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The RHOI1 gene encodes a yeast homolog of the mammalian RhoA protein. Rholp is localized to the growth
sites and is required for bud formation. We have recently shown that Bnilp is one of the potential downstream
target molecules of Rholp. The BNII gene is implicated in cytokinesis and the establishment of cell polarity
in Saccharomyces cerevisiae but is not essential for cell viability. In this study, we screened for mutations that
were synthetically lethal in combination with a bril mutation and isolated two genes. They were the previously
identified PAC1 and NIP100 genes, both of which are implicated in nuclear migration in S. cerevisiae. Paclp is
a homolog of human LIS1, which is required for brain development, whereas Nip100p is a homolog of rat
p150%™<9 a component of the dynein-activated dynactin complex. Disruption of BNII in either the pacl or
nipl100 mutant resulted in an enhanced defect in nuclear migration, leading to the formation of binucleate
mother cells. The arpl bnil mutant showed a synthetic lethal phenotype while the cirn8 bnil mutant did not,
suggesting that Bnilp functions in a kinesin pathway but not in the dynein pathway. Cells of the pacl bnil and
nip100 bnil mutants exhibited a random distribution of cortical actin patches. Cells of the pacl act1-4 mutant
showed temperature-sensitive growth and a nuclear migration defect. These results indicate that Bnilp
regulates microtubule-dependent nuclear migration through the actin cytoskeleton. Bnilp lacking the Rho-
binding region did not suppress the pacl bnil growth defect, suggesting a requirement for the Rholp-Bnilp

interaction in microtubule function.

The Rho family (Rho) belongs to the small G-protein super-
family and regulates various cell functions, such as cell adhe-
sion, cell motility, and cytokinesis, through the reorganization
of the actin cytoskeleton (18, 57). Many potential downstream
target molecules of Rho have been identified (19), but it has
not yet been thoroughly clarified how Rho regulates the reor-
ganization of the actin cytoskeleton through these target mol-
ecules.

The actin cytoskeleton plays a pivotal role in the budding
processes of the yeast Saccharomyces cerevisiae (4). This yeast
has several Rho family members, including Rholp, Rho2p,
Rho3p, Rho4p, and Cdc42p, which are involved in the budding
processes (4, 58). We have isolated Bnilp as a potential down-
stream target molecule of Rholp that regulates the reorgani-
zation of the actin cytoskeleton (29). Bnilp has subsequently
been shown to be a potential downstream target molecule of
Cdc42p, Rho3p, and Rhodp (11, 23). We have also found that
Bnrlp is a Bnilp-related protein that is a potential downstream
target molecule of Rho4p (24). Bnilp and Bnrlp are members
of the FH protein family, which is defined by the presence of
“formin homology” domains, the proline-rich FH1 domain and
the FH2 domain. The FH proteins play important roles in actin
cytoskeleton-dependent processes, including cytokinesis and
the establishment of cell polarity (12, 62). Bnilp and Bnrlp, at
their FH1 domains, bind to profilin, an actin monomer-binding
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protein that is implicated in actin polymerization (11, 24).
Bnilp and Bnrlp also interact with Budép (Aip3p), an actin-
binding protein (1, 11, 28). Moreover, Bnilp interacts with
elongation factor la (EFla), which binds to and bundles actin
filaments (60). Bnilp is known to localize at sites of bud
growth, where the actin cytoskeleton is actively reorganized
(25). We have found that Spa2p is a Bnilp-binding protein and
that this interaction is required for the localization of Bnilp to
the bud tip (13).

The cytoplasmic microtubule system is believed to function-
ally and physically interact with the actin system, although the
molecular mechanisms of this interaction remain to be clarified
(2,9, 27, 34, 43). Genetic and cell biological studies with S.
cerevisiae tub2 mutants have shown that cytoplasmic microtu-
bules are not required for budding but are required for the
migration of a daughter nucleus into the bud (22, 56). A minus-
end-directed, microtubule-based motor protein, dynein, is in-
volved in this nuclear migration process (50, 68). Cell biolog-
ical studies with actl mutants have revealed that the actin
system is involved in the control of spindle position and nu-
clear migration (7, 43), but it remains to be clarified how the
actin system interacts with the cytoplasmic microtubule sys-
tem.

In this study, we have shown that Bnilp regulates nuclear
migration. A bnil mutation shows a synthetic lethal interaction
with mutations in PACI or NIP100 (14, 26). PACI encodes a
protein similar to a human lissencephaly gene product, LIS1
(45), and to an Aspergillus nidulans gene product, NUDF,
which is implicated in dynein function (65, 66). NIP100 en-
codes a protein similar to the largest polypeptide component
of the dynein-activating dynactin complex, p150°™<9 of rat and
Neurospora crassa (46, 59, 64). Both pacl bnil and nip100 bnil
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TABLE 1. Yeast strains used in this study”

Strain Genotype Reference
OHNY1 MATa ura3 leu2 trpl his3 ade2 41
OHNY2 MATe ura3 leu2 trpl his3 ade?2 41
OHNY3 MATa/MATo ura3/ura3 leu2/leu2 trpl/trpl his3/his3 ade2/ade2 42
KY4 MATa/MATe ura3/ura3 leu2/leu2 trpl/trpl his3/his3 ade2/ade2 bnil::HIS3/bnil::HIS3 29
STFY1 MATo ura3 leu? trpl his3 ade2 ade3 bnil::HIS3
BTY3 MATa ura3 leu2 trpl his3 ade2 bnil::HIS3 13
HIY2 MATo ura3 leu? trpl his3 ade2 bnrl::TRPI 24
HIY11 MATa ura3 leu2 trpl his3 ade2 bnil::HIS3 bnrl::TRPI 24
PFIY1 MATo ura3 leu2 trpl his3 ade2 pacl::URA3
PFIY11 MATe ura3 leu2 trpl his3 ade2 nipl00::URA3
AFIY1 MATo ura3 leu? trpl his3 ade2 arpl::URA3
CFIY1 MATeo ura3 leu2 trpl his3 ade2 cin8::URA3
PFIY5 MATo ura3 leu? trpl his3 ade2 pacl::URA3 bnil::HIS3 [pRS314-GALI1-myc-BNI1]

PFIY6 MATa ura3 leu? trpl his3 ade2 pacl::URA3 bnil::HIS3 [pRS315-GAL1-HA-BNI1]
PFIY15 MATa ura3 leu2 trpl his3 ade2 nip100::URA3 bnil::HIS3 [pRS314-GALI-myc-BNI1]
AMFY1 MATa ura3 leu2 trpl his3 ade2 actl-4

APFY1 MATa ura3 leu2 trpl his3 ade2 pacl::URA3 actl-4

“ Strains used in this study are isogenic.

mutant cells show a binucleate phenotype, probably due to the
misorientation of cytoplasmic microtubules. Our results sug-
gest that Bnilp is a cortical marker that guides cytoplasmic
microtubules to the bud tip.

MATERIALS AND METHODS

Strains, media, and yeast transformations. The yeast strains used in this study
are listed in Table 1. Yeast strains were grown on the rich media YPDAU and
YPGalAU. YPDAU contained 2% Bacto Peptone (Difco Laboratories, Detroit,
Mich.), 1% Bacto Yeast Extract (Difco), 0.04% adenine sulfate, 0.02% uracil,
and 2% glucose. YPGalAU was the same except that 3% galactose plus 0.2%
sucrose replaced the glucose. A medium that contained 2% Bacto Peptone, 1%
Bacto Yeast Extract, 0.02% uracil, and 4% glucose (YPDDU) was used to isolate
bsl mutants. Yeast transformations were performed by the lithium acetate
method (16). Transformants were selected on SD medium, which contained 2%
glucose and 0.7% yeast nitrogen base without amino acids. SG medium con-
tained 3% galactose, 0.2% sucrose, and 0.7% yeast nitrogen base without amino
acids. SD or SG medium was supplemented with amino acids or bases when
required. SDAAU or SGalAAU contained 0.5% Casamino Acids, 0.025% ade-
nine sulfate, and 0.025% uracil, in addition to SD or SG medium. Standard yeast
genetic manipulations were performed as described previously (52). Where in-
dicated, benomyl (Wako, Osaka, Japan), dissolved at 10 mg/ml in dimethyl
sulfoxide, was added to YPDAU to a final concentration of 10, 20, or 30 wg/ml.
Escherichia coli DH5a was used for construction and propagation of plasmids.

Molecular biological techniques. Standard molecular biological techniques
were used for construction of plasmids, DNA sequencing, and PCR (48). Plas-
mids used in this study are listed in Table 2. DNA sequences were determined
with an ALFexpress DNA sequencer (Amersham Pharmacia Biotech, Inc., Little
Chalfont, United Kingdom), and PCRs were performed with the GeneAmp PCR
System 2400 (Perkin-Elmer, Norwalk, Conn.).

Screening for bsl mutants. To obtain mutations (bsl/) that cause synthetic
lethality with the bnil mutation, strain STFY1 containing plasmid YEp351-
BNI1-ADE3 was plated on YPDDU and subsequently treated with UV for 30 s.
Colonies that showed a red nonsectoring phenotype were isolated and subse-
quently transformed with plasmid pRS316-BNI1 to test whether the isolated
clones showed a white sectoring phenotype. Clones that showed a sectoring
phenotype were retained as bs/ mutants.

Tetrad analysis of bs/ mutants. To determine whether the bs/ mutants con-
tained single mutations, the bs/ bnil/YEp351-BNI1-ADE3 haploid cells were
crossed to the parental bnil cells (BTY3) and diploid clones that had lost
YEp351-BNI1-ADE3 were selected. Sporulation and tetrad analyses were done
by standard methods (51), and at least 10 tetrads were analyzed for each cross.
The bsl mutants that showed 2:2 segregation in terms of the growth phenotypes
were characterized further.

Cloning of PACI and NIP100. Each bsl bnil/YEp351-BNI1-ADE3 mutant was
transformed with a yeast genomic library made in centromeric vector YCp50 (41)
and screened for white colonies on SD plates lacking uracil but containing
0.00125% adenine sulfate. Cells of single white colonies were replica-plated onto
SD plates lacking leucine. Library plasmids were recovered through E. coli
transformation from clones that did not grow on these plates. The recovered
plasmids were transformed again into the bs/ mutant to identify clones that
reproducibly conferred sectoring activity. The recovered plasmids were se-
quenced with primer 5'-GCTACTTGGAGCCACTATCGAC and primer 5'-A

GGCGCCAGCAACCGCACCTGT, and the partial nucleotide sequences of the
cloned genomic DNAs were determined. The plasmids were mapped by restric-
tion enzyme digestion, and several different and overlapping regions of the
genomic fragment were subcloned into pRS316 (54) and tested for colony-
sectoring activity. PACI and NIP100 were isolated from the bsl/I and bsl2 mu-
tants, respectively, and these genes were characterized further in this study. To
confirm whether the bs/I and bs/2 mutations were located in PACI and NIP100,
respectively, the 0.85-kb Sphl-Hpal fragment in the PACI open reading frame
and the 2.0-kb EcoRV-Sacl fragment in the NIP100 open reading frame were
deleted and the resulting genomic fragments were tested for colony-sectoring
activity. Neither genomic fragment showed any sectoring activity (data not
shown). Moreover, the pacl and nip100 disruption mutants were crossed with the
bsl1 bnil and bsI2 bnil mutants, respectively, and tetrad analysis indicated that
the bs/1 and bsl2 mutations occurred in PAC1 and NIP100, respectively (data not
shown).

Disruption of PACI, NIP100, ARP1, and CINS. To construct pacl and nip100
disruption mutants, plasmids pBS-pacl::URA3 and pUC19-nip100::URA3 were
cut with Pvull or with EcoRI and Sall, respectively, and the digested DNA was
introduced into strain OHNY3. To construct the arp! and cin8 disruption mu-
tants, plasmids pUC19-arp1::URA3 and pUC19-cin8::URA3 were cut with Pyull
and the digested DNA was introduced into strain OHNY2. Genomic DNA was
isolated from each transformant, and the proper disruption of each gene was
verified by PCR (data not shown). These pacl, nip100, arpl, and cin8 mutant
strains were used for further genetic studies.

Cytological techniques. Actin and DNA were stained with rhodamine-phal-
loidin (Molecular Probes, Eugene, Oreg.) and 4’,6-diamidino-2-phenylindole
dihydrochloride (DAPT) (Sigma Chemical Co., St. Louis, Mo.), respectively, as
described previously (67). Indirect immunofluorescence of microtubules was
performed as described previously (67). Microtubules were stained with a rat
anti-a-tubulin YOL1/34 monoclonal antibody (Harlan Sera-lab, Loughborough,
England). Stained cells were observed with an Axiophoto microscope (Carl
Zeiss, Oberkochen, Germany) and photographed with a peltier cooling 3CCD
color camera (C5810-01; Hamamatsu Photonics KK., Hamamatsu, Japan).

RESULTS

Deficiency in nuclear migration in the bnil mutant. Disrup-
tion of BNII does not produce a strongly deleterious effect on
cell growth, although the bnil mutant grows slowly at higher
temperatures (29). A diploid strain homozygous for the bnil
mutation is partially deficient in cytokinesis due to a wide bud
neck and shows a random budding pattern (29, 69). Recently,
evidence has emerged suggesting that there is a functional
linkage between the actin cytoskeleton and cytoplasmic micro-
tubules (33, 43). To investigate whether the bnil mutation has
any effect on the microtubule system, cells of the diploid bnil
mutant were grown in YPDAU at 30°C for 12 h. Because the
diploid bnil mutant shows a cytokinesis phenotype, demon-
strated by, for example, cells with many unseparated large buds
(29), we focused on cells with one large bud and a wide bud
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TABLE 2. Plasmids used in this study

MoL. CELL. BIOL.

Plasmid Characteristics” Reference
YEp351 LEU2 2pm 20
YEp351-BNI1 BNII LEU2 2pm; made by inserting the 6.5-kb BamHI-Smal fragment from pBS-BNI1 into the corresponding sites 29

of YEp351
YEp351-BNI1-ADE3 ~ BNII ADE3 LEU2 2pm; made by inserting the 5.4-kb Smal-Sall (filled-in) ADE3 fragment (a gift from S. Nomoto)
into the Smal site of YEp351-BNI1
pRS315 LEU2 CEN6 54
pRS316 URA3 CEN6 54
YCp50-PACI PACI URA3 CENG; isolated from a genomic library in YCp50 as a clone containing a 9.6-kb genomic DNA frag- 41
ment of PACI
YCp50-NIP100 NIP100 URA3 CENG; isolated from a genomic library in YCp50 as a clone containing a 14-kb genomic DNA frag- 41
ment of NIP100
pRS316-BNI1 BNII URA3 CEN6; made by inserting the 6.5-kb BamHI-Smal fragment from pBS-BNI1 into the corresponding sites 29
of pRS316
pRS316-PAC1 PACI URA3 CENG6; made by inserting the 3.1-kb BamHI-EcoRV fragment from YCp50-PACI into the BamHI-Smal
sites of pRS316
pRS316-NIP100 NIP100 URA3 CEN6; made by inserting the 4.2-kb EcoRI-Kpnl fragment from YCpS50-NIP100 into the correspond-
ing sites of pRS316
pRS314-GAL1-myc TRP1 CEN6 13
pRS314-GAL1-myc- TRPI1 CEN6 GALI-myc-BNI1 13
BNI1
PRS315-GAL1 LEU2 CENG6; made by inserting the 0.74-kb Scal-HindIII fragment, containing the GALI promoter, a multicloning 13
site, and the TDH] terminator, into the Spel (filled-in)-HindIII sites of pRS315
pRS315-GAL1-HA LEU2 CEN6; made by inserting the synthetic oligonucleotide encoding two copies of the HA epitope, YPYDVP-
DYA, which is derived from the influenza virus hemagglutinin (HA) protein, into the EcoRI-KpnlI sites in the mul-
ticloning site of pRS315-GAL1
pRS315-GAL1-HA- LEU2 CEN6 GALI1-HA-BNII; made by inserting the 5.9-kb BarnHI-Smal fragment from pRS314-GAL1-myc-BNI1 29
BNI1 containing the BNII open reading frame into the corresponding sites of the multicloning site of pRS315-GALI-
HA, to place BNII downstream of the two HA epitopes
PRS314-Pgyy-myc TRP1 CENG; made by inserting the 0.62-kb PCR fragment upstream of the BNII open reading frame into the
EcoRI-Sacl sites of pRS314-GAL1-myc to replace the GALI promoter with the BNII promoter; the 0.62-kb BNI1
promoter region was amplified by PCR with upstream primer 1 (5'-GGCCGAGCTCAGTTGGTATGGATA-
GAGCCAGAATGTAAAACAAGGTGGCA) and downstream primer 2 (5'-GGCCGAATTCTTCCTTTCCT-
TCTCTTCTTTTCTTGCTTCTCG)
pRS314-Pypy -myc- TRP1 CENG6 Py, -myc-BNII; made by inserting the 5.9-kb BamHI-Smal fragment from pRS314-GAL1-myc-BNI1 13
BNI1 containing the BNII open reading frame into the corresponding sites of the multicloning site of pRS314-Pyyy;-
myc, to place BNII downstream of the three myc epitopes
PRS314-Pgyy,-myc- TRP1 CENG Pgy;-myc-BNII (490-1954); made by inserting the 4.4-kb BamHI-Smal fragment from pRS314-GALI1- 13
BNII1 (490-1954) myc-BNI1 (490-1954) into the corresponding sites of the multicloning site of pRS314-Pgyy;-myc, to place BNI1
(490-1954) downstream of the three myc epitopes
PRS314-Pyyp,-myc- TRPI CENG Pgyy-myc-BNII (A826-987); made by inserting the 2.5-kb BamHI site-bounded PCR fragment encoding
BNI1'-1 amino acids 1 to 825 of Bnilp and the 2.9-kb BamHI-Smal site-bounded PCR fragment encoding amino acids 988
to 1954 of Bnilp into the BamHI-Smal sites of pRS314-Pgy; -myc, to place BNI1 (A826-987) downstream of the
three myc epitopes; the 2.5-kb DNA fragment was amplified by PCR with upstream primer 3 (5'-TATAGGATC-
CAGTTGGTATGGATAGAGCCAGAATGTAAAACAAGGTGGCA) and downstream primer 4 (5'-GGCCG-
GATCCCGAGTTCATACCTCTGGTGCCTTC); the 2.9-kb DNA fragment was amplified by PCR with upstream
primer 5 (5'-GGCCGGATCCGACGAGATTATGGACAGTCCAAAG) and downstream primer 6 (5'-CTCTC-
CCGGGCTAGTGCTTGTTTGGATGTTTGTTTTGGTATTACTGTTGT)
PRS314-Pyyp -myc- TRPI CENG Pgyy-myc-BNII (A1239-1328); made by inserting the 3.7-kb BamHI site-bounded PCR fragment encod-
BNI1'-2 ing amino acids 1 to 1238 of Bnilp and the 1.9-kb BamHI-Smal site-bounded PCR fragment encoding amino ac-
ids 1329 to 1954 of Bnilp into the BamHI-Smal sites of pRS314-Pgyy-myc, to place BNII (A1239-1328) down-
stream of the three myc epitopes; the 3.7-kb DNA fragment was amplified by PCR with upstream primer 3 and
downstream primer 7 (5'-GGCCGGATCCCTGTGAGGAGAGTACAGATGATTG); the 1.9-kb DNA fragment
was amplified by PCR with upstream primer 8 (5'-GGCCGGATCCGCATCGCAAATCAAATCAGCTGTAAC)
and the downstream primer 6
PRS314-Pypy-myc- TRPI CENG P gy -myc-BNII (1-1750); made by inserting the 5.3-kb BamHI-Sacll (filled-in) fragment from pRS314- 13

BNI1'-3
PBS-PACI

pUCI19-NIP100
pBS-pacl::URA3

pUC19-nip100::URA3

pUC19-ARP1

pUC19-arpl::URA3

pUCI19-CINS8

pUC19-cin8::URA3

GALI1-myc-BNI1 containing the BNII open reading frame into the BamHI-Smal sites of the multicloning site of
pRS314-Pyy;-myc, to place BNII (1-1750) downstream of the three myc epitopes

PACI; made by inserting the 3.1-kb BamHI-EcoRV fragment from YCp50-PACI into the corresponding sites of
pBluescript KS(+)

NIPI00; made by inserting the 4.2-kb EcoRI-Kpnl fragment from pRS316-NIP100 into the corresponding sites of pUC19

A derivative of pBS-PACI; made by replacing the 0.85-kb Sphl-Hpal internal fragment of PACI corresponding to
amino acids 38 to 321 with the 1.2-kb URA3 fragment

A derivative of pUC19-NIP100; made by replacing the 4.4-kb EcoRV-Sacl internal fragment of NIP100 correspond-
ing to amino acids 67 to 731 with the 1.2-kb URA3 fragment

ARPI; made by inserting the 2.2-kb BamHI-Sall site-bounded coding region plus the fragment including the ARPI
0.5-kb upstream and 0.5-kb downstream noncoding regions into the corresponding sites of pUC19; the 2.2-kb
DNA fragment was amplified by PCR with upstream primer 9 (5'-GGCCGGATCCCATAATACAGTATTTATT-
GATCAACG) and downstream primer 10 (5'-GGCCGTCGACTCTGAAAGGTATGTCTTCCTATTAGAC)

A derivative of pUC19-ARP1; made by replacing the 0.97-kb ClaI-StyI internal fragment of ARPI corresponding to
amino acids 1 to 306 with the 1.2-kb URA3 fragment

CINS; made by inserting the 4.1-kb BamHI-Sall site-bounded coding region plus the fragment including the CIN8
0.5-kb upstream and 0.5-kb downstream noncoding regions into the corresponding sites of pUC19; the 4.1-kb
DNA fragment was amplified by PCR with upstream primer 11 (5'-GGCCGGATCCATCTGGTTTCAAGCAA-
GAATTGAAC) and downstream primer 12 (5'-GGCCGTCGACAAGACCATCAAAGGTTITCATTTG)

A derivative of pUC19-CINS; made by replacing the 2.57-kb MunI internal fragment of CINS corresponding to
amino acids 158 to 1016 with the 1.2-kb URA3 fragment

“ Underlined sequences are portions of BNII, ARPI, or CINS.
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FIG. 1. Morphological phenotype of the bnil mutant. Cells of diploid strains OHNY3 (wild type) and KY4 (bnil) were incubated at 30°C in YPDAU for 12 h, fixed,
and doubly stained with DAPI and an anti-a-tubulin monoclonal antibody for DNA and cytoplasmic microtubules (FITC), respectively. All fields were photographed
at the same magnification. (A) Nuclear migration defect in the bni/ mutant. Normal nuclear migration is seen in a wild-type cell (a) and a bnil mutant cell (b). Nuclear
migration defect is seen in a bnil mutant cell (c). (B) Quantitation of cytoplasmic microtubules extended into the bud in cells of the bnil mutant with nuclear migration

defects.

neck. We found that 22% showed this phenotype, and of the
503 cells counted that had this phenotype, 72% showed normal
nuclear migration and microtubule orientation as in wild-type
cells (Fig. 1A, panels a and b). In contrast, 28% of the cells
showed a nuclear migration defect (panel c). In 141 cells with
a nuclear migration defect, the frequency of the entry of cyto-
plasmic microtubules into the bud was measured (Fig. 1B). Of
these cells, 87% showed cytoplasmic microtubules extending
into the bud. These results suggest that Bnilp is involved in the
regulation of microtubule-regulated nuclear migration but not
in the entry of cytoplasmic microtubules into the bud.

To investigate further whether microtubule function is com-
promised in cells of the diploid bnil mutant, the sensitivity of
the mutant to the microtubule-destabilizing drug benomyl was
tested. Haploid bnil and bnrl mutants showed benomyl sensi-
tivities similar to that of the wild type (Fig. 2). The haploid bni!
bnrl mutant showed a slightly increased sensitivity to benomyl.
Moreover, the diploid bnil mutant showed more severe sensi-
tivity to benomyl than did either the wild type or the haploid
bnil bnrl mutant. These results suggest that BNII function is
involved in the stability of microtubules, at least in diploids.

Identification of pacl and nipl100 as mutations that are
synthetically lethal with a bnil mutation. To identify genes
that interact with bnil, we screened for mutations that were
lethal in combination with a bnil mutation. A synthetic lethal-
ity screen by the color-sectoring assay (30) was set up with the
haploid bnil strain STFY1. A total of 14,000 colonies from
UV-mutagenized cells (about 13% viability) were screened for
the nonsectoring red phenotype at 24°C. Three nonsectoring
bsl (bnil synthetic lethal) mutants were recovered and crossed
to a bnil mutant, BTY3, to determine if they contained single

mutations. All three mutants contained nonlinked single mu-
tations (data not shown). To clone the corresponding genes, a
genomic library was screened for plasmids that rescued the
synthetic lethality. BSL1 and BSL2 were cloned and proved to
be PACI and NIPI100, respectively (Fig. 3). (see Materials and
Methods).

Disruption of either PACI or NIP100 causes a defect in

Benomyl (ug/ml)
0 10 20

WT (a/a)
bni1(a/a)
WT (a)
bni1(a)
bnri(a)
bnitbnri(o)

000 °©

FIG. 2. Increased benomyl sensitivity of the diploid bnil mutant. Approxi-
mately 10° cells from diploid strains OHNY3 (wild type [WT]) and KY4 (bnil)
and haploid strains OHNY1 (WT), BTY3 (bnil), HIY2 (bnrl), and HIY11 (bnil
bnrl) were plated in 3-pl spots on YPDAU containing 0, 10, 20, and 30 g of
benomyl per ml. The cells were incubated at 30°C for 3 days.
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FIG. 3. Restriction enzyme map and mapping of PACI and NIP100. (A) The bslI mutation lies in PACI. The thick line represents the 9.6-kb original genomic DNA
fragment, whereas the thin lines represent portions of the vector YCp50. B, BamHI; Sp, Sphl; V, EcoRV; H, Hpal. The Hpal site is not unique in the insert DNA.
Various fragments of the insert DNA were subcloned into YCp50 or pRS316 and tested for their ability to suppress the synthetic lethality. The complementing DNA
was present in fragment b. (B) The bs/2 mutation lies in NIP100. The thick line represents the 14-kb original genomic DNA fragment, whereas the thin lines represent
portions of the vector YCp50. E, EcoRI; S, Sacl; V, EcoRV; X, Xbal; K, Kpnl. The EcoRV, Xbal, and KpnlI sites are not unique in the insert DNA. Various fragments
of the insert DNA were subcloned into YCp50 or pRS316 and tested for their ability to suppress the synthetic lethality. The complementing fragment was present in
fragment c. The constructs used to disrupt PACI and NIP100 are shown below the original genomic fragment in panels A and B, respectively.

nuclear migration that becomes particularly evident at lower
temperatures (14, 26). This phenotype is similar to that of the
dynein heavy-chain mutant dynl (10, 32). The pacl bnil and
nipl00 bnil mutants were synthetically lethal (Table 3), and
the phenotypes of both mutants were analyzed cytologically by
using double-mutant strains that contained a plasmid with a
GALI promoter-regulated BNII gene. Cells of the bnil, pacl,
pacl bnil, nipl100, and nipl00 bnil mutants were grown in
YPGalAU, transferred to YPDAU, and incubated for 13 h.
Cells of the pacl and nipl00 mutants showed a binucleate
phenotype in 23 and 21%, respectively, of the large-budded
cells, whereas cells of the bnil mutant showed this phenotype
in only 2% of cases (Fig. 4A). Cells of both double mutants
showed an increased proportion of binucleate cells (Fig. 4A
and C). Cells of the pacl bnil and nip100 bnil mutants showed
a binucleate phenotype in 67 and 66%, respectively, of the

TABLE 3. Viability of mutants carrying mutations in
combination with bnil mutation”

No. of No. of . e
Genotype? tetrads predicted % of lethal Viability of
mutants double mutant
analyzed mutants
pacl bnil 19 23 100 Synthetic lethal
nip100 bnil 20 26 100 Synthetic lethal
arpl bnil 29 22 100 Synthetic lethal
cin8 bnil 25 26 19 Viable

“PFIY1 (pacl::URA3), PFIY11 (nip100::URA3), AFIY1 (arpl::URA3), and
CFIY1 (cin8:URA3) were crossed to BTY3 (bnil::HIS3), and the resulting
diploids were subjected to tetrad analysis.

® Genotypes of the inviable segregants were inferred from those of the viable
segregants.
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FIG. 4. Morphological phenotypes of the pacl bnil and nip100 bnil mutants. Cells of haploid strains OHNY1 (wild type [WT]), BTY3 (bnil), PFIY1 (pacl), PFIY5
(pacl bnil), PFIY11 (nip100), and PFIY15 (nip100 bnil) were incubated at 24°C in YPDAU for 13 h, fixed, and doubly stained with DAPI and an anti-a-tubulin
monoclonal antibody for DNA and cytoplasmic microtubules (FITC), respectively. (A) Quantitation of the nuclear migration defect. The percentage of cells with
nuclear migration defects was determined in large-budded and unbudded cells. (B) Cytoplasmic microtubule orientation in cells with two nuclei within the mother cell
of the pacl bnil and nip100 bnil mutants. (C) Nuclear migration defect in large-budded cells of the pacl bnil and nip100 bnil mutants. All fields were photographed

at the same magnification.

large-budded cells. In the double mutants, cells with a cytokinesis
defect, containing one large bud and a wide bud neck, were
observed in less than 1% of the large-budded cells, indicating that
the lethal phenotype was not due to an enhancement of the bnil
cytokinesis defect (data not shown). In binucleate cells of the pac?

bnil and nip100 bnil mutants, 80 and 83%), respectively, exhibited
cytoplasmic microtubules that extended into the bud (Fig. 4B).
These results indicate that BNI! is involved in the regulation of
microtubule function required for proper nuclear migration and
that the PACI and NIP100 functions are related to that of BNII.
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In unbudded cells of the double mutants, the proportions of
anucleate cells increased >30- and ~5-fold, respectively, com-
pared to the pacl and nip100 single mutants (Fig. 4A). These
results suggest that the binucleate cells in the pacl bnil and
nipl100 bnil mutants go through cell division to produce anu-
cleate daughter cells.

We investigated whether the genetic interactions between
BNII and PACI or NIP100 are specific to the dynein system.
Arplp appears to be one of the components of the dynactin
complex that operates in nuclear migration in cooperation with
the dynein heavy chain (36, 40). CINS is a kinesin-related gene
required for the separation of the spindle pole bodies (21, 47).
The bnil mutant BTY3 was crossed to the arp! and cin8 mu-
tants AFIY1 and CFIY1, respectively. Tetrad analysis indi-
cated that the bnil mutant is synthetically lethal with the arp!
mutant but not with the ¢in8 mutant (Table 3). We conclude
that the synthetic lethal interaction between bnil and pacl or
nip100 is specific to the dynein system.

Abnormal distribution of cortical actin patches in the pacl
bnil and nip100 bnil mutants. We have shown previously that
the diploid bnil mutant has abnormal morphology and distri-
bution of cortical actin patches (29). We examined the distri-
bution of cortical actin patches in the pacl bnil and nip100
bnil cells. Cells of the bnil, pacl, pacl bnil, nip100, and nip100
bnil mutants were grown in YPGalAU and shifted to YPDAU
for 15 h. Of the cells that contained a single nucleus within the
mother cell, only 5 to 11% of the pacl and 6 to 14% of the
nip100 single-mutant cells showed a nonpolarized localization
of cortical actin patches in unbudded, tiny-budded, and small-
budded cells, as also observed in the wild type and the bnil
single mutant (Fig. 5). In contrast, 64 and 63% of the pacl bnil
and 61 and 60% of the nip100 bnil double-mutant cells showed
a nonpolarized distribution of cortical actin patches in unbud-
ded and small-budded cells, respectively. We found that 28 and
36% of the tiny-budded cells in the pacl bnil and nip100 bnil
mutants, respectively, showed an abnormal actin distribution.
We also observed the distribution of cortical actin patches in
both double-mutant cells after 8.5 h of Bnilp depletion. More
than 53% of unbudded and small-budded cells and more than
31% of tiny-budded cells showed a nonpolarized distribution
of cortical actin patches (data not shown). These results sug-
gest that the distribution of cortical actin patches is somewhat
compromised before the nuclear migration defect becomes
apparent in both the pacl bnil and nipl00 bnil mutants.

Involvement of actin function in PACI-regulated nuclear
migration. Previous studies have shown that disruption of actin
function results in improper spindle orientation and nuclear
migration defects (7, 43). However, the molecular mechanism
of the linkage between nuclear migration and actin function
has not yet been clarified. The synergistic effects of bnil and
pacl and of bnil and nipl00 mutations on the polarized actin
cytoskeleton suggested that Paclp and Nip100p might be in-
volved in this linkage. To investigate this possibility further, we
used the actl-4 mutation, which has been shown previously to
affect microtubule function (43). The act/-4 mutant AMFY1
was crossed with the pacl mutant PFIY1 to construct the pacl
actl-4 mutant APFY1. Cells of this strain showed no detect-
able growth defect at 24°C but had a severe growth defect
when shifted to 30°C (Fig. 6). The nip100 acti-4 mutant also
had a severe growth defect when shifted to 30°C (data not
shown). These results suggest that the actin function geneti-
cally interacts with the PACI and NIP100 functions.

The phenotypes of the pacl actl-4 mutant cells were ob-
served after growth in YPDAU at 30°C for 13 h. In large-
budded cells, 22 and 5% of the actl-4 and pac! single mutants,
respectively, contained three or more nuclei within the mother
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cell, and this phenotype was enhanced in the pacl acti-4 dou-
ble mutant to 91% of the large-budded cells (Fig. 7), a phe-
notype much more severe than that observed in the pac! bnil
and nip100 bnil mutants (Fig. 4A and C). Similarly, in tiny-
budded cells, the proportion of cells with three nuclei within
the mother cell increased to 78% in the double mutant com-
pared to 10 and 3% in the actl-4 and pacl single mutants,
respectively. In unbudded cells, an increased proportion of
anucleate cells was observed, consistent with the results for the
pacl bnil and nipl100 bnil mutants. Enlarged multinucleate
cells, a phenotype observed in the act/-4 mutant, also were
twice as common in the pacl actl-4 double mutant as in the
act1-4 mutant. These results indicate that loss of actin function
in the pacl mutant causes a defect in nuclear migration that is
similar to, but more severe than, that observed in the pacl bnil
and nip100 bnil mutants.

Determination of the region in Bnilp required for suppres-
sion of the pacl bnil lethality. We constructed several deletion
mutants of myc-tagged Bnilp to identify the Bnilp-binding
protein required for the microtubule-related Bnilp function.
Bnilp mutants lacking the Rho- (11, 23), Spa2p- (13), profilin-
(24), or Bud6p (11)-binding region were constructed to be
expressed under the control of the BNII promoter (Fig. 8A).
These mutant proteins did not interact with the corresponding
partner proteins as judged by the two-hybrid method (data not
shown). The expression of these mutant proteins was con-
firmed by Western blot analysis with an anti-myc monoclonal
antibody (data not shown). The lethality of the pacl bnil mu-
tation was suppressed in the Bnilp mutant lacking the Spa2p-
binding region but not in those lacking the Rho-, profilin-, or
Bud6p-binding region (Fig. 8B). On the other hand, we also
tested whether these mutations could suppress the tempera-
ture-sensitive growth defect of the bnil bnrl mutant which
shows deficiency in the actin cytoskeleton (24). The Bnilp
mutant lacking the Rho-, Spa2p-, or Bud6p-binding region
showed suppression of the growth defect at 33°C, but the
mutant lacking the profilin-binding region did not (Fig. 8C).
We furthermore investigated genetically the possible require-
ment for the Bnilp-Bud6p and Bnilp-Spa2p interactions in
nuclear migration. Neither the bud6 nor the spa2 mutation was
synthetically lethal with the pacl mutation (data not shown).
These results suggest that the interactions of Bnilp with the
Rho family members and profilin may be required for the
microtubule-related functions of Bnilp.

DISCUSSION

In this study we have provided evidence that a diploid bnil
mutant shows a nuclear migration defect. Because nuclear
migration is known to be regulated by cytoplasmic microtu-
bules (22, 56), our results thus suggest that Bnilp, known to be
involved in cytokinesis and the establishment of cell polarity
(69), also serves as a regulator of microtubule function. In
Drosophila, the genes which encode proteins related to BNI1,
cappuccino and diaphanous, are implicated in the regulation of
microtubules (8, 15), suggesting a conserved role for proteins
containing the FH1 and FH2 domains in microtubule function.

To clarify the molecular mechanism of how Bnilp regulates
the microtubule system, we screened for mutations that re-
sulted in lethality in combination with a bnil mutation. This
identified two genes, PACI and NIPI00, which are involved in
dynein function (10, 14, 26, 32). Dynein plays an important role
in nuclear migration, probably by pulling the spindle pole body
into the bud via cytoplasmic microtubules (68). Our results
indicate that the inviability of the pacl bnil and nipl100 bnil
double mutants is mainly due to the reduced function of cyto-



VoL. 19, 1999

A

Bnilp-REGULATED MICROTUBULE FUNCTION 8023

0 & £

e | (D & &
WT 95 5 98 2 | 9 6
n=206 n=478 n=420

bnit 85 15 89 11 | 88 12
n=209 n=380 n=372

pact 89 1 95 5 | 92 8
n=250 n=331 n=298

paci bnit 36 64 | 72 28 | 37 63
n=222 n=369 n=419

nip100 86 14 94 6 | 89 11
n=230 n=258 n=316

nip100 bni1 | 39 61 64 36 | 40 60
n=247 n=250 n=315
(%)

Phase

FIG. 5. Abnormalities in the distribution of cortical actin patches in cells of the pacl bnil and nip100 bnil mutants with one nucleus within the mother cell. Cells
of haploid strains OHNY1 (wild type [WT]), BTY3 (bnil), PFIY1 (pacl), PFIYS (pacl bnil), PFIY11 (nip100), and PFIY15 (nip100 bnil) were incubated at 24°C in
YPDAU for 15 h, fixed, and doubly stained with DAPI and rhodamine-phalloidin for DNA and actin, respectively. (A) Quantitation of defects in the distribution of
cortical actin patches in unbudded, tiny-budded, and small-budded cells. (B) Distributions of actin patches in unbudded (a and b), tiny-budded (c and d), and small-budded
(e and f) cells of the pacl and pacl bnil mutants. a, c, e, the pacl mutant; b, d, f, the pacl bnil mutant. All fields were photographed at the same magnification.

plasmic microtubules. This phenotype is consistent with the
results observed with the diploid bnil mutant.

Cytoplasmic microtubules in yeast are elongated from the
spindle pole body and are oriented toward the site of bud
growth (50, 55). It has recently been reported that the kar9
mutation is synthetically lethal with the dyn/ mutation (37). In
the kar9 dynl mutant, cytoplasmic microtubules are misori-
ented, resulting in the binucleate phenotype. Kar9p is a novel
protein implicated in the regulation of microtubule orientation

and is localized at the bud tip, as is Bnilp. Kar9p may serve as
a cortical marker to which plus ends of cytoplasmic microtu-
bules are oriented. The present results, together with the fact
that Bnilp is localized to the bud tip (13, 25), strongly suggest
that Bnilp is another marker for cytoplasmic microtubules at
the bud tip. The functional and physical interactions between
Kar9p and Bnilp in regulating microtubule orientation to the
bud tip should be investigated in future studies.

The molecular mechanism of spindle positioning and its
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FIG. 6. The temperature-sensitive growth phenotype of the pacl actl-4 mutant. Cells of haploid strains OHNY1 (wild type [WT]), PFIY1 (pacl), AMFY1 (actl-4),
and APFY1 (pacl actl-4) were streaked onto YPDAU plates, which were subsequently incubated at 24 or 30°C for 4 days.

functional relationship with cytoplasmic microtubules are not
thoroughly understood (3, 6, 49, 50, 68). Recently, two kinesin-
related proteins, Kip2p and Kip3p, were shown to be involved
in nuclear migration (39). The kip3 mutation shows a synthetic
lethal interaction with the dyn/ mutation, suggesting that
Kip3p and dynein function in a redundant pathway. On the
other hand, Kip2p has been suggested to function partially in
the dynein pathway (39). It is important to clarify whether
Bnilp functionally interacts with Kip3p and regulates spindle
positioning. During the preparation of this paper, Miller et al.
(38) showed that the cortical localization of Kar9p is strongly
dependent on the actin cytoskeleton and on Bnilp and Lee et
al. (31) showed that a bnil mutation results in abnormal spin-
dle positioning and suggested that Bnilp functions in the ki-
nesin pathway. These findings are consistent with each other
and with our present results. Thus, it can be concluded from
these three different series of experiments that Bnilp, Kar9p,
and Kip3p function in the same pathway and genetically inter-
act with the dynein function.

Bnilp is a downstream target molecule of the Rho family
members and regulates the reorganization of the actin cy-
toskeleton (11, 29). Therefore, it is possible that Bnilp regu-
lates cytoplasmic microtubules through the actin cytoskeleton.
Bnilp interacts with at least three actin-binding proteins, pro-
filin, Bud6p, and EFla (11, 24, 60). Genetic and functional

analyses of Bnilp suggest that its interaction with profilin is
important for the regulation of microtubule function. The find-
ings that binucleate large-budded cells mostly showed depo-
larized cortical actin patches and that the actl-4 mutation
strengthened the pacl and nipl00 phenotypes are also consis-
tent with the idea that Bnilp regulates cytoplasmic microtu-
bules through the actin cytoskeleton. In contrast, the Bnilp-
Bud6p interaction does not seem to be important for the
regulation of microtubule function. This result suggests that
there exists a Bnilp-binding protein other than Bud6p that is
required for the regulation of cytoplasmic microtubules. Bnilp
may interact with an unknown protein involved in the regula-
tion of cytoplasmic microtubules at the Bud6p-bindindg re-
gion. A rat dynactin component, p150“"*®, binds both micro-
tubules and the actin-related protein centractin (64). This
result suggests that Nip100p might directly interact with some
kind of actin-related protein which is under the regulation of
Bnilp and that this might lead to the functional relationship
between cytoplasmic microtubules and the actin cytoskeleton.
NUDF, an Aspergillus nidulans homolog of Paclp, has been
suggested to affect nuclear migration by acting on the dynein
motor system (65). From this result, Paclp may function up-
stream of the dynein-dynactin system and functionally interact
with the Bnilp-regulated actin cytoskeleton. Recently, a yeast
homolog of Coronin, Crnlp, has been isolated by microtubule
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FIG. 7. Morphological phenotypes of the pacl actl-4 mutant. Cells of haploid strains OHNY1 (wild type [WT]), PFIY1 (pacl), AMFY1 (actl-4), and APFY1 (pacl
actl-4) were incubated at 30°C in YPDAU for 13 h, fixed, and stained with DAPI for DNA. The percentages of cells with nuclear migration defects were determined

in unbudded, tiny-budded, and large-budded cells.
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FIG. 8. Suppression of the synthetic lethality of the pacl bnil double mutation by BNII (A826-987) but not by BNII (A1-489), BNII (A1239-1328), or BNI1
(A1750-1954). (A) Structures of the deletion mutants of Bnilp. (B) Cells of strain PFIY6 (pac!l bnil) transformed with pRS314-Pgyy-myc-BNI1, pRS314-Pgyy;-
myc-BNI1 (490-1954), pRS314-Pgy;-myc-BNI1'-1, pRS314-Pyyy;-myc-BNI1'-2, pRS314-Pyyy;-myc-BNI1'-3, or the pRS314-Pgy-myc vector were streaked onto
SGalAAU and SDAAU plates and incubated at 30°C for 4 days. (C) Cells of strain HIY11 (bnil bnrl) transformed with plasmids described in panel B were streaked

onto SDAAU plates and incubated at 24 or 33°C for 3 days.

affinity chromatography (17). Crnlp has actin filament-bun-
dling and microtubule-binding activities. Crnlp, or a protein
with similar properties, may functionally interact with Paclp,
Nip100p, and/or Bnilp and link cytoplasmic microtubules with

the actin cytoskeleton. EFla possesses a microtubule-severing
activity (53). The Bnilp-EF 1« interaction also may be involved
in the regulation of cytoplasmic microtubules.

Analysis of the functional domains of Bnilp furthermore
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suggests that the Rholp-Bnilp interaction is involved in mi-
crotubule function. It has previously been shown that Rom2p,
a GDP/GTP exchange factor specific for Rholp and Rho2p
(35, 42), and Bem2p, a GTPase-activating protein specific for
Rholp (44), are involved in the regulation of the microtubule
system (35, 61). Therefore, the Rholp-Bnilp interaction may
be involved in microtubule function. We examined whether the
pacl and nipl00 mutations enhance the phenotypes of the
rhol-104, rhol (F44Y), and rhol (E451) mutations (41, 67).
However, no enhanced phenotypes were observed (data not
shown). Other Rho family members which interact with Bnilp,
such as Cdc42p, Rho3p, or Rho4p (11, 23), may play a role in
the Bnilp-regulated microtubule function.

In mammalian cells, mDia has been isolated as a mammalian
counterpart of Bnilp and/or Bnrlp and has been shown to be
a downstream target molecule of RhoA (63), a mammalian
homolog of Rholp (67). It has been shown that the activation
of Rho causes stabilization of microtubules in starved cells (5)
and that microtubules are targeted and stabilized at focal ad-
hesion sites where reorganization of the actin cytoskeleton is
spatially regulated (27). By analogy to our present studies,
mDia may also be involved in the regulation of the microtubule
system in mammalian cells.
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