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Formin homology (FH) proteins are implicated in cell polarization and cytokinesis through actin organi-
zation. There are two FH proteins in the yeast Saccharomyces cerevisiae, Bni1p and Bnr1p. Bni1p physically
interacts with Rho family small G proteins (Rho1p and Cdc42p), actin, two actin-binding proteins (profilin and
Bud6p), and a polarity protein (Spa2p). Here we analyzed the in vivo localization of Bni1p by using a
time-lapse imaging system and investigated the regulatory mechanisms of Bni1p localization and function in
relation to these interacting proteins. Bni1p fused with green fluorescent protein localized to the sites of cell
growth throughout the cell cycle. In a small-budded cell, Bni1p moved along the bud cortex. This dynamic
localization of Bni1p coincided with the apparent site of bud growth. A bni1-disrupted cell showed a defect in
directed growth to the pre-bud site and to the bud tip (apical growth), causing its abnormally spherical cell
shape and thick bud neck. Bni1p localization at the bud tips was absolutely dependent on Cdc42p, largely
dependent on Spa2p and actin filaments, and partly dependent on Bud6p, but scarcely dependent on polarized
cortical actin patches or Rho1p. These results indicate that Bni1p regulates polarized growth within the bud
through its unique and dynamic pattern of localization, dependent on multiple factors, including Cdc42p,
Spa2p, Bud6p, and the actin cytoskeleton.

In both unicellular and multicellular organisms, cell polarity
is crucial for various cellular functions as diverse as differen-
tiation, morphogenesis, motility, and signal transduction (11,
14). The budding yeast Saccharomyces cerevisiae undergoes
polarized cell growth during budding in vegetative growth and
during projection formation in mating response (36, 45). Po-
larized growth in a vegetative cell begins in late G1. The axis of
polarization (i.e., the next bud site) is selected in either of two
patterns, depending on the mating-type locus. A Mata or Mata
haploid cell constructs the next bud site adjacent to the previ-
ous bud site (axial budding pattern), whereas a Mata/Mata
diploid cell buds from sites that are either near the previous
bud site or at the opposite end of the cell (bipolar budding
pattern) (10). Cell growth occurs initially at the tip of the bud
(apical growth) and then continues isotropically as the bud
enlarges (37). Finally, just before cytokinesis, deposition of
new cell wall and membrane occurs at the mother-bud neck.

Polarized cell growth in the yeast is a complex operation that
involves (i) bud site selection and establishment, (ii) polarized
organization of cytoskeletons, (iii) vectorial transport of secre-
tory vesicles and organelles, (iv) local membrane growth, and
(v) regulation of signal transduction cascades to communicate
with other parts of the cell. In these processes, small GTP-
binding proteins (small G proteins) and their interacting mol-
ecules play key signaling roles (7). A Ras family small G pro-
tein, Bud1p, is required for the bud site selection (9). A Rho
family small G protein, Cdc42p, is essential for the organiza-

tion of the bud site (1, 28). In the absence of Cdc42p, the actin
cytoskeleton dose not become polarized and budding does not
take place. Another Rho family small G protein, Rho1p, is
required for activity of b(1 3 3) glucan synthase, the enzyme
that catalyzes the synthesis of the major structural component
of the yeast cell wall (13, 56). Rho3p and Rho4p are implicated
in polarized growth, presumably regulating polarized secretion
and reorganization of the actin cytoskeleton (46, 57). A Rab
family small G protein, Sec4p, is essential for the late stage of
a secretory pathway at the growth site (22, 52). The actin
cytoskeleton also plays a prominent role in polarized cell
growth. It appears as distinct structures during polarized cell
growth (2, 31). Cortical actin patches are concentrated at the
site of polarized growth, and actin cables run parallel to the
mother-bud axis during budding. The actin cytoskeleton is
thought to direct secretory vesicles containing growth compo-
nents (e.g., new cell wall and membrane) to the growth site (5,
49, 51).

A newly discovered player in cell polarity is the formin
homology (FH) protein family, which is conserved from yeast
to mammal (63). This family includes Schizosaccharomyces
pombe proteins fus1 and cdc12, Drosophila melanogaster pro-
teins DIAPHANOUS and CAPPUCCINO, Aspergillus nidu-
lans protein figA/speA, and vertebrate proteins Formin and
mDia/hDia. In S. cerevisiae, there are two FH proteins, Bni1p
and Bnr1p. BNI1 was first identified as a gene required for
bipolar bud site selection (66). We have identified Bni1p as a
protein interacting with the GTP-bound form of Rho1p (32).
Bni1p has subsequently been shown to also interact with
Cdc42p (16). Another FH protein, Bnr1p, interacts with the
GTP-bound form of Rho4p (25). Bni1p and Bnr1p, at their
proline-rich FH1 domains, bind an actin monomer-binding
protein, profilin (16, 25), which is implicated in actin dynamics
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(24). At their C termini, Bni1p and Bnr1p bind Bud6p/Aip3p
(16, 30), which has been identified as an actin-binding protein
(3). Bni1p also binds Spa2p (19), a protein involved in proper
morphogenesis of yeast cells (61). We have also shown that
Bnr1p interacts with Hof1p (29), a protein involved in cytoki-
nesis (41), and Smy1p (30), a kinesin-related protein which has
been isolated as a dosage suppressor of the temperature sen-
sitivity of myo2-66 (39). Bni1p and Bnr1p are implicated in
reorganization of not only the actin cytoskeleton but also other
cytoskeletal systems. Bni1p participates in microtubule func-
tion, since disruption of BNI1 causes defects in spindle orien-
tation (34); localization of Kar9p (47), which has been re-
ported to link the bud cortex to the plus ends of microtubules
(33, 35); and a growth defect together with mutation either in
DYN1, ASE1 (34), PAC1, or NIP100 (18), whose gene products
are implicated in microtubule function (20). On the other
hand, Bnr1p is functionally related to the septin system (30).
These findings suggest that Bni1p and Bnr1p act as scaffold
proteins juxtaposing Rho family G proteins and other impor-
tant regulators with various cytoskeletal systems to achieve
integrated cell polarity. However, the regulatory mechanisms
of in vivo localization or function of Bni1p and Bnr1p have not
thoroughly been explored.

In this study, we examined the in vivo behavior of Bni1p and
investigated the regulatory mechanisms of its localization and
function, especially in relation to Rho family small G proteins,
Spa2p, Bud6p, and the actin cytoskeleton.

MATERIALS AND METHODS

Strains, media, and culture conditions. Yeast strains used in this study are
listed in Table 1. The Escherichia coli strain DH5a was used for construction and
propagation of plasmids. Culture media were prepared as previously described
(18). Yeast transformations were performed by the lithium acetate method (21).
Transformants were selected on appropriate synthetic drop-out media. Standard
yeast genetic manipulations were performed as previously described (23). Yeast
cells were grown at 24°C unless otherwise specified.

Yeast strain construction. To construct a bnr1-D mutant strain, all but the first
4 amino acids and the last 20 amino acids of BNR1 were replaced with the S.
pombe his51 gene by using the one-step gene replacement method as previously
described (44). The disruption fragment was generated by PCR using the fol-
lowing two oligonucleotides (BNR1 sequence is underlined): 59-AGTGATGAT
GATCGTGACACAAAAGCAGATAAAAAAATAGCACAATCATCAGCGAT
GGACTCTTCCCGGATCCCCGGGTTAATTAA-39 and 59-CTATATATTTTG
AATATCGTTCAGCATAGCATGCGTTCTCTCTAGTAAAACGTGATCTTCA
TCCTTGAATTCGAGCTCGTTTAAAC-39. Plasmid pFA6a-His3MX6 was
used as the template for the his51 portion of this construct. The PCR product
was introduced into a diploid strain, OHNY3. To disrupt the BUD6 gene,
pUC19-bud6::HIS3 was cut with PvuII and the digested DNA was introduced

into OHNY3. The genomic DNA was isolated from each transformant, and the
proper disruption of BNR1 or BUD6 was verified by PCR (data not shown).
These strains were subjected to tetrad analysis to obtain KIBY1 or TFB6H1,
respectively. The bnr1-D strain, KIBY1, grew normally at 14, 20, 24, 30, and 37°C
and showed a normal axial budding pattern by the staining of bud scars (data not
shown). We crossed the disruption mutant of BNI1, BTY12 (MATa bni1-D::
URA3), with KIBY1. Resultant double-heterozygous strain DKBY80B (bni1-D/
BNI1 bnr1-D/BNR1) was sporulated and subjected to tetrad analysis. In 28
tetrads dissected, no His1Leu1 segregant was recovered, indicating that the
bni1-D bnr1-D double mutant is inviable. A segregant of the double mutant was
germinated and arrested as a large round cell with one or more buds. Thus, we
concluded that BNI1 and BNR1 are an essential gene pair for vegetative growth.

Plasmid construction and other molecular biological techniques. Standard
molecular biological techniques were used for construction of plasmids, PCR,
and DNA sequencing (58). Plasmids used in this study are listed in Table 2. PCRs
were performed using a GeneAmp PCR System 2400 (Perkin-Elmer, Norwalk,
Conn.) and DNA sequences were determined using an ALFred DNA sequencer
(Amersham Pharmacia, Little Chalfont, United Kingdom). The relative steady-
state protein levels for the truncated mutants of Bni1p were detected by Western
blot analysis with an anti-green fluorescent protein (GFP) polyclonal antibody
(MBL, Nagoya, Japan) and measured by densitometry using a ScanImager den-
sitometer (Amersham Pharmacia).

Time-lapse imaging of GFP fluorescence. All experiments described here were
performed with an enhanced GFP gene from the plasmid pEGFP-N1 (Clontech,
Palo Alto, Calif.). To observe in vivo behavior of GFP-fusion proteins, cells
expressing GFP-fusion proteins were grown aerobically and exponentially for 6
to 8 h in the appropriate drop-out media. Samples of 80 to 100 ml of the molten
liquid medium containing 1% agarose were applied to a glass slide and quickly
flattened by a coverslip. Where indicated, an appropriate amount of sodium
azide (Wako, Kyoto, Japan), sodium chloride, latrunculin-A (LAT-A) (Wako),
or dimethylsulfonyl oxide (DMSO) was added both in culture media and molten
liquid media containing agarose. Cultured cells were immobilized onto another
coverslip coated with 1 mg of concanavalin A (ConA) (Sigma-Aldrich, St. Louis,
Mo.)/ml. Around the edges of the coverslip, a small amount of silicon grease was
applied for sealing. The coverslip was put onto the flat pad of medium. Living
cells were observed using an ECLIPSE TE300-2EF microscope (Nikon, Tokyo,
Japan) equipped with a 1003/1.4-numerical-aperture Plan Apo oil-immersion
objective lens (Nikon), a 100-W xenon arc lamp (Nikon), and an EGFP and pass
filter set (excitation wavelength, 460 to 500 nm; dichroic wavelength, 505 nm;
emission wavelength, 510 to 560 nm; Chroma Optics, Brattleboro, Vt.). Images
were acquired at various time intervals (the interval was slightly varied for the
occasional necessity of fixing the focus) by an ARGUS/DTRS four-dimensional
time-lapse imaging system (Hamamatsu Photonics, Hamamatsu, Japan), includ-
ing a C4742-95-12NR cooled charge-coupled device camera and a fluorescence
illumination shutter. For each image, cells were illuminated for 0.5 to 1.5 s.
Photobleaching and phototoxicity were minimized by closing the excitation shut-
ter between image collections and by reducing the illumination intensity with a
1/4 or 1/8 neutral density filter. Still, phototoxicity retarded the growth speed of
a few cells, and we omitted such cells from the observations. All these procedures
were performed at room temperature unless otherwise specified. Images were
analyzed using Aquacosmos v1.0 Software (Hamamatsu).

Fluorescent staining and cytological techniques. Fluorescein isothiocyanate
(FITC)-ConA (Sigma-Aldrich) staining of living cells was performed essentially
as previously described (55). Chitin was stained with Calcofluor White M2R New
(Sigma-Aldrich) as previously described (23). Assessment of budding pattern was

TABLE 1. Yeast strains used in this study

Strainsa Genotype (reference)

OHNY1........................................................MATa ura3 leu2 trp1 his3 ade2 (50)
OHNY3........................................................MATa/MATa ura3/ura3 leu2/leu2 trp1/trp1 his3/his3 ade2/ade2 (53)
BTY3 ............................................................MATa ura3 leu2 trp1 his3 ade2 bni1-D::HIS3 (19)
KY4 ..............................................................MATa/MATa ura3/ura3 leu2/leu2 trp1/trp1 his3/his3 ade2/ade2 bni1-D::HIS3/bni1-D::HIS3
KIBY1 ..........................................................MATa ura3 leu2 trp1 his3 ade2 bnr1-D::his51

DKBY80B....................................................MATa/MATa ura3/ura3 leu2/leu2 trp1/trp1 his3/his3 ade2/ade2 bni1-D::URA3/BNI1 bnr1-D::his51/BNR1
KKC42-1 ......................................................MATa ura3 leu2 trp1 his3 ade2 cdc42-1
HNY21 .........................................................MATa ura3 leu2 trp1 his3 ade2 rho1-104 (65)
TYSH1 .........................................................MATa ura3 leu2 trp1 his3 ade2 spa2::HIS3 (19)
TFB6H1 .......................................................MATa ura3 leu2 trp1 his3 ade2 bud6::HIS3
TFB6H3 .......................................................MATa/MATa ura3/ura3 leu2/leu2 trp1/trp1 his3/his3 ade2/ade2 bud6::HIS3/bud6::HIS3

a The strains used in this study are isogenic.
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performed as previously described (10). We classified the bud size with the
relative length of the long axis of the bud to that of the mother (R) as follows: an
R of ,1/3 is “small,” an R such that 1/3 , R , 2/3 is “middle,” and an R of .2/3
is “large.” In addition, we termed a bud “tiny” when the length from the bud tip
to the bud neck was shorter than the width of the neck. Geometric definitions of
some terms used in this study are described in Fig. 1.

RESULTS

Localization of GFP-Bni1p in living cells. To investigate the
dynamics of Bni1p localization, we constructed a fusion of
GFP to the N terminus of Bni1p. When this fusion protein was
expressed under its own promoter, the GFP signal was too
weak to detect. Then, we constructed pAGX2-BNI1 (Table 2)
to express GFP-Bni1p under the ACT1 promoter. The cells
harboring this plasmid displayed a clear GFP signal at bud tips
and cytokinesis sites. This pattern of Bni1p localization was
consistent with the results from indirect immunofluorescence
studies of hemagglutinin (HA)-tagged Bni1p described previ-
ously (16, 26). Moreover, pAGX2-BNI1 was found to comple-
ment various phenotypes of the bni1-D mutant strain: a defect
in cell shape, bipolar-specific random budding (66), and the
lethal phenotype in combination with bnr1-D mutation (see

Materials and Methods). These observations suggest that the
addition of the GFP tag or the replacement of its promoter
does not impair the function of Bni1p. Thus, we concluded that
pAGX2-BNI1 can be used as a good marker for the native
behavior of Bni1p with the caveat of overexpression.

To examine the relationship between Bni1p localization and
the cell cycle, we collected 14 sets of time-lapse images taken
every 3 min over 1 to 2 h. The ability to follow a living cell
throughout the cell cycle provided novel findings of Bni1p
localization. Figure 2a shows an example in which GFP-Bni1p
within two cells is observed. GFP-Bni1p appeared as a single
spot or a patch at the pre-bud site 10 to 15 min before visible
bud emergence (with a mean of 11.6 min for 11 clear records)
(arrowhead), while the remnant of old localization at the pre-
vious cytokinesis site gradually disappeared. In a small-budded
cell, the GFP-Bni1p spot often moved in the bud (Fig. 2a, right
cell, 28 and 37 min; Fig. 3a, 20 to 56 min) (see below). As the
bud enlarged, GFP-Bni1p localization became more diffuse
and faint and formed a “cap” at the distal cortex of the bud
(Fig. 2a, left cell, 19 to 55 min). Timing of the disappearance of
GFP-Bni1p from the bud tip varied in each cell, but in some
cells, the GFP-Bni1p signal could be detected until 10 min

TABLE 2. Plasmids used in this study

Plasmids Characteristics (reference)

pRS314 .........................................................TRP1 CEN6 (60)
pRS316 .........................................................URA3 CEN6 (60)
pKO11 ..........................................................PGAL1-HAp2-TTDH3 URA3 CEN6 (29)
pGGX1.........................................................PGAL1-EGFP-TTDH3 URA3 CEN6; made by replacing the 90-bp EcoRI-BamHI fragment containing

two HA epitopes of pK011 with the 0.72-kb EcoRI-BamHI fragment containing the enhanced GFP
coding region without the termination codon, which was amplified by PCR using pEGFP-N1
(Clontech) as a template

pAGX1 .........................................................PACT1-EGFP-TTDH3 URA3 CEN6; made by replacing the 720-bp NotI-EcoRI fragment containing
PGAL1 of pGGX1 by the 0.47-kb NotI-EcoRI PCR fragment containing PACT1

pAGX2 .........................................................PACT1-EGFP-(A4GA4G)-TTDH3 URA3 CEN6; made by inserting the BglII-BamHI synthetic double-
stragonucleotide of 59-AGATCTGCTGCCGCTGCTGGTACCGCTGCTGCCGCTGGATCC-39
(each underlined region corresponds to the recognition site of BglII, KpnI, and BamHI, respective-
ly), which encodes the linkerpolypeptide of RSAAAAGTAAAAGS at the BamHI site of pAGX1

pTAGX2 ......................................................PACT1-EGFP-(A4GA4G)-TTDH3 TRP1 CEN6; made by replacing the NotI-XhoI fragment of the
multicloning site of pRS314 by the NotI-XhoI fragment containing PACT1-EGFP-(A4GA4G)-TTDH3
of pAGX2

pAGX2-BNI1 ..............................................PACT1-EGFP-(A4GA4G)-BNI1-TTDH3 URA3 CEN6; made by inserting the 5.9-kb BamHI-SmaI
fragment from pRS314-PBNI1-myc-BNI1 containing the BNI1 open reading frame into the
corresponding sites of pAGX2

pTAGX2-BNI1............................................PACT1-EGFP-(A4GA4G)-BNI1-TTDH3 TRP1 CEN6; made by inserting the 5.9-kb BamHI-SmaI
fragment from pRS314-PBNI1-myc-BNI1 containing the BNI1 open reading frame into the
corresponding sites of pTAGX2

pGGX1-BNI1 ..............................................PGAL1-EGFP-BNI1-TTDH3 URA3 CEN6; made by inserting the 5.9-kb BamHI-SmaI fragment from
pRS314-PBNI1-myc-BNI1 containing the BNI1 open reading frame into the corresponding sites of
pGGX1

pAGX1-ABP1..............................................PACT1-EGFP-ABP1-TTDH3 URA3 CEN6; made by inserting the 1.8-kb SmaI-SmaI PCR fragment
containing the ABP1 open reading frame into the corresponding site of pAGX1

pFA6a-His3MX6.........................................PTEF1-his51-TTEF1 (44)
pRS314-PBNI1-myc ......................................PBNI1-mycp3-TTDH3 TRP1 CEN6 (18)
pRS314-PBNI1-myc-BNI1............................PBNI1-mycp3-BNI1-TTDH3 TRP1 CEN6 (18)
pRS314-PBNI1-myc-bni1 (490-1954)..........PBNI1-mycp3-bni1 (490-1954)-TTDH3 TRP1 CEN6 (18)
pRS314-PBNI1-myc-bni1 (D133-245) .........PBNI1-mycp3-bni1 (D133-245)-TTDH3 TRP1 CEN6; made by deleting the 339-bp BsaHI-BsaHI

fragment from pRS314-PBNI1-myc-BNI1
pRS314-PBNI1-myc-bni1 (D826-987) .........PBNI1-mycp3-bni1 (D826-987)-TTDH3 TRP1 CEN6 (18)
pRS314-PBNI1-myc-bni1 (D1239-1328) .....PBNI1-mycp3-bni1 (D1239-1328)-TTDH3 TRP1 CEN6 (18)
pRS314-PBNI1-myc-bni1 (1-1750)..............PBNI1-mycp3-bni1 (1-1750)-TTDH3 TRP1 CEN6 (18)
pUC19-BUD6..............................................BUD6; made by inserting the 3.8-kb SalI-SmaI PCR fragment containing 0.74-kb BUD6 upstream and

0.66-kb downstream noncoding regions into the SalI-SacI (blunted) site of pUC19
pUC19-bud6::HIS3 .....................................a derivative of pUC19-BUD6; made by replacing the 2.2-kb NheI-SacI fragment of BUD6 with the

1.8-kb HIS3 fragment
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before its reappearance at the cytokinesis site, suggesting that
Bni1p remains at the bud tip until very close to the time of
cytokinesis, like Spa2p and Rho1p (38). Before cytokinesis, the
GFP signal first appeared at the mother-bud neck as a couple
of rings, one in the bud side and the other in the mother side
(Fig. 2b, 3 min, arrows). The rings became brighter and were
filled up to the two dish-like structures contacting each other at
their center (Fig. 2b, 9 min). Then, the distance between the
two patches became wider (15 min), indicative of septum for-
mation. The diameter of this GFP-Bni1p structure was about
1.5 to 1.9 mm (mean, 1.7 mm; n 5 12) and was not obviously
changed during cytokinesis. Thus, this pattern of localization at
the cytokinesis sites was distinct from that of Myo1p, which
contracts during cytokinesis (6, 42), or from that of septins,
which remain a ring during cytokinesis (43). The patch of the
mother side disappeared earlier than that of the bud side and
reappeared at the new pre-bud site (Fig. 2a, 79 min; Fig. 2b, 21
min). Cells expressing GFP-Bni1p also displayed general cyto-
plasmic fluorescence except for nuclei and vacuoles. We tested
whether GFP-Bni1p spots were restricted to the cell surface or
located in the cytoplasm by Z-section imaging of 17 cells by
confocal laser microscopy. We found no obvious incidence of
GFP-Bni1p spots located in the cytoplasm (data not shown).
By conventional fluorescent microscopy, we did not find any
distinct GFP spot in the cytoplasm of healthy cells. Thus, solid
structures of Bni1p seemed to be restricted to the cell cortex.

Movement of Bni1p spots in tiny- to small-budded cells.
Time-lapse analysis revealed the dynamic nature of Bni1p lo-
calization. Especially notable was that the GFP-Bni1p signal
moved in tiny- to small-budded cells instead of staying still at
the bud tips. To examine this movement of Bni1p, we analyzed
26 sets of time-lapse images at 1- or 2-min intervals over the
period from the visible bud emergence to the formation of the
middle-sized bud. Among them, seven cases showed clear
movement of the spot from the bud tip to the bud neck, and

then the spot returned to the bud tip (Fig. 3a). In eight cases,
GFP-Bni1p first localized at the very tiny bud in which the
precise location could not be determined, then stayed at the
bud neck, and moved slowly to the tip as the bud grew (Fig. 2a,
right cell). In three cases, GFP-Bni1p first localized at the
tiny-bud tip, dispersed in the small bud diffusely or as a few
fuzzy dots, and then accumulated at the bud tip as a single dot
or a crescent. In three cases out of eight time-lapse images at
15-s intervals over 10 to 15 min, such fuzzy signals of Bni1p
moved in the bud (Fig. 3b). The rest of the 8 cases displayed no
or only slight movement of Bni1p around the bud tip. Thus, in
at least 65% of the cases (n 5 26), GFP-Bni1p somehow
moved in the bud. Duration of the Bni1p movement varied
from 3 to 30 min (mean, 14.0 min; n 5 18). Drastic movement
was not seen once after the spot returned to the bud tip and
changed into a crescent.

The rates of the movement of GFP-Bni1p spots were deter-
mined using six time-lapse images taken every 15 s over 8 to 15
min (Fig. 4). For simplicity, we limited our investigation to
tiny- and small-budded cells with a single distinctive Bni1p
spot. The mean of the speed of Bni1p movement was 9.22 nm/s
(standard deviation, 9.65 nm/s), the median was 5.92 nm/s, the
range was 0 to 55 nm/s, and n was 145. The average maximal
velocity of six spots was 33 nm/s. GFP-Bni1p spots did not
vibrate rapidly in a small area in the time-lapse images taken
every 5 s (data not shown). These observations indicate that
the motility of GFP-Bni1p spots is distinct from the rapid
movement of cortical actin patches (maximal velocity of more
than 1 mm/s) (12, 62). Rather, it is comparable to the slower
movement of cdc12p (an average maximal velocity of 71 nm/s),
an FH protein in S. pombe (8).

The Bni1p movement could be due to the delivery of newly
synthesized Bni1p to the cell cortex and following rapid deg-
radation. To address this issue, we constructed a single-copy
plasmid, pGGX1-BNI1, to express GFP-Bni1p under the
GAL1 promoter. Cells of wild-type strain OHNY3 were trans-
formed with pGGX1-BNI1, cultured in a galactose-containing
medium for 6 h, and then transferred to a glucose-containing
medium to stop the expression of GFP-Bni1p. Three hours
after the transfer, Bni1p still moved in these cells (data not
shown). This observation shows that Bni1p movement cannot
be due to the delivery of the newly synthesized Bni1p but to the
true motility of Bni1p molecules.

The motility of the GFP-Bni1p spots might be due to the
random diffusion or to energy-requiring active process. To
address this issue, we performed the GFP-Bni1p time-lapse
experiment in the presence of sodium azide, a metabolic in-
hibitor, as described previously (12). As a control experiment,
wild-type cells expressing GFP-Abp1p were treated with 20
mM sodium azide. In our strain background, GFP-labeled
cortical actin patches stopped moving completely in about 50%
of cells (n 5 26) 30 to 40 min after the addition of sodium
azide, but their punctate appearance was not changed as pre-
viously reported (12) (data not shown). Sodium chloride had
no effect on the motility of actin patches. Cells expressing
GFP-Bni1p were treated with 20 mM sodium azide in the same
way. Ten minutes after the addition of sodium azide, however,
proper localization of Bni1p was observed at neither bud tips
nor cytokinesis sites. GFP-Bni1p spots became diffuse, and the
longer incubation (to 30 min) after the addition of sodium

FIG. 1. Geometric definition of terms used in this study. We define
a “bud tip” as the farthest point in the bud from the midpoint of the
mother-bud neck. The “original mother-bud axis” is the line perpen-
dicular to the tangent of the mother cell at the site of bud emergence.
The “angle of the bud” is the angle formed by (i) the line that inter-
sects the bud tip and the midpoint of the mother-bud neck and (ii) the
original mother-bud axis.
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azide caused multiple aggregates of GFP signal to be distrib-
uted randomly in 94% (n 5 100) of the cells (data not shown).
These aggregates were not motile. The addition of sodium
chloride did not change the Bni1p localization and movement.
These observations suggest an energy-requiring active process

that localizes the Bni1p molecules properly. However, the
mechanism by which macroscopic spots of Bni1p move remains
to be clarified.

Coincidence of Bni1p localization with the site of bud
growth. The most unique feature of Bni1p localization was its

FIG. 2. GFP-Bni1p localization. (a) Time-lapse analysis of Bni1p localization throughout the cell cycle. Diploid strain KY4 (bni1-D) harboring
the GFP-BNI1 plasmid, pAGX2-BNI1, was examined by time-lapse video microscopy as described in Materials and Methods. Images were taken
every ;3 min for 2 h. Numbers indicate the time (in minutes) since the beginning of observation. Visible bud emergence occurred at around 4
min (left cell) and 19 min (right cell). (b) Bni1p localization at cytokinesis; (c) GFP-Bni1p ring at the mother-bud neck. Arrowhead, GFP-Bni1p
signal at pre-bud sites; arrows, a double ring formed at the mother-bud neck. Bar, 4 mm.
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coincidence with the site of apparent bud growth. When a
Bni1p spot stayed at one side of the bud or moved slowly back
to the bud tip along one side of the bud, this side of the bud
cortex swelled faster than the other side (Fig. 3a, 22 to 42 min
and 74 min [arrowhead]; Fig. 5a, 54 to 69 min). Among the 26
sets of time-lapse images taken every 1 or 2 min, we examined
three cases in which Bni1p localization inclined toward one
side of the bud for 15 min or more. In all cases, the direction
of bud growth during this period was inclined toward that side.
The mean angle of the bud was 23.3°. On the other hand, the
mean angle of the bud was 1.5° for five cells in which Bni1p did
not lean to one side. Figure 5b shows a trace of the bud shape
of Fig. 5a, taken every 9 min. The dots and arrows show the
localization and movement of the GFP-Bni1p spot taken every
3 min. This trace clearly showed the parallel change of the
direction of the Bni1p movement and the apparent bud growth
at around 66 min. All of these observations indicate the tight
coincidence of Bni1p localization and the apparent growth site
of the bud.

A defect of restricting the growth site in bni1 mutant cells.
Since the localization of Bni1p and the apparent site of bud
growth were tightly coupled, we assumed that Bni1p plays a
role in directing and/or restricting the growth site of the bud.
This assumption was supported by the observation of an ab-
normally spherical shape of bni1 mutant cells compared to
ellipsoidal wild-type cells (Fig. 6b) (66). To analyze the mor-
phological defect, we applied a pulse-chase technique of cell
wall by using FITC-labeled ConA. It has been shown that
newly synthesized mannoproteins, which are major compo-
nents of yeast cell wall, appear at the bud tip during the early
stage of the cell cycle (17). First, the entire cell surface was
labeled with FITC-ConA, which binds mannose polymers.
Then, the cells were allowed to grow further in the absence of

FITC-ConA for 60 min. After that, 75% of the middle-sized
buds (i.e., buds that were one-third to two-thirds of the length
of the mother) of the wild-type diploid cells showed a staining
pattern that faded out towards the bud tips (with an unstained
region at the bud tips), indicative of focused growth at the bud
tips (apical growth) (Fig. 6a, arrowheads). In contrast, only
22% of the bni1-D buds had unstained regions at the bud tips.
The rest of the bni1-D middle-sized buds stained rather uni-
formly (Fig. 6b, asterisks). The staining of buds was weaker
than the staining of their mother, indicating that these buds
were indeed grown during the experiment. We also examined
the unlabeled region of unbudded cells, which marked the
pre-bud site (Fig. 6a, arrow). At the beginning of the cell cycle,
polarized growth in wild-type cells is tightly restricted to the
pre-bud site, which was marked by the ring of cortical actin
patches. Such unlabeled regions were larger in bni1-D cells
than in wild-type cells (Fig. 6b, arrows). Thus, tightly polarized
growth to the pre-bud site was also defective, presumably re-
sulting in imperfect bud-neck formation of bni1-D cells (Fig.
6b, left). It has been reported that either a spa2 or a bud6
mutation causes a similar defect in apical growth and bud neck
formation. These mutants were subjected to the same experi-
ments shown in Fig. 6. We found that these mutants also
displayed a defect that was similar to, but milder than, that of
a bni1-D mutant (data not shown).

Polarized actin patch-independent, filamentous actin (F-
actin)-dependent localization of Bni1p. The actin cytoskeleton
has been shown to be concentrated in regions of active cell
growth (2). Bni1p has been reported to interact with the actin
cytoskeleton directly and via the actin-binding proteins, includ-
ing Pfy1p (16). To assess the possible role of the actin cytoskel-
eton in regulating Bni1p localization, the cells expressing GFP-
Bni1p were exposed to mild heat shock, which caused temporal
depolarization of cortical actin patches (40). In our strain back-
ground, the temperature shift from 24 to 36°C caused depo-
larization of cortical actin patches within 30 min and repolar-

FIG. 3. Movement of GFP-Bni1p in small buds. (a) Movement of a
Bni1p spot from the bud tip to the bud neck and then to the bud tip
again. Strain KY4 (bni1-D) harboring the GFP-BNI1 plasmid pAGX2-
BNI1 was subjected to time-lapse imaging at 2-min intervals for 90
min. Numbers indicate the time (in minutes) since the beginning of
observation. Note that the bud growth oriented first to the left side (22
to 42 min) and then reoriented to the top (56 to 74 min). Arrowhead,
a protrusion of the bud cortex as a result of the bud growth at 22 to 42
min. Bar, 4 mm. (b) Movement of fuzzy dots of GFP-Bni1p in a small
bud. The same strain as that in panel a was subjected to time-lapse
imaging at 15-s intervals for 15 min. Numbers indicate the time (in
seconds) since the beginning of observation. At 375 s, the GFP-Bni1p
signal coalesced into a cap at the bud tip. Bar, 2 mm.

FIG. 4. Rate of Bni1p movement. Total velocities reported are
derived from a compilation of 145 displacements each over a 15-s
intervals observed for six representative spots as assayed by time-lapse
microscopy.
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ization within 120 min (data not shown). Wild-type cells
expressing GFP-Bni1p were subjected to the mild heat shock
along with the control cells expressing GFP-Abp1p (12), which
colocalized with cortical actin patches (Fig. 7a and c). Thirty
minutes after the shift to 36°C, the actin patches marked by
GFP-Abp1p were depolarized and distributed throughout the
cells. However, the GFP-Bni1p signal was apparently unper-
turbed, indicating that the localization of Bni1p does not de-
pend on polarized actin patches.

Complete disruption of F-actin structures can be accom-
plished by treating cells with LAT-A, which sequesters actin
monomers and hence extinguishes F-actin rapidly (5). Wild-
type cells expressing GFP-Bni1p or GFP-Abp1p were treated
with 100 mM LAT-A for 30 min (Fig. 7b and d). The GFP-
Abplp localization was changed from patches at the cell cortex
to general cytosolic fluorescence essentially in all cells. The
GFP-Bni1p localization was dramatically changed in an oppo-
site way: while the cytoplasmic signal was reduced, the signal at
the bud cortex changed into highly concentrated bright dots.
These dots were not motile (data not shown). Among these
cells showing abnormal localization, 30% (n 5 51) of the cells
displayed simultaneous localization of GFP-Bni1p at the bud
tip and at the bud neck as a ring (or a double ring) early in the
cell cycle (arrowhead). Such a ring was never seen in untreated

middle-sized-budded cells. Thus, we concluded that F-actin
structures, but not polarized cortical actin patches, play an
important role in the proper localization of Bni1p.

Role of Cdc42p and Rho1p in GFP-Bni1p localization. Rho
family small G proteins have been implicated in regulation of
the actin cytoskeleton. In S. cerevisiae, Rho1p and Cdc42p have
been shown to interact with Bni1p (16, 32). To investigate their
role in Bni1p localization, we examined the GFP-Bni1p local-
ization in cdc42 or rho1 temperature-sensitive mutant cells
(Fig. 8a or b). At 24°C, 53% (n 5 102) of the small-budded
cdc42-1 cells displayed GFP-Bni1p concentrated at the tips.
One hour after the shift to 36°C, only 4% (n 5 115) showed a
GFP-Bni1p signal at bud tips, 61% displayed no obvious con-
centration of the GFP signal, and the rest (35%) showed the
GFP signal as a few bright aggregates randomly distributed
throughout the cells (Fig. 8a, arrowheads). Note that this ab-
normal pattern of Bni1p localization was distinct from that in
LAT-A-treated cells: in cdc42-1 cells, Bni1p spots were distrib-
uted in the mother cell as well as in the bud, indicative of
complete polarity loss. As for rho1-104 cells, 39% (n 5 101) of
the small buds displayed GFP-Bni1p concentrated at the tips at
24°C. One hour after the shift to 36°C, 33% (n 5 98) of the
small buds still displayed GFP-Bni1p localization at tips. Dur-
ing further observation until 3 h after the shift to 36°C, dead

FIG. 5. Movement of a GFP-Bni1p spot and its colocalization with the apparent site of bud growth. (a) Time-lapse analysis of GFP-Bni1p
movement. The visible bud emergence occurred at 27 min, and until 36 min the GFP-Bni1p spot was at the very tip of the bud (data not shown).
The spot started to move to the bud neck at 39 min and stayed at the bud neck until 51 min. Then, the spot moved back to the bud tip along the
right side of the bud cortex (54 to 72 min). During this period, the apparent bud growth occurred mainly on its right side, resulting in the angled
bud. (b) Trace of the movement of Bni1p and outline of the bud in panel a. Each circle corresponds to the brightest point of the GFP-Bni1p signal
at 3-min intervals from a 45-min time point. Each closed circle corresponds to the brightest point of GFP-Bni1p at 9-min intervals from a 48-min
time point. Each curve corresponds to the outline of the bud at the same time points as the closed circles. The Bni1p localization was first strongly
deviated to the right side of the bud, and after a 66-min time point, it was reoriented toward the center. Bar, 3 mm.
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cells accumulated in the population as well as small-budded
cells as previously reported (64). GFP-Bni1p still localized at
the bud tips of small-budded live cells in a similar proportion.
Thus, Rho1p was not necessary for the localization of Bni1p at
bud tips. These Bni1p spots, however, did not display obvious
movement in any of the five sets of time-lapse images taken
every 1 min (data not shown). It might be a secondary effect
because these cells were dying. Alternatively, Rho1p might be
required for the proper movement of Bni1p. This possibility
was attractive because rho1 mutant cells often had a thin basal
part of the bud (Fig. 8b, arrow). Loss of the movement of
tightly concentrated Bni1p spots could cause insufficient devel-
opment of the bud curvature.

Role of Spa2p and Bud6p in GFP-Bni1p localization. Spa2p
and Bud6p have been shown to localize at the bud tips and
cytokinesis sites and to interact with Bni1p (16, 19, 61). Our
previous study has shown that the bud tip localization of myc-
tagged Bni1p is dependent on Spa2p (19). We examined the
GFP-Bni1p localization in spa2 mutant cells and found that the
GFP signal at small bud tips was significantly reduced (Fig. 9a,
arrowhead). Time-lapse images of seven cells around visible
bud emergence at 2- or 3-min intervals demonstrated that
Bni1p localization at the pre-bud site was visible (arrows) but
soon became dispersed; i.e., although spa2 cells were not
grossly defective in the initial polarization of Bni1p at bud
emergence, they appeared to lose it quickly as the bud en-
larged. This was not simply due to instability of Bni1p in spa2
cells, because the rapid and intense relocalization of Bni1p at
cytokinesis sites was intact. We next examined the GFP-Bni1p
localization in bud6 mutant cells. Roughly, GFP-Bni1p local-

ized at bud tips and cytokinesis sites throughout the cell cycle.
However, the GFP-Bni1p localization in tiny to small buds was
more diffuse (Fig. 9b; compare Fig. 3a). Moreover, in three
cases of six clear records of small- to middle-sized buds at 2- or
3-min intervals, the GFP-Bni1p signal separated into two dis-
crete patches at the bud cortex for the period of 6 min or more
(Fig. 9b, arrows), and the buds became rectangular. These
observations suggest that Bni1p localization in the bud tips is
dependent largely on Spa2p and partly on Bud6p.

Regions of Bni1p required for its localization. As a member
of the FH protein family, Bni1p has three conserved FH do-
mains: FH1, FH2, and FH3 domains (Fig. 10a). The FH1
domain is rich in proline and binds profilin (16). The FH1
domain of Bni1p has also been reported to interact with Act1p
(16) and Myo3p (27), suggesting that this is the core region for
the Bni1p function regulating the actin cytoskeleton. The FH2
domain is defined by a consensus sequence among FH proteins
(15), but its function is still unclear. The FH3 domain is con-
served weakly among FH proteins and that of fus1p has been
shown to be necessary and sufficient for its localization in S.
pombe (54). The regions of Bni1p required for interaction with

FIG. 6. A defect of bni1-D cells in cell morphology and apical
growth. (a) OHNY3 (BNI1); (b) KY4 (bni1-D). Cells were cultured
exponentially in YPGalactose medium, which generated a thinner cell
shape in wild-type cells and helped to assess apical growth. Then, cells
were subjected to living stain with FITC-ConA and returned to growth
for 60 min. Fixed cells were visualized by differential interference
contrast (DIC) and fluorescence microscopy (FITC-ConA). Arrow-
heads, staining that faded out towards one end; asterisks, staining
without the unlabeled region (the gradient of brightness observed in
the buds of Dbni1 cells is mostly a photographic artifact because of the
halo of their brighter mother cells); arrows, unlabeled regions in un-
budded cells, marking pre-bud sites. Bar, 5 mm.

FIG. 7. Polarized actin patch-independent but F-actin-dependent
Bni1p localization. (a and c) Depolarization of cortical actin patches
but not of Bni1p by mild heat shock. Cells of strain OHNY3 expressing
GFP-Abp1p or GFP-Bni1p were cultured exponentially at 24°C and
then shifted to 36°C for 30 min. Then, the cells were directly examined
by fluorescent microscopy. (c) Each cell was classified either as a
polarized GFP signal (solid bar), a depolarized GFP signal (hatched
bar), or no concentration of GFP signal (open bar). (b and d) Alter-
ation of the GFP-Bni1p localization by LAT-A-induced complete dis-
ruption of the actin cytoskeleton. Cells of strain OHNY3 expressing
GFP-Abp1p or GFP-Bni1p were cultured exponentially at 24°C, and
LAT-A was added from a 10 mM DMSO stock to a final concentration
of 100 mM. An equal volume of DMSO alone was added to the control
population of cells. After a 30-min incubation, the cells were directly
observed by conventional fluorescent microscopy as was done in panels
a and c. Bar, 5 mm.
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Rho1p, Spa2p, and Bud6p have been mapped by the yeast
two-hybrid method (16, 19, 32). Cdc42p has been reported to
bind at the 1-to-1,214 amino acid (aa) region of Bni1p, as
estimated by the yeast two-hybrid method (16). However, high-
background b-galactosidase activity caused by DBD-CdC42p
(G12V) and weak activity of AD-Cdc42p (G12V) precluded
closer investigation of the Cdc42p-binding region of Bni1p
(data not shown).

Asking which interaction is required for the proper localiza-
tion of Bni1p, we examined the localization of truncated pro-
teins fused to GFP (Fig. 10c). FDA, FDB, FDC, and FDD
lacked interaction with Rho1p, Spa2p, Pfy1p, and Bud6p, re-
spectively, as estimated by the yeast two-hybrid method (data
not shown). Among these truncated proteins, FDA showed
normal localization and movement, suggesting that the direct
interaction of Bni1p with Rho1p is not required for the proper
localization or movement of Bni1p. Roughly, FDB, FDC, and
FDD were also localized to bud tips and cytokinesis sites.
However, neither of them displayed the clear movement of
Bni1p. Deletion of the Spa2p-binding region had a strong
effect on making Bni1p localization diffuse at bud tips. Fc and
Fb still localized to bud tips and cytokinesis sites. The Fb
localization at bud tips was not concentrated as a spot but
always as a broad crescent. Fh or Fi did not locate to bud tips
at all, indicating that the coiled-coil region is required for
Bni1p localization at bud tips. On the other hand, the rapid
and intense relocalization at mother-bud necks was not af-
fected in all of these truncated proteins. Only F18, which
lacked the N-terminal region including half of the FH3 do-
main, did not display the localization at cytokinesis sites.

Regions of Bni1p required for its functions. To investigate
the region required for Bni1p functions, we used the truncated
constructs of FDA, FDB, FDC, FDD, and F18. These DNA
fragments were subcloned into the plasmid pRS314-PBNI1-
myc, resulting in expression of myc-tagged truncated proteins
under the BNI1 promoter. The bni1-D diploid cells were trans-
formed with these plasmids and examined for their pheno-
types. The bni1-D diploid cells had morphological defects of (i)
apical growth, (ii) bud neck formation, (iii) bipolar bud site
selection, and (iv) distal bias at first bud site selection (34, 66)
(Fig. 10d). FDA rescued the defects of bni1-D cells as well as
full-length Bni1p. FDB and FDD significantly rescued the im-
perfect bud neck formation of bni1-D cells, but scarcely res-
cued the defect in apical growth. FDB also rescued the defect
of bipolar bud-site selection, while FDD did so only poorly.
Neither F18 nor FDC rescued the morphological defects of
bni1-D cells at all.

In the course of this study, we found that the bnr1 null
mutation showed the lethal phenotype in combination with the
bni1-D mutation (see Materials and Methods). It indicates that
BNI1 and BNR1 are an essential gene pair for vegetative
growth. The five truncated constructs of Bni1p were also tested
for their ability to complement the synthetic lethality of the
bni1-D bnr1-D double-mutant cells (Fig. 10e). FDA and FDB
complemented the synthetic lethality, FDD did mostly, F18 did
poorly, and FDC did not at all.

We concluded that (i) the FH1 domain is essential for any
function of Bni1p as far as it was tested, (ii) F18, which does
not localize to growth sites, loses most of the functions of
Bni1p, (iii) the interaction of Bni1p with Spa2p or Bud6p is not
absolutely essential for the viability but is important for the
regulation of the localization and/or the function of Bni1p,
especially in relation to the polarity in the bud, and (iv) the
Rho1p-binding region of Bni1p is apparently not required for

FIG. 8. Bni1p localization in cdc42 or rho1 mutant cells. (a) cdc42-1
temperature-sensitive mutant cells. Cells of strain KKC42-1 (cdc42-1)
harboring pTAGX2-BNI1 were cultured exponentially in synthetic
dextrose supplemented with 5% Casamino Acids liquid media at 24°C,
shifted to 36°C for 1 h, and examined by fluorescent microscopy.
Arrowheads, abnormal GFP dots in mother cells or at the bud neck.
(b) rho1-104 temperature-sensitive mutant cells. Cells of strain HNY21
(rho1-104) harboring pTAGX2-BNI1 were cultured exponentially in
SDA-AU liquid media at 20°C and shifted to 36°C for 1 h. Then, the
cells were directly examined by fluorescent microscopy. Shown is a cell
examined by light microscopy (right) and fluorescent microscopy (mid-
dle). Arrow, an abnormally thin basal part of the bud. Bar, 4 mm.

FIG. 9. Defective Bni1p localization in spa2 or bud6 mutant cells.
The strains used were TYSH1 (spa2) (a) and TFB6H3 (bud6) (b).
Mutant cells harboring GFP-BNI1 plasmid pAGX2-BNI1 were exam-
ined by time-lapse video microscopy. Numbers indicate the time (in
minutes) since the beginning of observation. With spa2 diploid strains,
we obtained results similar to those in panel a. (a) ctl, cell of wild-type
strain OHNY1 harboring pAGX2-BNI1 as a control; arrows, GFP-
Bni1p signal at incipient bud sites; arrowhead, the diffuse GFP-Bni1p
signal in the small bud. (b) Arrows, GFP-Bni1p signal separated into
two distinct patches. Bar, 5 mm.
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all the aspects of the Bni1p localization and function as far as
it was tested.

DISCUSSION

In this study, we have investigated in vivo localization of
Bni1p and analyzed some of the complex regulatory mecha-
nisms underlying the Bni1p localization and functions. There
are a number of proteins that localize to presumptive bud sites,
to small-bud tips, and subsequently to mother-bud necks dur-
ing cytokinesis in S. cerevisiae (38). Some of these proteins are
involved in the establishment of polarity (Bem1p, Cdc42p),
others are involved in growth of the cell surface (Rho1p,
Myo2p, Sec4p), and yet others control actin assembly (Cap2p,

Abp1p, Sac6p, Cof1p). The functions of others are still elusive
(Spa2p, Smy1p). Recent progress of techniques to visualize in
vivo behavior of proteins has enabled us to perform detailed
observations and to discriminate their localization patterns
from each other.

The Bni1p localization described here was marked by its
highly focused distribution and its movement in the bud at the
early stage of the cell cycle (Fig. 2, 3, and 5). Although Bni1p
has been shown to interact physically and functionally with
Spa2p and Bud6p (16, 19), these proteins have their own lo-
calization pattern. GFP-Spa2p has been reported to localize
more diffusely as a cap or a crescent of the bud cortex (4).
GFP-Bud6p has been reported to localize at the bud tip and
also at the bud neck early in the cell cycle (3). We confirmed

FIG. 10. Mapping of the regions of Bni1p required for its proper localization and function. (a) Structures of the truncated constructs of Bni1p.
Each number under the domain structure of Bni1p indicates either the first or the last amino acid residue of the region. Each horizontal bar
represents a segment of Bni1p: full (aa 1 to 1954), FDA (aa D133 to 245), FDB (aa D826 to 987), FDC (aa D1239 to 1328), FDD (aa 1 to 1750),
Fc (aa 1 to 1240), Fb (aa1 to 826), Fh (aa 1 to 642), Fi (aa 1 to 642, D133 to 245), and F18 (aa 490 to 1954). (b) Relative expression levels of
truncated Bni1p. Various DNA fragments encoding truncated Bni1p’s were cloned into pAGX2, and the resultant plasmids were used to transform
cells of wild-type strain OHNY3. Transformants were subjected to Western blotting using the anti-GFP polyclonal antibody. Expression levels of
mutant Bni1p relative to those of full-length Bni1p were determined by densitometry. (c) Localization of GFP-fused truncated Bni1p at the bud
tip. The cells expressing truncated Bni1p were examined for GFP localization by conventional fluorescent microscopy. (d) Functional comple-
mentation of the bni1-D mutant phenotypes by the truncated proteins. Various DNA fragments encoding truncated Bni1p’s were cloned into
pRS314-PBNI1-myc (18), and the resultant plasmids were used to transform KY4 (bni1-D). Transformants were subjected to morphological
examinations of apical growth by the same FITC-ConA living stain used in Fig. 6, of bud neck formation by phase-contrast microscopy, and of
budding pattern by chitin staining. (e) Rescue of the synthetic lethality of the bni1-D bnr1-D cells by truncated Bni1p. The same plasmids used in
panel d were used to transform DKBY80B (bni1-D/BNI1, bnr1-D/BNR1). Transformants were subjected to tetrad analysis. 111, indistinguishable
from the wild type; 11, mild defect; 1, severe defect; 2, no signal or function-like negative control. N.D., not determined.
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these observations in our strain background and found no
drastic movement of the peak point of GFP-Spa2p or GFP-
Bud6p (data not shown). The same applies to patterns of
localization at cytokinesis sites. For example, it has been re-
ported that Myo1p and Igg1p/Cyk1p colocalize with actin con-
tractile rings, which constrict during cytokinesis (6, 42). Spa2p
has also been reported to be narrowed during cytokinesis (4),
although it is not clear whether it colocalizes with contractile
rings. We observed that the GFP-Bni1p signal was wider than
the GFP-Spa2p signal at mother-bud necks (data not shown)
and that the GFP-Bni1p signal was not constricted during
cytokinesis (Fig. 2b). GFP-Bud6p localized to cytokinesis sites
as a double ring and remained a ring until the daughter cells
were separated from their mother cells (3) (our unpublished
observation). Thus, although the Bni1p localization overlaps
with localizations of Spa2p and Bud6p, they are not identical to
each other. These findings suggest an unexpected variety of
specialized regulatory mechanisms required for proper mor-
phogenesis of the yeast cells.

Motile structures at the bud cortex also have their own rate
and pattern of movement. Rapid movement of cortical actin
patches has been well characterized (12, 62). Another example
is GFP-Kar9p or the plus ends of cytoplasmic microtubules
(48, 59). They move much faster (maximal velocity of more
than 1 mm) than Bni1p does (D. Pellman, personal communi-
cation). Moreover, in large-budded cells, the small spot of
Kar9p is kept moving; it is not restricted to the bud tip. This
pattern of localization is in contrast to that of Bni1p, bound to
the distal pole of the bud in large-budded cells. It should be
emphasized, however, that such differences of localization pat-
terns do not preclude the significance of the functional corre-
lation or physical interaction of these proteins, which have
been established by a number of previous studies (16, 19, 34).

The movement of Cdc12p, the FH protein of S. pombe, has
been studied in detail (8). During interphase, a GFP-Cdc12p
spot moves in the cytoplasm along with both actin cables and
microtubules toward cytokinesis sites. At cytokinesis, it
changes into a contractile ring. Although Bni1p did not seem
to move in the cytoplasm, the pattern and the slow rate of the
Bni1p movement are comparable to those of the Cdc12p
movement. These results suggest a possible pattern of dynamic
localization as a feature of FH proteins.

One of the notable features of the Bni1p localization dem-
onstrated here is its coincidence with the focus of apical growth
inside the bud (Fig. 5). It suggests the role of Bni1p in local
membrane growth. Consistent with this assumption, bni1-D
diploid mutant cells show a severe defect of directed growth
(Fig. 6). Rings of cortical actin patches at the pre-bud sites
were loosened in bni1-D cells (our unpublished observation).
Thus, it seems logical to assume that Bni1p plays a specific role
in restriction of the growth site by organizing the actin cy-
toskeleton.

Our analysis on local growth of the bud cortex indicates that
the bud cortex does not grow uniformly. Instead, the focus of
the apical growth moves inside the bud, especially in the early
stage of the cell cycle. We found that Bni1p localization coin-
cided with the apparent site of the bud growth (Fig. 5). Pro-
vided that Bni1p directs the site of bud growth and Bni1p does
not move from the bud tip when it is tightly polarized as a dot,
the basal part of the bud might become like a thin cylinder.

This hypothetical function of Bni1p may explain the abnormal
morphogenesis of thin buds in rho1 mutant cells (Fig. 8b).

We found that there are several mechanisms regulating
Bni1p localization and function. First, we have found that
F-actin structures other than cortical actin patches are respon-
sible for the proper localization of Bni1p (Fig. 7). Conversely,
Bni1p is thought to regulate the actin cytoskeleton by the
interaction with Pfy1p, Act1p (16), and Myo3p (27) at the FH1
domain. The FH1 domain was essential for all of the Bni1p
functions as far as was tested. This result is consistent with our
present understanding that the core function of Bni1p is to
regulate these actin-regulated proteins.

Second, we have found that polarity of the Bni1p localiza-
tion is dependent on Cdc42p but not on Rho1p (Fig. 8). The
polarity of cortical actin patches has also been reported to be
lost in cdc42 mutant cells but not in rho1 mutant cells (1, 65).
Cdc42p may regulate Bni1p localization by their direct binding
and/or may regulate indirectly by depolarizing other proteins.
It is interesting that Cdc42p and Rho1p may bind different
regions. Unexpected results showed that the direct interaction
of Bni1p with Rho1p is scarcely important for either Bni1p
localization or function. As previously reported (19), the trun-
cated mutant F18 (aa 490 to 1954), which lacks the N-terminal
region including the Rho1p-binding region and half of the FH3
domain, localizes at neither bud tips nor cytokinesis sites. At
that time, it was thought that the interaction of Rho1p and
Bni1p was required for Bni1p localization since the existence
of the FH3 domain was not known. Our present study suggests
that the interaction with Cdc42p and/or the unknown interac-
tion at the FH3 domain is more important for Bni1p localiza-
tion than the interaction with Rho1p.

Third, we have found that Bni1p localization at bud tips is
markedly dependent on Spa2p and modestly dependent on
Bud6p (Fig. 10). The interaction of Spa2p with Bni1p did not
participate in complementing the defect of bipolar bud site
selection of the bni1-D mutant or the lethal phenotype of the
bni1-D bnr1-D double mutation but was required for the reg-
ulation of apical growth and for the proper localization of
Bni1p. Thus, it is suggested that the interaction of Bni1p with
Spa2p is required mainly for the spatial regulation of Bni1p.
The significance of the interaction of Bni1p with Bud6p is still
more elusive. bni1 and bud6 mutations shared various defec-
tive phenotypes, including bipolar bud site selection, apical
growth (66), spindle orientation (34), Kar9p localization (47),
and the synthetic lethality with bck1 (19) (our unpublished
observation). They seem to have partially overlapping, and
partially cooperative, functions related to the actin cytoskele-
ton which remain to be clarified.

In conclusion, the present observations strongly suggest that
the proper localization and function of Bni1p are not deter-
mined by a single factor but are achieved by concerted partic-
ipation of Cdc42p, Spa2p, Bud6p, and the actin cytoskeleton.
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