central bud neck-targeting region could be narrowed
down to the region from aa 623 to 774, which sits next to the IBID
(Fig. 2A), because three segments, Bud4-M1 (aa 623 to 880),
Bud4-M10 (aa 623 to 804), and Bud4-M4 (aa 623 to 774), that
carry this region all localized to the bud neck (Fig. 2B). We named
the region from aa 623 to 774 targeting domain 1 (TD1). These
Bud4 segments were fused to GFP and expressed in wild-type cells
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under the control of the BUD4 promoter. All these Bud4 segments
were expressed well, as determined by immunoblotting with a
monoclonal antibody against GFP (see Fig. S1 in the supplemental
material). Surprisingly, we observed that TD1 localized to the bud
neck in all the budded cells, irrespective of the size of the bud (Fig.
2C, Bud4-M1). The pattern of TD1 localization resembles that of
the septins but apparently differs from that of full-length Bud4,
which localized to the bud neck only when the buds were medium
or large (13). This feature was not reported in the previous study
(23). The persistent association of TD1 with the septins through-
out the cell cycle suggests that Bud4 may contain a second target-
ing domain that could cooperate with TD1 to achieve bud neck-
targeting in a temporally restricted manner.

We observed that the anillin-related region (Bud4-C2, aa 1067
to 1447) also localized to the bud neck, in addition to the plasma
membrane (Fig. 2B). Interestingly, it localized to the bud neck
only in cells with medium to large buds but not in cells with small
buds (Fig. 2C), similar to full-length Bud4. Thus, the C-terminal
anillin-related region appears to be a second bud neck-targeting
domain. We named it TD2. Bud4-C8 (aa 623 to 1447), a Bud4
segment that contains both TD1 and TD2, showed a localization
pattern essentially identical to that of full-length Bud4 (Fig. 2B).
Because Bud4-C8 did not target to the bud neck in cells with small
buds like TD1 did and not target to the entire plasma membrane
like TD2 did, our results suggest that the temporally and spatially
restricted association of Bud4 with the septins may require coop-
eration between TD1 and TD2.

In sharp contrast to our observation, the study by Kang et al.
(23) reported that the anillin-related region of Bud4 is not in-
volved in the interaction with the septins on the basis of two ob-
servations. First, Bud4 C-terminal truncation mutants still local-
ized to the bud neck. Second, the anillin-related region did not
target to the bud neck but mainly localized to the nucleus (23).
The first observation can be explained by the fact that these Bud4
segments contain an intact TD1. The discrepancy in the second
observation could be explained by the extra 15 amino acids (aa
1067 to 1081) in our Bud4-C2 construct, which is absent in the
Bud4 segment used by Kang and colleagues (23). We generated a
Bud4 segment identical to the one used by Kang et al., here desig-
nated Bud4-C13 (aa 1082 to 1447), and found that it indeed did
not target to the bud neck or the plasma membrane (Fig. 2B). The
extra 15-aa sequence contains part of a putative « helix and a
putative nuclear export signal (NES) (1075-LSIKAISTLAL-1085)
(Fig. 2D). In theory, truncation at amino acid residue 1082 would
remove the majority of the a helix and destroy the NES motif,
which may lead to the retention of this Bud4 segment in the nu-
cleus. Interestingly, the regions in fungal anillin-related proteins
corresponding to the 15-aa sequence in Bud4 also contain a puta-
tive o helix and show a high degree of sequence similarity (Fig.
2D).

Together, our results show that the anillin-related region of
Bud4 functions as a second bud neck-targeting domain, in addi-
tion to the known targeting domain located in the central region.
The spatially and temporally restricted association of Bud4 with
the septins may require cooperation between these two domains.

Roles of the two bud neck-targeting domains of Bud4 in sep-
tin organization. Because Bud4 contains two distinct domains
that mediate its association with the septins, we wanted to evaluate
the role of each domain in Bud4’s function in septin organization.
To this end, we employed two assays. First, we took advantage
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FIG 3 The anillin-related region of Bud4 is crucial for septin organization.
Cells of strain JGY2737 (bud4A shs1A) carrying integrated pBG5 (vector),
pBG5-BUDA4, or pBG5-BUD4 segments were grown on a YPD plate at 22°C for
6 days before observation. Bar, 5 um.

of the elongated bud phenotype of bud4A shsIA cells grown at a
low temperature and examined which Bud4 segment could com-
plement this morphological defect. This assay monitors the func-
tion of Bud4 in septin organization during bud growth prior to
cytokinesis. Thirty-nine percent of bud4A shs1A cells carrying the
empty vector displayed elongated buds (n = 1,367) at 22°C,
whereas only 4% of cells expressing full-length Bud4 (n = 1,169)
displayed elongated buds (Fig. 3) (for unknown reasons, cells
transformed with the integrative empty vector consistently
showed a decrease in the percentage of cells with elongated buds
compared to that for cells carrying no vector at all). Although the
central TD1 of Bud4 could associate with the septins throughout
the cell cycle, we found that the expression of Bud4-N2, which
carries TD1 (Fig. 2A), in bud4A shsIA cells did not complement
the morphological defect, as 44% of cells examined (n = 680)
displayed elongated buds. In contrast, only 7% (n = 816) and 9%
(n = 869) of cells expressing Bud4-C2 and Bud4-AM1 displayed
elongated buds, respectively (Fig. 3), indicating that the anillin-
related region (TD2) could efficiently complement the elongated
bud defect of bud4A shsiA cells. Since the anillin-related region is
not only required but also largely sufficient for complementing
the elongated bud morphology of bud4A shsiA cells, which pre-
sumably results from a defective septin organization during bud
growth, this result suggests that the anillin-related region may play
apivotal role in Bud4’s function in septin organization during bud
growth.

bud4A cells are known to form only a single septin ring instead
of normally two rings at the time of cytokinesis (21, 23). Next, we
examined which Bud4 segment could complement this defect.
This assay monitored Bud4’s function in the stabilization of two
split septin rings during cytokinesis. In the course of our analysis,
Kang et al. reported that Bud4 C-terminal mutants carrying dele-
tions in the DUF1709 or PH domain failed to form a double septin
ring (23). This observation indicates that the anillin-related region
of Bud4 is essential for Bud4’s function during cytokinesis. How-
ever, it is not clear whether this region alone is sufficient to carry
out Bud4’s function. Our result showed that neither TD1 nor the
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TABLE 1 Complementation of the double-septin-ring-formation defect
of bud4A cells by full-length Bud4 and Bud4 segments”

% of cells with:

Bud4 construct Double ring Single ring No. of cells
Vector 0 100 22

Bud4 74 26 100
Bud4-C8 72 28 100
Bud4-N2 0 100 48
Bud4-M1 0 100 45
Bud4-C2 3 97 65

“ The pBG2 empty vector and pBG2-BUD4 segments were transformed into strain
JGY2966 (bud4A CDC3-mCherry SPC42-mCherry). The number of cells that showed a
single septin ring or double rings at telophase or anaphase (monitored by Spc42-
mCherry, a component of the spindle pole body) was scored.

anillin-related region (TD2) alone is sufficient to carry out Bud4’s
function in the formation of two septin rings during cytokinesis
(Table 1, see the results for Bud4-N2 and Bud4-M1 for the TD1
function; see the results for Bud4-C2 for the TD2 function). In-
terestingly, the Bud4-C8 segment, which carries both the TD1 and
TD2 domains (Fig. 2A), was fully functional in the complementa-
tion of the double-septin-ring-formation defect (Table 1), sug-
gesting that TD1 and TD?2 are likely the only functional domains
in Bud4 for septin organization at the end of the cell cycle. The
N-terminal half of the protein, aa 1 to 622, is dispensable for this
function.

Together, our results show that the two bud neck-targeting
domains of Bud4 are differentially required for two Bud4-regu-
lated septin organization events. Bud4’s function in septin orga-
nization during bud growth mainly requires the anillin-related
region (TD2), whereas Bud4’s function in the formation of two
septin rings during cytokinesis requires both TD1 and TD2.

The central region of Bud4 functionally interacts with the
septin ring. Although overexpression of full-length Bud4 under
the control of a galactose-inducible promoter did not affect
growth, we found that overexpression of Bud4-C8 (aa 623 to
1447), which contains both the central region and the anillin-
related region of Bud4, markedly reduced growth at 30°C (Fig.
4A). The central region of Bud4 appears to be responsible for
causing this defect because overexpression of Bud4-M1 (aa 623 to
880), which carries only the central region of Bud4, is sufficient to
severely impair growth (Fig. 4A). Cells overexpressing Bud4-C8 or
Bud4-M1 also exhibited a strong defect in cell morphology. Of the
cells overexpressing Bud4-C8 and Bud4-M1, 60% (n = 831) and
73% (n = 821), respectively, displayed highly elongated buds after
they were grown on galactose-containing medium for 20 h (Fig.
4B). Cell clusters or cell chains could also be observed. Septin
organization was also abnormal in these cells. At the bud neck and
at the constrictions along the elongated buds in cells overexpress-
ing Bud4-C8, septins were often seen as short, vertical bars instead
of a ring, while in cells overexpressing Bud4-M1, septin bars lon-
ger than 5 wm, which were mostly present at a single copy per cell
and which ran in the mother bud axis, could often be seen, indi-
cating that the septins were not properly organized (Fig. 4C). In-
terestingly, these abnormal septin structures contained Bud4-C8
and Bud4-M1, respectively (see Fig. S2 in the supplemental mate-
rial), suggesting that they are made of fully assembled septin com-
plexes.

The functional domain in Bud4-M1 that is responsible for
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causing the septin organization defect appears to be located in the
region from aa 623 to 804, which contains TD1 and the first 35 aa
of IBID (Fig. 2A), since overexpression of this region caused the
formation of highly elongated buds in 27% of cells (n = 862) (Fig.
4B, Bud4-M10), whereas just 2% of cells overexpressing TD1
alone (n = 982) displayed elongated buds (Fig. 4B, Bud4-M4).
This finding implies that part of the IBID is required for Bud4-M1
function. The short conserved N-terminal sequence of Bud4-
M1 is also critical for Bud4-M1’s function since the Bud4 segment
from aa 637 to 880, which lacks the N-terminal 14 aa, completely
lost the ability to cause bud elongation when overexpressed (data
not shown).

Because the functional region of Bud4-M1 contains part of
IBID, which is known to mediate an interaction between Bud4
and Iqgl (38), we also investigated whether Iqgl may be required
for the function of Bud4-M1. We found that overexpression of
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FIG 4 Phenotypes of Bud4 segment overexpression. (A) Cells of strain
YEF3572 (bud4A) carrying plasmid pEGKT316 (vector), pEGKT316-BUD4,
pEGKT316-BUD4-C8, or pEGKT316-BUD4-M1 were grown on an SC-Ura
medium (dextrose [Dex]) plate for 2 days and an SRG-Ura medium (Gal) plate
at 30°C for 3 days. (B) Morphology of the cells described in the legend to panel
A and those carrying pEGKT316-BUD4-M10 or pEGKT316-BUD4-M4
grown on an SRG-Ura medium plate at 30°C for 20 h. (C) Localization of
Cdc3-GFP in cells overexpressing Bud4 and Bud4 segments. Cells described in
the legend to panel A carrying integrated CDC3-GFP:LEU2 were grown at
30°C for 20 h before imaging. Bars, 5 pm.
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mutant cells. Cells of strains YEF473A (wild type), YEF3570 (bud3A), YEF3572 (bud4A), and JGY781 (bud3A bud4A) carrying pUG36-BUD3-C or pBG2-
BUD4-C2 were grown on SC-Ura medium before visualization. Bar, 5 pm.

Bud4-M1 in iggIA cells (W303 background) caused bud elonga-
tion to an extent similar to that in wild-type cells (data not
shown), suggesting that bud elongation caused by the overexpres-
sion of Bud4-M1 may not depend on Iqgl.

Taken together, our results show that overproduction of the
central region of Bud4 could disrupt septin organization. This
finding suggests that the central region of Bud4 may have the
ability to associate with the septins in vivo, either directly or indi-
rectly.

The anillin-related region of Bud4 interacts with the C-ter-
minal region of Bud3. The anillin-related region of Bud4 localizes
to the bud neck as well as on the plasma membrane. Because this
region is critical for Bud4’s function in septin organization, we
wanted to know how it targets to the bud neck. Bud4 is known to
associate with Bud3 in vivo (18). We therefore examined the in-
teraction of the anillin-related region with several Bud3 segments
(Fig. 5A) in a yeast two-hybrid assay. We found that the anillin-
related region of Bud4 interacted with Bud3-M3/C2 (aa 948 to
1466) and Bud3-C1614 (aa 1221 to 1614) (Fig. 5B and C). Full-
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length Bud4 also interacted with Bud3-M3/C2 (Fig. 5C). Bud3-
M3/C2 and Bud3-C1614 share the overlapping region from aa
1221 to 1466. Thus, the anillin-related region of Bud4 appears to
interact with Bud3 via the C-terminal region from aa 1221 to 1466
of Bud3.

Interestingly, we found that the bud neck localization of the
anillin-related region (Bud4-C2) disappeared in bud3A and
bud3A bud4A cells, while its localization on the plasma membrane
was unaffected (Fig. 5D), indicating that the bud neck localization
of this region depends on Bud3. We previously reported that the
C-terminal region of Bud3 (Bud3-C; aa 1221 to 1636) localized to
the bud neck as a double ring in cells with medium to large buds
(35). Remarkably, we found that the bud neck localization of
Bud3-C was greatly diminished in bud4A and bud3A bud4A cells
(Fig. 5D), suggesting that Bud3-C’s bud neck localization also
depends on Bud4.

Together, our results show that the anillin-related region of
Bud4 interacts with the C-terminal region of Bud3. The C-termi-
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FIG 6 Bud4 may act together with Bud3 in septin organization. (A) Cell
morphology of strains YEF3570 (bud3A), YEF4603 (shsIA), and JGY3035
(bud3A shs1A). Cells were grown on YPD plates at 22°C for 6 days. (B) Cell
morphology of strains YEF2218 (cdc12-6), JGY3040 (bud3A cdci2-6), and
JGY3042 (bud4A cdcl12-6) grown on an SC medium plate at 28°C for 1 day.
Bars, 5 pm.

nal regions of these two proteins may cooperate for bud neck
targeting (septin association).

Bud4 may act together with Bud3 in septin organization dur-
ing bud growth. Bud4 is thought to act together with Bud3 in the
control of bud site selection at late G, stage of the cell cycle (13,17,
18). However, it is not clear whether Bud4 may act together with
Bud3 in septin organization as well. We showed early in this study
that bud4A shsiA cells displayed defects in cell morphology and
septin organization (Fig. 1A and B). Interestingly, we found that
bud3A shs1A cells also displayed elongated buds and cell chains
when grown on YPD solid medium at a lower temperature. At
22°C, 62% of bud3A shsl1A cells examined (n = 889) displayed
elongated buds and 20% of cells formed cell chains (Fig. 6A). The
extent of the defect was similar to that of bud4A shsI1A cells. Thus,
it seems that Bud4 may act together with Bud3 in septin organi-
zation during bud growth. A previous study showed that both
bud4A cdc12-6 and bud3A cdc12-6 cells were defective for growth
at 28°C, a temperature at which cdc12-6 cells could grow (22). We
made an identical observation in our strain background (data not
shown). In addition, we found that 100% of bud4A cdc12-6 and
bud3A cdc12-6 cells examined (n = 400) displayed dramatically
elongated buds at 28°C, whereas only 36% of cdc12-6 cells (n =
1,041) displayed elongated buds (Fig. 6B). These findings support
the view that Bud4 and Bud3 may act together in septin organiza-
tion. The interaction between the anillin-related region of Bud4
with Bud3’s C-terminal region may provide the basis for the func-
tional cooperation between Bud4 and Bud3 in septin organiza-
tion.

The anillin-related region of Bud4 is also the functional do-
main for bud site selection. Bud4 is essential for axial bud site
selection, as haploid bud4A cells could not bud in the axial pattern
but instead budded in a bipolar pattern (7, 13). Kang et al. (23)
reported that both the central region and the C-terminal anillin-
related region of Bud4 are required for Bud4’s function in bud site
selection. However, neither of these two regions alone is sufficient
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to carry out Bud4’s function in bud site selection (23). In contrast
to their observation, we found that the anillin-related region is
largely sufficient to carry out axial budding because Bud4-C2 (aa
1067 to 1447) largely rescued the axial budding defect (Table 2),
suggesting that the anillin-related region is the functional domain
for Bud4 in bud site selection. We observed that 41% of cells
expressing Bud4-C2 (n = 700) displayed a typical axial budding
pattern, in which the bud scars were connected in a chain, while
another 40% of the cells displayed an axial-like pattern, in which
the bud scars were distributed at one pole but were not immedi-
ately connected. There was some space between some of the bud
scars (Table 2). When the budding pattern of those cells carrying
only two bud scars was scored (8), 75% of cells expressing
Bud4-C2 (n = 156) exhibited the axial pattern, while 88% of cells
expressing full-length Bud4 (n = 100) and 4% of cells carrying the
empty vector (n = 100) exhibited the axial pattern. Because two-
scar analysis monitors the fidelity of bud site selection for only one
round of budding, this result supports the suggestion that
Bud4-C2 is largely functional in axial budding. Similarly, Bud4-
AM1 (aa 1 to 621 plus 881 to 1447), which contains the anillin-
related region but lacks TD1, behaved like Bud4-C2. In contrast,
neither Bud4-N2 (aa 1 to 1066) nor Bud4-M1 (aa 623 to 880), two
segments that carry TD1 but lack the anillin-related region, res-
cued the axial budding defect (Table 2). We found that the Bud4
segment used by Kang et al. (23), which is here designated Bud4-
C13 (aa 1082 to 1447), indeed completely failed to complement
the axial budding defect of bud4A cells (Table 2). The lack of
function for Bud4-C13, which is 15 amino acids shorter than
Bud4-C2, is likely due to the truncation of the putative nuclear
export signal (NES), which leads to the retention of the protein in
the nucleus (Fig. 2B), causing the protein to be unable to target to
the bud neck.

Together, our results indicate that the C-terminal anillin-re-
lated region of Bud4 is the functional domain for axial bud site
selection. The central TD1 in Bud4 may increase the fidelity of bud
site selection by the anillin-related region via restricting its local-
ization to the bud neck.

DISCUSSION

Targeting mechanism of Bud4’s anillin-related region. In this
study, we showed that, like human anillin and the fission yeast
Mid1l and Mid2 (24, 27, 28, 44), the C-terminal anillin-related

TABLE 2 Complementation of axial bud site selection defect of bud4A
cells by full-length Bud4 and Bud4 segments*

% of cells expressing the following budding

pattern No. of
Bud4 construct Axial Axial-like Bipolar Random cells
Vector 8 72 20 200
Bud4 89 7 4 200
Bud4-N2 5 71 24 300
Bud4-C2 41 40 1 18 700
Bud4-C13 5 63 32 300
Bud4-C8 84 10 6 400
Bud4-AM1 34 50 5 11 500
Bud4-M1 2 79 19 300

“ pBG2 empty vector and pBG2-BUD4 segments were transformed into strain YEF3572
(bud4A). Cells with three or more bud scars were counted for determination of the
budding pattern.
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region of Bud4 is capable of targeting to the cell cortex and cleav-
age furrow (bud neck). The only domain in the C-terminal region
of anillin-related proteins with a known function is the PH do-
main, which could interact with the negatively charged phosphoi-
nositides in the plasma membrane via electrostatic interaction
(45, 46). For example, the PH domain of Bud4 binds specifically to
phosphatidylinositol 3-phosphate in vitro (47). However, because
the anillin PH domain itselfis not sufficient, though it is necessary,
for cleavage furrow targeting (24), as is the case for the PH do-
mains of Bud4 and the fission yeast Mid2 (27, 28; our unpublished
data), the exact mechanism by which the C-terminal regions of
anillin and its fungal homologues target to the cleavage furrow is
not clear. On the basis of the findings of studies on other low-
affinity PH domains, the targeting of anillin and fungal homo-
logues to the cleavage furrow may require the cooperation of the
PH domain with other domains in the protein (45) or may occur
via oligomerization of the PH domain, as in the case of dynamin
isoforms (48). In this study, we showed that the C-terminal tar-
geting domain in Bud4, TD2, interacts with Bud3, another mem-
ber of the axial landmark, for association with the septins at the
bud neck. This demonstrated, for the first time, that a fungal an-
illin homologue could cooperate with another protein for cleavage
furrow targeting.

Role of Bud4 in septin organization. Bud4 is essential for the
formation of two septin rings during cytokinesis (21-23). In
this study, we showed that Bud4 is also required for septin
organization during bud growth. Thus, Bud4 emerges as a new
player in the organization of septin structures. However, the
detailed mechanism of how Bud4 engages in septin organiza-
tion is not clear.

We showed in this study that Bud4 contains two bud neck-
targeting domains, TD1 and TD2, which could potentially bind to
the septins. One clue about how Bud4 regulates septin organiza-
tion may come from the TD2 domain. We observed that Bud4
TD2 is required and largely sufficient for the complementation of
the elongated bud defect of bud4A shsiA cells. Moreover, TD2 is
absolutely required for Bud4’s function in the formation of two
septin rings during cytokinesis. Thus, TD2 seems to be the major
functional determinant of Bud4 in septin organization. Based on
our observation that Bud4-TD?2 interacts with the C-terminal re-
gion of Bud3 (Bud3-C) and this interaction is crucial for targeting
themselves to the bud neck, we speculate that Bud4-TD2 may
initially loosely associate with the plasma membrane via the inter-
action of its PH domain with phosphoinositides in the plasma
membrane. The interaction between Bud4-TD2 and neighboring
Bud3-C may create a binding surface for the septins, which not
only helps to anchor themselves to the septin filaments but also
helps to stabilize the septin ring. We showed previously that AxI2,
the only transmembrane protein in the axial landmark, is impli-
cated in septin organization during bud growth and cytokinesis, as
axI2A elmIA, axI2A gin4A, and axI2A cla4A cells displayed syn-
thetic morphological defects that included bud elongation and cell
chain formation as well as a severe defect in septin organization at
24°C (17). Interestingly, the function of AxI2 in septin organiza-
tion is largely mediated by its cytoplasmic tail, which localized to
the bud neck, and this localization completely depends on the
presence of both Bud4 and Bud3 (17). Therefore, we speculate
that Bud4-TD2 and Bud3-C may cooperate to recruit AxI2 to the
bud neck. This may help to stabilize the septin ring by linking the
septins to the plasma membrane and/or cell wall because the bulk
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N-terminal cadherin domain of AxI2 sticks out into the extracel-
lular space.

Why is TD1 essential for Bud4’s function in the formation of
two septin rings during cytokinesis, while it is largely dispensable
for septin organization during bud growth? A recent study showed
that the septin hourglass-to-double ring transition is accompa-
nied by the loss of septin subunits from the hourglass and reorga-
nization of the remaining subunits into the two septin rings (49).
This process is also accompanied by a 90° change in septin fila-
ment orientation from aligning to the mother bud axis to circling
of the bud neck. During such a dramatic septin structure remod-
eling process, TD1 may cooperate with TD2 to provide a stronger
interaction with the septin filaments. This may help to prevent the
loss of septin subunits during and after the hourglass-to-double
ring transition.

Role of Bud4 in axial landmark assembly. Based on the de-
pendency between these components for bud neck localization,
we previously proposed that the axial landmark is assembled in
the following order: the septins — Bud4 and Bud3 — AxI1 and
Ax12 (17). This model reflects that Bud4 cooperates with Bud3 in
linking the axial landmark to the septins. Bud4 is known to inter-
act with Bud3 (18). However, how the interaction is achieved is
not understood. In this study, we showed that Bud4 and Bud3
interact with each other via their C termini and thus provided a
mechanism for the functional cooperation between Bud4 and
Bud3 in bud site selection. The interaction between the Bud4 C
terminus (Bud4-C) and Bud3-C is apparently important for
Bud3’s function in axial budding, because we showed previously
that the N-terminal two-thirds of Bud3 is less efficient in axial
budding than full-length Bud3 (35). Bud3 contains three targeting
domains (aa 1 to 858, 841 to 1220, and 1221 to 1636) responsible
for bud neck localization. Bud3-C (aa 1221 to 1636) happens to be
the one that confers the most robust and the tightest bud neck
association (35). When Bud3-C was removed, the rest of Bud3
(Bud3-NM) anchored poorly at the bud neck. The majority of
protein then located on the entire plasma membrane and vacuoles
(our unpublished data). We speculate that the interaction be-
tween Bud4-C and Bud3-C may create a binding surface for the
septins at the bud neck, which may lead to the efficient recruit-
ment of Bud3 to the axial landmark complex. Thus, our study
highlights the importance of the C terminus of Bud4 in the assem-
bly of the axial landmark.

Bud3-C is unlikely the only region in Bud3 that interacts with
Bud4, since Bud3-C is not absolutely required for Bud3’s function
in axial budding (35). Bud4 may also interact with other parts of
Bud3, such as the region from aa 1 to 858, which could partially
function in axial budding (35). Future investigation is needed to
test this possibility.
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