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We identified Yptllp, a rab-type small GTPase, by its functional and two-hybrid interaction with Myo2p, a
class V myosin of the budding yeast Saccharomyces cerevisiae. The tail domain of Myo2p was coimmunopre-
cipitated with Yptllp, suggesting that Yptllp forms a complex with Myo2p at its tail domain in vivo.
Mutational analysis of YPT11 suggests that Myo2p is a putative effector of Yptl1p. Deletion of YPT11 induced
partial delay of mitochondrial transmission to the bud, and overexpression of YPT11 resulted in mitochondrial
accumulation in the bud, indicating that Yptl1p acts positively on mitochondrial distribution toward the bud.
We isolated two myo2 mutants, myo2-338 and myo2-573, which showed genetic interactions with YPT11. The
myo2-573 mutation, identified by a synthetic lethal interaction with yp¢11-null, induced a defect in mitochon-
drial distribution toward the bud, indicating that Myo2p plays a crucial role in polarized distribution of
mitochondria. The myo2-338 mutation was identified as the mutation that abolished the effect of overexpressed
YPT11, such as the Yptllp-dependent accumulation of mitochondria in the bud, and the affinity of Myo2p for
Yptllp was reduced. These results indicate that complex formation of Yptllp with Myo2p accelerates the

function of Myo2p for mitochondrial distribution toward the bud.

Class V myosins, a crucial actin-based motor for organelle
transport, are conserved from yeast to mammals and contain
an N-terminal motor domain for interacting with actin struc-
tures and a C-terminal tail domain for the binding of cargo (5,
40). In the dilute mouse, which carries a defective class V
myosin (myosin-Va), melanosomes localize in the central cell
body of melanocytes instead of at the dendritic tip, indicating
a failure of pigment transport (30). In the budding yeast,
Myo2p is an essential class V myosin (1,574 amino acids) and
localizes at the tip of growing buds (17, 23). Defects in Myo2p
abolish polarized growth by disrupting the polarized delivery of
secretory vesicles and lead to defects in vacuole inheritance,
delivery of the late Golgi element, and transport of Kar9p for
the orientation of mitotic spindles (13, 17, 31, 44). Therefore,
Myo2p is essential for the polarized transport of organelles,
such as secretory vesicles, vacuoles, late Golgi element, and
Kar9p, along actin cables.

rab-type small GTPases participate in processes that under-
lie the targeting and fusion of membrane vesicles to their
acceptor membrane. Small GTPases have three motifs for
GTP binding and hydrolysis and have an effector domain be-
tween the first and second motifs for interaction with their
effectors (2). Several putative effectors of rab-type small GTP-
ases have been identified, and the diversity of their functions
suggests that rab-type small GTPases play a more complex role
than controlling the recognition of vesicles with membranes. It
is reported that rab-type small GTPases interact with class V
myosins. myosin-Vb colocalizes with and shows two-hybrid in-
teraction with Rab11a, a rab-type small GTPase for the plasma

* Corresponding author. Mailing address: Department of Biological
Sciences, Graduate School of Science, University of Tokyo, Hongo,
Tokyo 113-0033, Japan. Phone and fax: 81-3-5684-9420. E-mail:
matsui@biol.s.u-tokyo.ac.jp.

7744

membrane recycling system. N-terminal truncation of a myosin
produces its dominant negative version, and the truncated my-
osin-Vb inhibits the recycling system, suggesting that Rablla
may play a role in docking the myosin motor to vesicles (20).
myosin-Va, encoded by dilute, is required for pigment trans-
port and is coimmunoprecipitated with Rab27a, a rab-type
small GTPase (14). Dysfunction of Rab27a induces the pig-
ment transport defect, which is similar to that observed in
dilute cells. In ashen melanocytes, carrying defective Rab27a,
myosin-Va fails to localize melanosomes (1, 25, 39, 41).
Rab27a interacts with melanophilin, localized on melanosome
membrane, and melanophilin interacts with myosin-Va (42).
These observations suggest that Rab27a is involved in targeting
myosin-Va to melanosome membranes. These studies of the
mammalian cells show that activities of the rab-type small
GTPase are required for myosin-V-driven organelle trans-
port. However, the role of the complex formation between
rab-type small GTPases and class V myosins has yet to be
characterized.

We report here the identification of a rab-type small GTP-
ase, Yptllp, on the basis of its functional and physical inter-
action with Myo2p. This shows that the interaction between a
rab-type small GTPase and a class V myosin is conserved from
yeast to mammals. We identified that the pathway, involving
both Myo2p and Yptllp, affects mitochondrial distribution.
Using genetic methods, highly developed in the yeast, we char-
acterized the role of the complex formation between the class
V myosin and rab-type small GTPase and revealed that the
complex formation with Yptllp is essential to facilitate the
function of Myo2p in mitochondrial distribution.

MATERIALS AND METHODS

Media, plasmids, and strains. YPG and SCGal media were YPD, a rich
medium, and synthetic complete (SC) medium (19), respectively, except that 2%
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glucose was replaced with 2% galactose and 0.3% raffinose. SCraffinose is SC
except that 2% glucose was replaced with 2% raffinose. All strains used were
constructed in a YPH499 (33) background. For disruption of YPT11 (ypt11A), a
DNA fragment, containing the 700-bp 5’-noncoding region and the complete
open reading frame (ORF) of YPT11, was amplified and inserted between the
PstI and Xhol sites of pBluescript KS(+) (Stratagene, La Jolla, Calif.) and the
resultant plasmid was digested with Hincll and ligated with a Pvull fragment
carrying TRPI to create pK001. The insert between the PstI and Xhol sites was
amplified by PCR and introduced into cells to create yptIIA cells. Wild-type
strain YPH499 (33) was used to generate yptIIA strain yTOO001. Using this
construct, the DNA region encoding Ypt11p (amino acid residues 53 to 327) was
replaced with the TRPI marker. To create YIpUGAL7-YPT11, a DNA fragment
carrying the complete ORF of YPT1I was amplified by PCR and inserted be-
tween the Bg/II and Sall sites of YIpUGAL7, downstream from the GAL7
promoter (24). YIpUGAL7-YPT11 digested with Stul was integrated into the
ura3 locus. The DNA fragment containing the 700-bp 5’-noncoding region,
complete ORF, and 579-bp 3’-noncoding region of YPT11 was amplified by PCR
and inserted between the Sacl and Sall sites of pYO326, which is pRS306 (33)
carrying the 2pm origin, to create pK008. To create HA-YPT11, which produces
Yptllp tagged with hemagglutinin (HA) at its N terminus under the control of
the YPT1I promoter, the PstI-Sall DNA fragment containing the 700-bp 5'-
noncoding region of YPT11, the Sall-Xhol DNA fragment encoding two copies
of HA, and the Xhol fragment containing the complete YPT1I ORF were
prepared by PCR, ligated in frame, and inserted between the PstI and Xhol sites
of YCplac33, YEplac195, and YEplacl12 (12) to create pK003, pK004, and
p901EW-HA-YPT11, respectively. To create pK022 for production of Yptllp
tagged with green fluorescent protein (GFP) at its N terminus (GFP-Yptl1p)
under the control of the YPT11 promoter, the PstI-Xhol DNA fragment con-
taining the 700-bp 5’-noncoding region of YPT11, the Sall-BamHI DNA frag-
ment encoding GFP, and the Bg/II-Bg/II fragment containing the complete
YPT11 ORF were prepared by PCR, ligated in frame, and inserted between the
PstI and BamHI sites of YEplac195 (12). HA-Yptllp and GFP-Yptllp are
functional because introduction of pK004 or pK022 suppressed Ts™ of myo2-66
cells (data not shown). To create pK002 for production of GFP-tagged Yptl1p,
the DNA fragment carrying the complete YPT7/1 ORF was amplified and in-
serted in frame downstream of the GFP ORF on YEpGALIl, a high-copy-
number plasmid carrying the URA3 marker and the GFP ORF under the control
of the GALI promoter. To create plasmids for the GFP-tagged C-terminal tail
domain of Myo2p (plasmid pGAL1-GFP-MYQ?2), the DNA fragment carrying
the MYO2 OREF (from codon 1031 to the stop codon) was amplified and inserted
in frame downstream of the coding sequence for GFP-tag on YEpGALI1-GFP, a
high-copy-number plasmid carrying the URA3 marker and the sequence for
GFP-tag under the control of the GALI promoter. To observe the cellular
localization of Myo2p, we modified the MYO?2 locus to produce Myo2p, tagged
at its C terminus with GFP, under the control of the promoter. To produce the
change, the DNA fragments carrying the ORF of MYO?2 or mutant myo2 (from
codons 1105 to 1574) were amplified and inserted in frame upstream of the GFP
ORF for GFP-tag on an integration plasmid and the resulting plasmids were
digested with Stul and integrated into the MYO2 locus to replace those of the
GFP-tagged version. To create two-hybrid constructs of Myo2p, DNA fragments
carrying the ORF (from codon 1031 to the stop codon) of MYO?2 (for pK016),
myo02-338 (for pK017), and myo2-573 (for pK018) were amplified and introduced
into pGAD-C1 (15) in frame. The DNA fragment carrying the MYO2 ORF
(from codon 1031 to the stop codon) and the DNA fragment carrying the YPT11
OREF (for amino acid residues 1 to 352, lacking the C-terminal C-C motif, the
modification site with an isoprenoid moiety) were introduced in frame into
pGBDU-C1 (15) to create pK005 and pK027, respectively. pK027 was used for
the two-hybrid screening against a yeast genomic library, based on the pGAD
vector (15), and the YPT11 clone, designated pK521, which contained the 156-bp
5’-noncoding region and ORF (encoding amino acid residues 1 to 305) of YPT11
and thus encodes a 52-amino-acid spacer sequence between the trans-activator
domain and Yptllp, was isolated. Strain PJ69-4A (15) was used for the two-
hybrid analysis. To create plasmids containing ypt119#°P or ypt117/#*N, DNA
fragments encoding N-terminal Yptllp and C-terminal Yptllp were amplified
individually by PCR using primers for amplification of YPT1!/ ORF and diver-
gent primers designed for the substitutions, 5'-TTGGAGACGCAAACGTCGA
TAAGACAGCTA and 5'-CTTCCCGACGTTTGCGTCTCCAATTAGC for
ypt119%°P and 5'-CGTCTTGATATCTATTCCGTTAGTACTTCT and 5'-GG
AATAGATATCAAGACGAACTTGGTC for ypt1177#*N, digested with Drdl
for ypt119#°P or EcoRV for ypt117#*N and ligated. The resulting fragments were
digested with BstEIl, and the BstEIl fragments replaced the corresponding
fragment in pK002, pK022, p901EW-HA-YPT11, and pK027 to create mutant
versions of these constructs. To create plasmids for ypt/1?#P, the DNA frag-
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ment containing the 700-bp 5'-noncoding region and the region encoding N-
terminal Yptllp and the DNA fragment containing the region encoding the
residual C-terminal Ypt11p and the 579-bp 3'-noncoding region of YPTII were
amplified individually by PCR using primers for amplification of the region
encompassing the YPT11 gene and divergent primers designed for the substitu-
tions: 5'-TGATGTTGATCAAATGGTTCAGGAAATGCA and 5'-ACCATTT
GATCAACATCATAATGGGTTACCTG. The resultant fragments were di-
gested with Bcll, ligated, and inserted between the Sacl and Sall sites of pRS306
(33). To create ypt11"?#P cells (strain YMY111), the resultant plasmid was
digested with Stul and introduced into ypt71A cells (strain yTOO001) to be inte-
grated into the ura3 locus.

For Kar9p tagged with GFP at the C terminus, the DNA fragment for 800 bp
of the 5'-noncoding region and ORF of KAR9 was amplified with the primers
5'-GGGGGGGCATGCGTAATTGGTCCTCACGGC and 5'-GGGGGGGTC
GACATAAGTTGGGGTTTTATC and digested with Sall and Sphl. The result-
ant fragment was inserted between the Sall and Sphl sites of the YEplac195-
derived plasmid, which carries the DNA fragment encoding GFP on YEplac195
(12), to be ligated in frame with the GFP-encoding region and used for the
observation of the Kar9p localization. For the observation of Sec2p localization,
the DNA fragment encoding C-terminal Sec2p (amino acids 268 to 759) was
amplified with the primers 5'-GGGGGGCTCGAGGCATCGGCTGGTTGG
TTA and 5'-GGGGGGGGATCCTTGCTGTTCCTGGGCATCAT and di-
gested with Xhol and BamHI. The resultant fragment was inserted between the
Xhol and BamHI sites of the YIplac204-derived plasmid, which carries the DNA
fragment encoding GFP on Ylplac204 (12), to be ligated in frame with the
GFP-encoding region. The resultant plasmid (YIp-SEC2-GFP) was digested
with Xbal and introduced into cells for integration into the SEC2 locus to
produce Sec2p tagged with GFP at the C terminus instead of the wild-type Sec2p.
pSMY1 is an isolate, containing SMYI, from the screening of a high-dose-
suppressor of myo2-66.

Screening of a high-dose suppressor of myo2-66. myo2-66 cells (strain
YMKO21 [18]) were transformed with a yeast genomic library based on YEp24
(7) at 25°C and then incubated at 30°C for 2 to 4 days to select viable colonies at
the nonpermissive temperature. Plasmids were recovered from the colonies and
reintroduced into myo2-66 cells to test the suppressing activity.

Isolation of myo2-338 and myo2-573 mutants. We mutagenized the limited
MYO? region, encoding the C-terminal tail domain (amino acid residues 827 to
1569), and created Ts~ mutant cells, as follows. DNA fragments carrying the
MYO?2 ORF (from codon 703 to the stop codon) were amplified using mutagenic
PCR (6) and introduced between the PstI and Xhol sites of pRS304 (33) carrying
TRPI. The resulting plasmids were digested with Miul and introduced into
wild-type cells (strain YPH499 [33]) at 25°C to replace the 3’ half of MYO2
(downstream from the Miul site, located between codons 824 and 826 of the
MYO?2 ORF) with the mutagenized half. Growth of about 900 Trp* transfor-
mants at 37°C was tested, and 28 myo2 mutants that showed a temperature-
sensitive growth phenotype (Ts™) were isolated. The Ts™ transformants were
crossed with yptIIA cells and subjected to tetrad analysis to examine both
synthetic defects with ypr71A and cosegregation of Ts™ and Trp™. One mutant
(myo2-573) showed a synthetic growth defect with ypt11A. pK002 was introduced
into the Ts™ cells for overexpression of YPT1] in galactose-containing media,
and transformants were streaked on SCGal plates lacking uracil and tryptophan.
One mutant (myo2-338) grew on the plate. DNA fragments carrying the myo2
ORF (from codon 673 to the stop codon) were amplified by PCR using the
genome DNA of the mutants as a template and introduced into pRS304 to create
plasmids to produce the mutant myo2 alleles (pK014 for myo2-338 and pK015 for
myo2-573). pK014 and pKO15 were digested with Mlul and introduced into
wild-type cells (strain YPH499) to create myo2-338 cells (strain yTOO014) and
myo2-573 cells (strain yTOO015), respectively. Mapping and sequence analysis
revealed that myo2-338 carried three mutations, changing Leu 1474 to Ser, Glu
1484 to Gly, and Asp 1511 to Gly, and that myo2-573 carried six mutations,
changing Val 1189 to Ala, Val 1288 to Gly, Lys 1500 to Met, Pro 1529 to Ser, Glu
1546 to Gly, and Lys 1559 to Arg.

Morphological observation. To visualize mitochondria, 2-(4-dimethylaminos-
tyryl)-1-methylpyridinium iodide (DASPMI) was used as described by Miyakawa
et al. (26) or a high-copy-number plasmid carrying the fragment encoding GFP
fused with the COX4 signal sequence under the control of the ADHI promoter
was introduced into cells. The cells were cultured, harvested at early log phase,
and used for experiments. Almost identical results were obtained using the two
methods of visualization. Rhodamine-phalloidin staining of actin and indirect
immunofluorescent staining were performed as described previously (18). An-
ti-HA mouse antibodies (16B12; BAbCo), anti-HA rat antibodies (Boehringer),
anti-GFP mouse antibodies (Roche Diagnostics), Alexa 546-conjugated anti-rat
immunoglobulin G (IgG) (Molecular Probes) and fluorescein isothiocyanate
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(FITC)-conjugated anti-mouse IgG (ICN) were used. The FM4-64 staining
method (38) was used for vacuole observation. 4',6-Diamidino-2-phenylindole
(DAPI) was used for DNA staining. Images were recorded by an Olympus IX70
instrument with a SENSYS III cooled charge-coupled device CCD camera using
IP Lab software (Olympus Co., Tokyo, Japan).

Immunoprecipitation. Immunoprecipitation was carried out essentially as de-
scribed previously (37). Cells, carrying plasmids for producing HA-tagged and
GFP-tagged proteins, were cultured in SCraffinose medium lacking uracil and
tryptophan and shifted into SCGal medium lacking uracil and tryptophan to
induce the production of the tagged proteins at 25°C. At 2.5 h after the shift, the
cells were harvested and disrupted with glass beads in lysis buffer (200 mM NaCl,
100 mM Tris-HCI [pH 7.5], 0.5% CHAPS, 1 mM EDTA, 5% glycerol, 0.5 mM
dithiothreitol, protease inhibitors [antipain, leupeptin, pepstatin, and aprotinin]).
The lysate was centrifuged at 2,400 X g for 10 min with a microcentrifuge, and
the resultant supernatant was used as the cell lysate. In the cell lysate, both
tagged Yptllp and Myo2p were soluble, since almost all of both proteins in the
cell lysate were recovered in the supernatant after centrifugation of the lysate at
100,000 X g for 1 h. The cell lysate (10 mg of protein/ml) was incubated with
anti-HA antibodies (16B12) at 4°C for 2 h and then precipitated using protein
A-Sepharose (Amerhsam Pharmacia Biotech.). The precipitates were analyzed
by Western blotting. Anti-HA antibodies (12CA5) and anti-GFP antibodies
(Boehringer) were used for the detection.

RESULTS

Isolation of Ypt11p by two-hybrid and functional interaction
with Myo2p. To investigate Myo2p function, we searched for a
gene that acts as a high-dose suppressor of the myo2-66 defect
and also searched for the protein that interacts with the C-
terminal tail domain of Myo2p, using a two-hybrid method
(15). In both screenings, we found YNL304w, a gene that
encodes a rab-type small GTPase of 356 amino acids, but its
function has not been reported. It was designated YPT11, in
accordance with a recent proposal (21).

The introduction of YPT11 via a high-copy-number plasmid
suppressed the temperature-sensitive growth phenotype by the
myo2-66 mutation, causing substitution at position 511 in the
motor domain of Myo2p (Fig. 1A). This suggests that Yptllp
is functionally related to Myo2p. In the two-hybrid screening
using the C-terminal tail domain of Myo2p (amino acid resi-
dues 1131 to 1574) as bait, we isolated a DNA fragment en-
coding Yptllp (amino acid residues 1 to 305), suggesting a
physical interaction between Yptllp and Myo2p. To examine
complex formation between Yptllp and the tail domain of
Myo2p in vivo, we used an immunoprecipitation assay. As
shown in Fig. 1B, the C-terminal tail domain of Myo2p was
coimmunoprecipitated with HA-tagged Yptllp. As a control,
we examined mutants Yptllp, Yptl1p''**N, and Ypt11p©+oP,
which failed to show the two-hybrid interaction with Myo2p
(see below). A reduced amount of Myo2p was coprecipitated
with Ypt11p©*“P, and no detectable amount of Myo2p was
coprecipitated with Yptl1p!''#*N. Therefore, these results in-
dicate that Yptllp formed a complex with the C-terminal tail
domain of Myo2p in the cell, as suggested by the two-hybrid
analysis.

Cellular localization of Yptllp and YPTII-overexpressing
phenotypes. Using HA-tagged Yptl1p, we determined the cel-
lular localization of Yptllp. When YPT11 was replaced with
the HA-tagged version of YPT1I on a low-copy-number plas-
mid, the signal of HA-tagged Yptl1lp was detected in the bud
of the small-budded cells, although the signal was very faint
(Fig. 2, top left). When HA-tagged Yptl1lp was produced from
a high-copy-number plasmid, the signal became clearer (Fig. 2,
top right). Yptllp was concentrated at the site of bud emer-
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FIG. 1. Functional and physical interactions between Myo2p and
Yptllp. (A) Suppression of myo2-66 with a high dose of YPTII.
myo2-66 cells (strain YMKO021) with MYO2 on a low-copy-number
plasmid (left), with a high-copy-number plasmid carrying YPT11
(pK008, middle), or with a control vector (pYO326, right) were
streaked on an SC plate lacking uracil and incubated at 30°C for 3 days.
(B) Complex formation between Yptllp and the C-terminal tail do-
main of Myo2p. ypt11A cells (strain yTO001), carrying pGAL1-Myo2
for producing the GFP-tagged C-terminal tail domain of Myo2p
(Myo2GFP +), YEpGALI as a control vector (Myo2GFP —) with
the indicated plasmid for HA-tagged Yptllp (wt, HA-tagged Yptllp
from p901EW-HA-YPT11; IN, HA-tagged Ypt11''*Np from p901EW-
HA-YPT11"*N; GD, HA-tagged Ypt1194°®p from p901EW-HA-
YPT11549P), or control vector p901EW (—), plasmid YEplac112 (12)
with an insert for the HA-tag, were disrupted, and the resulting cell
extracts were immunoprecipitated with anti-HA antibodies. The total
cell lysate (TE; 1 pg of protein from the cell lysate) and immunopre-
cipitate (IP; precipitate from 1.6 mg of protein from the cell lysate)
were analyzed by Western blotting using anti-GFP antibodies (top)
and anti-HA antibodies (bottom). The migration positions of GFP-
tagged Myo2p and HA-tagged Yptllp are indicated by Myo2p-GFP
and HA-Yptllp, respectively. Asterisks indicate the migration posi-
tions of IgG. Numbers at the right indicate the molecular mass of the
protein marker in kilodaltons. About 0.06% of the Myo2p tail in the
lysate was coimmunoprecipitated with the wild-type HA-Ypt11p, judg-
ing from the figure. Yptllp migrated more slowly in the sodium do-
decyl sulfate gel than expected from its calculated molecular mass.
Bacterially produced Yptllp also migrated as slowly as Yptl1p in the
lysate, suggesting that the slow migration of Yptllp is due to its
protein nature rather than a consequence of posttranslational modifi-
cation.

o-HA

gence, at the bud tip of the growing bud, and at the bud neck
during the M phase, judging from the actin organization of the
cells (Fig. 2, bottom). Double immunofluorescent staining of
Myo2p and Yptllp revealed that Myo2p and Yptllp were
colocalized during the cell cycle (Fig. 2, middle).
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FIG. 2. Cellular localization of Yptllp. (Top) yptlIA cells (strain yTOO001) with pK003 (single copy), a low-copy-number plasmid carrying
HA-YPT11, which produces Yptllp tagged with HA at its N terminus under the control of the YPT1! promoter, or with pK004 (multicopy), a
high-copy-number plasmid carrying HA-YPT11, were grown in SC medium lacking uracil, fixed, and stained by the indirect-immunofluorescence
method using anti-HA mouse antibodies (16B12) and FITC-conjugated anti-mouse IgG. (Middle) Wild-type cells (strain YPH499) with pK004 and
a GFP-tagged version of MYO2, replacing the wild-type MYO?2 allele, were grown in SC medium lacking uracil, fixed, stained by the indirect-
immunofluorescence method using anti-HA rat antibodies (HA-Ypt11) and anti-GFP mouse antibodies (Myo2-GFP), and visualized with Alexa
546-conjugated anti-rat IgG and FITC-conjugated anti-mouse IgG, respectively. Phase-contrast images are shown on the left. (Bottom) Wild-type
cells (strain YPH499) with pK004 were grown in SC medium lacking uracil, fixed, and stained by rhodamine-phalloidin (actin) and the indirect
immunofluorescence method using anti-HA mouse antibodies (16B12) and FITC-conjugated anti-mouse IgG (HA-Ypt11). Phase-contrast images

are shown on the left. Bars, 5 pm.

Disruption of YPT11 did not affect cell growth, cell morphol-
ogy, organelles (including nuclei, vacuoles, and mitochondria),
or the organization of actin cytoskeleton (data not shown).
However, YPT11 overexpression induced interesting pheno-
types, such as inhibition of cell growth (Fig. 3A). Moreover,
YPTI1-overexpressing cells showed aberrant mitochondrial
distribution (Fig. 3B). At 1 h after the induction of YPT1!/
overexpression by the GAL7 promoter using 2% galactose in
the medium, mitochondria began to accumulate in the daugh-
ter bud. At 3 h after the induction, about 80% of cells with a
middle-sized bud accumulated mitochondria in the bud and

there were no more than two faint cables of mitochondria in
the mother cells (Fig. 3B, right). At 8 h after the induction,
most cells, independent of their mitochondrial content, be-
came unbudded and ceased to grow, suggesting a defect in bud
emergence (data not shown). In the absence of YPTII over-
expression, mitochondria were detected in the mother cells as
well as in the bud (Fig. 3B, left). We visualized mitochondria
using DASPMI (26) and GFP, which was targeted into mito-
chondria via a COX+ signal sequence, and both methods pro-
duced essentially the same results. In the YPT11-overexpress-
ing cells, cell morphology, other organelles (vacuoles and
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nuclei), and organization of actin cytoskeleton were normal
(Fig. 3C). The accumulation of mitochondria in the bud is not
merely a consequence of growth inhibition by overproduction
of a toxic protein, since we observed cells expressing a domi-
nant inhibitory CDC42, CDC42Val-12, or CDC42Ala-118 mu-
tant (45) under the control of the GAL7 promoter and found
that the mitochondrial distribution of the cells was normal
(data not shown). In addition, when 0.2% galactose was used in
the medium for partial induction of YPTI1 overexpression,
cells accumulated mitochondria in the bud although cell
growth was not inhibited. Cellular amounts of Myo2p were not
affected by overexpression of YPT11 or by the carbon sources
(Fig. 3D). Therefore, the asymmetric distribution of mitochon-
dria suggests that Yptllp acts positively and directly on the
distribution of mitochondria to the bud. The phenotype of the
reported mutants for mitochondrial distribution is the defect in
mitochondrial transmission to the bud (43). Therefore, the
phenotype, acceleration of mitochondrial distribution to the
bud, is novel.

We examined the cellular localization of Myo2p in YPT11-
overexpressing cells. In YPT1I-overexpressing cells, Myo2p
was detected at the cortex around the bud tip as a prominent

YPTI11

FIG. 4. Mitochondria in small-budded cells. Small-budded cells
(wild-type diploid cells [left] and yptI1A/ypt11A homozygous diploid
cells [right]) were stained with DASPMI. Typical wild-type cells pos-
sessing mitochondria in the bud and ypt11A cells lacking mitochondria
in the bud are shown. Bar, 5 pm.

signal in both small and middle-sized buds (Fig. 3E, bottom).
In the absence of YPT11 overexpression, Myo2p was detected
clearly only at the bud tip in the small-budded cells and faintly
in a middle-sized bud (Fig. 3E, top). These observations sug-
gest that Yptllp increases the Myo2p concentration in the
bud.

Mitochondrial transmission of ypt11-deficient cells. At the
early stage of bud formation, emerging buds often lack mito-
chondria, but most of the small buds, whose diameter becomes
about 1.5-fold the diameter of bud neck, possess mitochondria
(typical images of mitochondria in the small-budded cells are
shown in Fig. 4, left). These observations indicate that mito-
chondria are transmitted to the small bud during bud growth
rather than being transmitted exclusively at the beginning of
bud emergence. Although disruption of YPT1I did not affect
mitochondrial distribution and morphology, Yptl1p can accel-
erate mitochondrial transmission to the bud. Therefore, we

examined the effect of dysfunction of Yptl1lp on the transmis-
sion of mitochondria at the early stage of bud formation.

In the early-log-phase culture, about 90 and 85% of small-
budded wild-type haploid cells and diploid cells, respectively,
transmitted mitochondria into the small bud (Table 1). How-
ever, mitochondria were not detected in about 25 and 34% of
the small buds of haploid ypt11A cells and homozygous diploid
ypt11Afyptl 1A cells, respectively (Table 1; typical images of the
ypt11A small-budded cells lacking mitochondria in the bud are
shown in Fig. 4, right). These results indicate that loss of
Yptllp causes a delay of mitochondrial transmission to the
small bud. We examined this phenotype by using a putative
conditional ypt11 allele, ypt1172#°P. The ypt11¥?#°” mutation,
which replaces Val 246 of Yptl1p with Asp, corresponds to the
mutations that convert rab-type GTPases to temperature sen-
sitivity, such as sec4-8 and ypt1-A136D (16). Small buds of
ypt1172#P cells retained mitochondria to almost an equal ex-

FIG. 3. Phenotypes of YPT11-overexpressing cells. (A) Inhibition of cell growth with overexpressed YPT11. Two independent transformants of
wild-type cells (strain YPH499) with YIpUGAL7-YPT11 (an integrated plasmid carrying YPT11 under the control of the GAL7 promoter [left and
middle sectors]) and wild-type cells without YIpUGAL7-YPT11 (right sector) were streaked on a glucose-containing rich medium, YPD (left), or
galactose-containing medium, YPG (right), and incubated at 30°C for 3 days. (B) Mitochondria in YPT11-overexpressing cells. Wild-type cells
(strain YPH499) with (right) or without (left) YIpGAL7-YPT11 were cultured until early log phase in SCraffinose medium, shifted into SCGal
medium for induction, incubated for 4 h at 25°C, and stained with DASPMI to visualize mitochondria. We estimated the level of overexpression
by using HA-tagged versions of the YPT11 constructs. About a 30-fold-increased amount of Ypt11p was detected in the cells by the overexpression
with the GAL7 promoter, compared with that in the cells carrying YPT11 on a high-copy-number plasmid (pK004). (C) Actin, nuclei, and vacuole
in YPT11-overexpressing cells. Wild-type cells (strain YPH499) without (wild type) or with (GAL7YPT11) YIpGAL7-YPT11 were cultured until
early log phase in SCraffinose medium, shifted into SCGal medium for induction, and incubated for 2 h at 25°C. The cells were fixed and stained
using rhodamine-phalloidin (actin) and DAPI for nuclei (DNA) or observed by FM4-64 staining (vacuole). Phase-contrast images are shown on
the left. (D) Cellular amounts of Myo2p in YPT11-overexpressing cells. The MYO?2 locus of the wild-type cells (strain YPH499) was replaced with
MYO? fused with GFP for producing Myo2p tagged at the C terminus with GFP under the control of its own promoter. The cells with
YIpUGALT7-YPT11 for YPT11 overexpression (lanes 2 and 4) or without the plasmid (lanes 1 and 3) were cultured until early log phase in
SCraffinose medium (lanes 1 and 2), shifted into SCGal medium, and incubated for 2 h (lanes 3 and 4) at 25°C. The cells were harvested and
disrupted with glass beads. The same amount of proteins in each cell lysate was analyzed by Western blotting using anti-GFP antibodies.
(E) Cellular localization of Myo2p in YPT11-overexpressing cells. The MYO?2 locus of the wild-type cells (strain YPH499) was replaced with MYO2
fused with GFP for producing Myo2p tagged at the C terminus with GFP under the control of its own promoter. The cells with YIpUGAL7-YPT11
for YPT11 overexpression (bottom) or without the plasmid (top) were incubated in galactose-containing medium for 2 h. Both images were
recorded under the same exposure conditions; under these conditions, the GFP-tagged Myo2p was hardly recorded in the cells without YPT11
overexpression except for in small-budded cells. Bars, 5 pm.
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TABLE 1. Percentages of small buds without mitochondria”

Small buds without

Culture temp mitochondria

Genotype

©) (% of small-budded cells)
Wild type 25 115
ypt1IA 25 26.7
ypt1 V2460 25 12.4
Wild type 37 10.6
yptlIA 37 292
ypt11724P 37 245
Wild type (diploid) 25 152
ypt1IANptIIA (diploid) 25 34.2

“ Over 200 cells with a small bud (whose bud diameter is approximately 1.1- to
1.5-fold of the diameter of the bud neck) were observed. Cells were cultured at
25°C, and cells at early log phase were harvested for observation (25°C) or shifted
to 37°C and harvested 50 min after the shift (37°C). The cells were stained with
DASPMI for visualization of mitochondria.

tent to that of wild-type cells at 25°C, and only 12% of the
small-budded cells failed to transmit mitochondria to the bud.
However, 50 min after the shift to 37°C, about 25% of the small
buds of ypt117%#°P cells did not possess detectable mitochon-
dria whereas the temperature shift did not affect the mitochon-
drial transmission to the bud of wild-type cells (Table 1).
Therefore, these results strongly suggest that Yptllp acts di-
rectly and positively on efficient transmission of mitochondria
toward the bud.

Mutational analysis of YPT11. To investigate the site of
binding of Yptllp to Myo2p, we introduced mutations into
YPTII and investigated the interaction between the mutant
Yptllp and Myo2p. We examined mutations corresponding to
dominant inhibitory mutations in other small GTPase genes
and disrupting the effector domain of Yptllp (2). However,
compared with the wild-type YPT1I, Western blot analysis
revealed that YPT1I expression was reduced in most mutants,
except for ypt11'7#*, whose product carried a substitution of
Asn for Ile 144 in the Yptl1p effector domain, and ypt11°#°P7,
whose product carried a substitution of Asp for the Gly 40 in
the first GTP-binding and hydrolysis motif. Expression of
ypt1177#*N and ypt119#°P from the constructs for the USA A, -
binding domain fusion of Yptllp was almost equal to that of
wild-type YPT11 (Fig. SA, bottom). Therefore, we character-
ized these mutant ypt!Is further. The mutation, corresponding
to ypt11/7**N_in the rab-type small GTPases disrupts their
effector domain and the interaction with their effectors (20).
The substitution of Asp for the conserved Gly, proximal to Lys
in the GXXXXGK(T/S) motif, freezes the Ras2p GTPase in
the GDP-binding inactive form (27), and the substitution cor-
responds to ypt119#°P,

Neither Yptl1p'***N nor Yptl1p©*°P displayed a two-hy-
brid interaction with Myo2p (Fig. 5A), indicating that the ef-
fector domain and the first motif for GTP binding and hydro-
lysis of Yptllp are critical for the interaction with Myo2p. In
the coimmunoprecipitation assay, a reduced amount of Myo2p
was coprecipitated with Yptl1p©*°P, compared with the
amount precipitated with wild-type Yptl1p, and no detectable
amount of Myo2p was coprecipitated with Ypt11p''**N (Fig.
1B). Therefore, these results indicate that the complex forma-
tion between Myo2p and Yptl1p requires the effector domain
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FIG. 5. Characterization of ypt119#°" and ypt117'**N. (A) Two-hy-
brid interaction of mutant Yptllp with Myo2p. (Top) Reporter cells
(strain PJ69-4A) carrying HIS3 and ADE2 under the control of
USAgar were transformed with pGBDU-Cl-based constructs for
USAgr-binding domain fusion of the indicated YPTII or pG-
BDU-C1 for a control (GBD) and with pGAD-C1-based constructs for
trans-activator domain fusion of MYO2 or pGAD-C1 for a control
(GAD). Cells were streaked on SC medium lacking uracil, leucine,
histidine, and adenine, where two-hybrid interactions were detected as
cell growth. (Bottom) Relative amounts of the USAg 4, -binding do-
main (GBD) fusion of Yptl1p in the cells above (lane 1, control; lane
2, ypt119%°7; lane 3, ypt11''**N; lane 4, YPT1I) were analyzed by
Western analysis using anti-GBD antibodies, showing that the muta-
tions in YPT11 did not affect the YPT11 expression from the constructs.
(B) Effect of overexpression of mutant YPT11 on cells growth. (Top)
ypt11A cells (strain yTO001) with a control plasmid (vector) or with
plasmids for overexpression of indicated YPT11 under the control of
the GALI promoter were spotted on SCGal plates lacking uracil and
incubated at 30°C for 3 days. The cell suspension for the spot was
diluted 10-fold from left to right. (Bottom) ypt/IA cells (strain
yTOO001) with a control plasmid (lane 1) or with plasmids for overex-
pression of YPTI19*" (lane 2), YPTII"'**N (lane 3), or wild-type
YPTI11 (lane 4) were cultured in SCGal medium lacking uracil for 2 h
and harvested. The same amount of proteins in each cell lysate was
analyzed by Western blotting using anti-GFP antibodies.

of Yptllp and the intact GTP hydrolysis domain. These ob-
servations suggest that Myo2p is an effector of Yptl1p.
Overexpression of either ypt11//#*" or ypt11°*°P under the
control of the GALI promoter did not inhibit cell growth (Fig.
5B, top) and did not cause accumulation of mitochondria in
the bud (Table 2), whereas that of wild-type YPT1! did. Since
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TABLE 2. Mitochondrial distribution in cells with a middle-sized
bud, overexpressing mutant ypt/7¢

% of cells with:

Plasmid Normal mitochondria Mitochondria accumulated
in the bud
Vector 100 <0.5
YPTI11 18 82
pt11540 100 <05
Ypr1 114N 100 <05

“ypt11A cells (strain yTO001) with a control plasmid (vector) or with plasmids
for overexpression of the indicated YPTI1 (wild-type YPTI1, ypt117P, or
ypt1177#*Ny under the control of the GALI promoter were cultured until early log
phase in SCraffinose lacking uracil, shifted into SCGal medium lacking uracil for
induction, incubated for 4 h at 25°C, stained with DASPMI, and observed to
count the numbers of budded cells with a normal distribution of mitochondria or
with mitochondria accumulated in the bud. More than 200 cells with a middle-
sized bud were observed.

the expression of ypt117/**N by the GALI promoter was almost
equal to that of wild-type YPTII (Fig. 5B, bottom), these
results strongly suggest that Yptllp requires coupling with its
effector(s) at the effector domain to inhibit cell growth and to
accumulate mitochondria in the bud.

Phenotypes of myo2-338 cells. The ypt11//#*N and ypt11°4°P
mutations possibly disrupt the interaction with all the effectors
of Yptllp. Therefore, although it is suggested that Myo2p is a
putative effector of Yptllp, it is unclear whether Myo2p is the
effector which is responsible for the effect of Yptllp on cell
growth and mitochondrial distribution. To examine whether
Myo2p is this effector, we performed a reciprocal analysis by
isolating myo2 mutants. We mutagenized a limited MYO?2 re-
gion that encompassed the C-terminal tail domain (amino acid
residues 827 to 1569) using PCR mutagenesis (6) and isolated
28 myo2 mutants that showed temperature-sensitive growth
phenotypes (Ts™). Of these, the myo2-338 mutation was iso-
lated as the mutation that nullified the inhibitory effect of
overexpressed YPT11 on cell growth. myo2-338 cells overex-
pressing YPT11 grew well (Fig. 6A, sector b in the galactose-
containing medium), whereas wild-type cells overexpressing
YPT11 did not (sector c in the galactose-containing medium).
Moreover, in myo2-338 cells, the YPT11 activity required to
accumulate mitochondria in the bud was reduced drastically.
During YPT11 overexpression, more than 80% of wild-type
cells with a middle-sized bud accumulated mitochondria in the
bud whereas about 95% of myo2-338 cells with a middle-sized
bud displayed normal mitochondrial distribution (Fig. 6B).
Two-hybrid analysis showed that Myo2-338p failed to interact
with Yptllp (Fig. 6C), indicating that the myo2-338 mutation
weakens this interaction. Therefore, along with the results
from the YPT11 mutations, we conclude that Myo2p acts as the
effector of Yptllp for the Yptllp effect on cell growth and
mitochondrial distribution.

The morphology of mitochondria in myo2-338 cells was nor-
mal at both the permissive and nonpermissive temperatures
(Fig. 6E). This observation is consistent with the finding that
disruption of YPT11 did not cause any defect in mitochondrial
morphology (data not shown).

Phenotypes of myo2-573 cells. Although it has not been
reported previously that Myo2p participates in mitochondrial
distribution, our findings suggest that Myo2p plays a role, at
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least, by acting as the Yptllp effector. Moreover, character-
ization of myo2-573 cells revealed that Myo2p plays an essen-
tial role in mitochondrial distribution. The myo2-573 mutation
was isolated as the mutation showing a synthetic lethal inter-
action with ypt/IA (Fig. 7) from the myo2 Ts™ mutants de-
scribed above. Even at a permissive temperature (25°C), about
70% of myo2-573 large-budded cells accumulated mitochon-
dria at the bottom of the mother cells and exhibited the defect
in mitochondrial transmission toward the bud, whereas all of
the wild-type large-budded cells showed normal distribution of
mitochondria (i.e., extending from the bottom of the mother
cells to the bud tip [Fig. 8A, top left]). At 1 h after transfer to
the nonpermissive temperature (37°C), about 89% of myo2-
573 large-budded cells exhibited the defect. Unlike other myo2
mutant cells, e.g., myo2-66 cells (17), myo2-573 cells did not
become enlarged, unbudded, and depolarized. Other than a
slight increase of the unbudded population in culture, the
morphology of myo2-573 cells was similar to that of wild-type
cells, even at a nonpermissive temperature (Fig. 8A). We ob-
served the polarized organization of actin filaments (i.e., cor-
tical patches of actin filaments localizing in the bud exclusively
and actin cables running through the mother cell [Fig. 8A]).
We observed normal vacuole inheritance at both permissive
and nonpermissive temperatures in myo2-573 cells (Fig. 8B).
After an 8-h incubation at 37°C, we did not observe any myo2-
573 cells carrying two nuclei in the cell, a consequence of the
defect in spindle orientation. Therefore, these observations
suggest that the myo2-573 defect affects mitochondrial distri-
bution specifically.

To confirm this, we carried out quantitative analysis of actin
organization, Kar9p localization for spindle orientation, and
localization of secretory vesicles, all of which involve Myo2, in
Myo2-573 cells. At 25°C, whereas about 70% of myo2-573
large-budded cells displayed the defect in mitochondrial dis-
tribution, nearly 100% of the cells possessed a polarized orga-
nization of actin cytoskeleton, as in wild-type cells. For proper
orientation of the spindle, Myo2p localizes Kar9p at the bud
tip (44). In about 61% of the large-budded myo2-573 cells,
GFP-tagged Kar9p was localized at the bud tip (in wild-type
cells, about 68% of the large-budded cells did so). We ob-
served localization of secretory vesicles by using GFP-tagged
Sec2p, since Sec2p is associated with secretory vesicles (11).
GFP-tagged Sec2p was detected at the bud tip of small-budded
cells, showing a polarized distribution of secretory vesicles
(Fig. 8C). About 83% of small-budded myo2-573 cells localized
Sec2p at the bud tip, and about 89% of small-budded wild-type
cells did so. The myo2-573 defect in mitochondrial distribution
was enhanced at 37°C; after a 0.5- and 1-h incubation at 37°C,
83 and 89% of myo2-573 large-budded cells, respectively,
showed the mitochondrial defect, whereas all of the wild-type
large-budded cells distributed mitochondria properly at 37°C.
In contrast to the mitochondrial defect, at 2 h after the shift to
37°C, about 98% of myo2-573 cells showed a polarized orga-
nization of the actin cytoskeleton (100% of wild-type cells did
so) and about 43% of small-budded myo2-573 cells localized
Sec2p at the bud tip (about 71% of the small-budded wild-type
cells did so). Considering that the polarized localization of
Sec2p is completely disrupted in myo2-66 cells (11), the fact
that about 44% of the myo2-573 small-budded cells still re-
tained polarized localization of Sec2p under the restrictive
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FIG. 6. Phenotypes of myo2-338 cells. (A) Effect of overexpression of YPT11 on myo2-338 cells. myo2-338 cells (strain yTO014 [a and b]) and
wild-type cells (strain YPH499 [c and d]) with YIpUGAL7-YPT11 (b and c), YPT11 under the control of the GAL7 promoter, or without
YIpUGALT7-YPT11 (a and d) were streaked on YPD (+glucose) and YPG (+galactose) plates and incubated at 30°C for 3 days. (B) Mitochondrial
distribution in myo2-338 cells overexpressing YPT11. Wild-type cells (strain YPH499) and myo2-338 cells (strain yTO014) with YIpGAL7-YPT11
were cultured until early log phase in SC raffinose, shifted into SCGal medium for induction, incubated for 4 h at 25°C, stained with DASPMI,
and observed to count the number of cells with a normal distribution of mitochondria (left) or with mitochondria accumulated in the bud (right).
More than 200 of cells with a middle-sized bud were observed. (C) Two-hybrid interaction of mutant Myo2p with Yptllp. (Top) Reporter cells
(strain PJ69-4A) were transformed with pPGBDU-C1 (pGBDU) for a control or pK027, a pGBDU-C1-based plasmid for Yptllp fused with the
UASGaL-binding domain (YPT11), and pGAD-Cl-based constructs of MYO2 (pK016 for MYO?2, pK017 for myo2-338, pK018 for myo2-573) or
pGAD-CI1 for a control (pGAD). The cells were streaked on SC medium lacking uracil, leucine, histidine, and adenine, where two-hybrid
interactions were detected as cell growth. (Bottom) Relative amounts of the fusion proteins of Myo2p with the frans-activator domain (GAD) in
the cells above were analyzed by Western blotting using anti-GAD antibodies (lane 1, control; lane 2, cells with pK016, lane 3, cells with pK017,
lane 4, cells with pKO018). myo2-338 from the pGAD-based construct was expressed more strongly than MYO2 from the pGAD-based construct;
however, two-hybrid interaction was not detected. (D) Morphology of mitochondria in myo2-338 cells. Wild-type cells (strain YPH499, MYO2) and
myo2-338 cells (strain yTO014, myo2-338), producing mitochondrion-targeting GFP, were cultured until early log phase at 25°C (25°C), shifted to
37°C, and incubated for 2 h (37°C). Phase-contrast images (left) and GFP signals (right) of each culture are shown. Bars, 5 pm.
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FIG. 7. Synthetic growth defect of myo2-573 with yptl1A. myo2-
573/+ ypt11A/+ heterozygous diploid cells were sporulated, and three
sets of tetrads (1 to 3), dissected, are shown in the upper panel. The
genotypes of the spore clones are indicated in the lower panel: wild-
type spores (open circles), yptIIA spores (gray circles), myo2-573
spores (black circles), and myo2-573 yptlIA spores (squares). The
myo2-573 spore clones did not form visible colonies after incubation
for 3 days at 25°C in combination with ypt/1A, whereas ypt11A MYO?2
spore clones and myo2-573 YPT11 spore clones did so. After prolonged
incubation, several myo2-573 ypt11A spore clones formed microcolo-
nies, which were difficult to repropagate.

conditions suggests that the myo2-573 defect is not critical for
the localization of secretory vesicles. From the above observa-
tion, we conclude that the myo2-573 defect affects mitochon-
drial distribution specifically.

In both higher eukaryotes and yeast, mitochondria are partly
colocalized with and connected to the peripheral endoplasmic
reticulum (ER). Defects in the peripheral ER in yeast lead to
mitochondrial abnormality (29). Although the morphology of
the ER is independent of the actin cytoskeleton, we examined
whether the myo2-573 defect causes abnormality in the ER
structure. Using GFP-tagged Sec63p (an ER protein), we ob-
served normal morphology of the peripheral ER in myo2-573
cells, extending near the cell cortex of both mother cells and
buds and forming a network morphology (data not shown).
Therefore, it is unlikely that the defect in mitochondrial dis-
tribution in myo2-573 cells is induced by the defect in the ER
morphology.

We examined the cellular localization of Myo2-573p using
the GFP-tag. In cells carrying a GFP-tagged version of myo2-
573, replacing the wild-type MYO?2 allele, Myo2-573p localized
at the bud site of the emerging bud, at the bud cortex of the
growing bud, and at the bud neck in M phase (Fig. 8D right).
The cellular localization is almost identical to that of MyoZ2p
(Fig. 8D left). These results are consistent with the finding that
the myo2-573 defect does not affect Myo2p function other than
for mitochondrial distribution.

We analyzed the interaction between Myo02-573p and
Yptllp by a two-hybrid assay. We detected the two-hybrid
interaction between Myo2-573p and Yptl1p (Fig. 6C), suggest-
ing that Myo2-573p can interact with Yptllp. A high dose of
YPT11 suppressed the temperature-sensitive growth defect of
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myo2-573 cells; however, it did not suppress that of myo2-338
cells (Fig. 8E). These results strongly suggest that Myo2-573p
can interact with Yptllp physically and functionally whereas
Myo02-338p has lost both these interactions.

Yptllp localization in cells carrying mutations that affect
the Myo2p-Yptllp interaction. GFP-tagged Yptllp was con-
centrated in growing buds (Fig. 9), as observed using HA-
tagged Yptllp (Fig. 2). However, in myo2-338 cells, the exclu-
sive localization of Ypt11p to the bud was lost. Instead, Yptl1p
was dispersed and observed around the nuclei and cell cortex
of both mother cells and the bud, suggesting that a part of
Yptllp localized to the ER (Fig. 9). GFP-tagged Ypt11p©4°P
and Yptllp'**N did not localize exclusively in the bud; in-
stead, they showed similar localization to that of Yptllp in
myo2-338 cells (data not shown). These results suggest that
Yptllp requires interaction with MyoZ2p for the bud localiza-
tion. Yptllp accumulated in the buds of myo2-573 cells (Fig.
9), consistent with the result that the myo2-573 mutation did
not reduce the two-hybrid interaction between Myo2p and
Yptllp (Fig. 6C).

DISCUSSION

The interactions between a rab-type small GTPase and a
class V myosin in mammals have been reported (9). In the
budding yeast, we found an interaction between Myo2p and
Yptllp. These facts suggest that the complex formation be-
tween a rab-type small GTPase and a class V myosin is evolu-
tionarily conserved from yeast to mammals and is important
for living cells. Two-hybrid analysis of the interaction between
myosin-Vb and Rablla shows that myosin-Vb interacts with
Rablla in the GTP-bound form via the effector domain of
Rablla (20). Like the interaction in mammalian cells, the
interaction between Yptllp and Myo2p is abolished by the
ypt11'7**N mutation in the effector domain and reduced by the
ypt11%°P mutation, presumably freezing the GTPase in the
GDP-bound form (Fig. 5SA). Small GTPases interact with their
effector through the effector domain when in the GTP-bound
active form. Therefore, the mutational study of Yptllp sug-
gests that Myo2p is a putative effector of Yptllp. Since both
mutations, ypt117"**N and ypt11°#°P, nullified the Yptllp ef-
fect on mitochondrial distribution and cell growth (Table 2;
Fig. 5B), these effects of Yptllp are exerted by its effector(s).
Using yeast genetics, we successfully isolated a new myo2 allele
(myo2-338) that cancels these Yptllp effects (Fig. 6A and B).
The myo2-338 mutation abolished the two-hybrid interaction
with Yptllp (Fig. 6C). These results strongly suggest that
Myo2p acts as the effector of Yptllp for these effects and that
their complex formation is critical for these Yptllp functions.
Overexpression of YPTI1] resulted in the accumulation of mi-
tochondrial in the bud, and dysfunction of YPT1I induced a
partial delay of the mitochondrial transmission toward the bud
(Fig. 3B and 4; Table 1). These results strongly suggest that
Yptllp plays a positive and direct role in mitochondrial trans-
mission toward the bud. In addition, we revealed that Myo2p
plays a crucial role in the polarized distribution of mitochon-
dria by the characterization of the novel myo2 allele (myo2-
573), causing the defect specifically in mitochondrial distribu-
tion (Fig. 8). Taken together, these results show that Myo2p is
the effector of Yptllp for accumulating mitochondria in the
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bud and that the role of the complex formation between
Yptllp and Myo2p is to facilitate the Myo2p function for
mitochondrial distribution.

Mitochondria are essential organelles in eukaryotes and are
inherited by daughter cells from mother cells. Actin is essential
for mitochondrial distribution in the budding yeast. The loss of
actin function abolishes mitochondrial motility and results in
abnormal mitochondrial morphology (10, 22), indicating that
actin plays essential roles in producing mitochondrial motility
and retaining their network morphology. Although the role of
actin in mitochondrial distribution is established, the role of
myosins has been unclear. Moreover, it has been reported that
myosins do not participate in mitochondrial motility, because
the mutations in any myosins in yeast, including myo2-66, do
not affect the velocity of mitochondrial movement (35). De-
fects in the distribution and morphology of mitochondria were
previously reported in myo2-66 cells (35). However, the
changes correlate with severe defects in the polarized organi-
zation of the actin cytoskeleton and therefore are thought to be
induced by the depolarized actin cytoskeleton. We isolated
myo2-573 mutant cells, in which Yptllp, a positive regulator
for mitochondrial distribution, is essential (Fig. 7). In myo2-
573 cells, mitochondrial distribution was defective whereas the
actin cytoskeleton was properly organized and organelles other
than mitochondria were distributed normally (Fig. 8). There-
fore, the myo2-573 defect in mitochondrial distribution is the
first evidence that myosin plays a crucial role in mitochondrial
distribution. Myo2-573p underwent a two-hybrid interaction
with Yptllp (Fig. 6C), and the myo2-573 defect was sup-
pressed by a high dose of YPT1! (Fig. 8E), suggesting strongly
that Myo2-573p retains affinity for Yptl1lp. The myo2-573 mu-
tation induces six substitutions (Val 1189 to Ala, Val 1288 to
Gly, Lys 1500 to Met, Pro 1529 to Ser, Glu 1546 to Gly, and Lys
1559 to Arg), and none of these overlap with any critical
residues, whose substitution is reported to induce defects in
the transport of secretory vesicles or vacuoles (8, 32). It is
conceivable that the myo2-573 mutation reduces the affinity of
Myo2p for a factor for mitochondrial distribution.

For proper distribution of mitochondria, polarization of the
mitochondrial movement is essential because mitochondrial
distribution is defective in zpmlIA cells, where mitochondria
move at wild-type velocity but not in a polarized fashion (35).
In tpm1A cells, actin cables are selectively lost, suggesting that
polarization of mitochondrial movement requires actin cables.
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FIG. 9. Cellular localization of Yptllp in mutant myo2 cells. A
high-copy-number plasmid for production of Yptllp tagged with GFP
at its N terminus (GFP-Yptllp) under the control of the YPTI1!
promoter (pK022) was introduced into the indicated cells (wild-type,
strain YPH499; myo2-338, strain yTO014; myo2-573, strain yTOO015).
The cells were cultured at 25°C, harvested at early log phase, and
observed. Bar, 5 pm.

Mitochondria partly colocalize with the actin structure (10, 34,
35), and in myo2-573 cells, connections between mitochondria
and the actin structure are disrupted in the bud (Fig. 8A).
Therefore, it is possible that Myo2p may polarize mitochon-
drial movement by forming a connection between the actin
structure and mitochondria. Using cell fractionation analysis,
we examined whether MyoZ2p interacts with mitochondria di-
rectly, but we obtained no evidence. Although this may suggest
that the connection between Myo2p and mitochondria is tran-
sient, we cannot exclude the possibility that the involvement of
Myo2p in mitochondrial distribution is indirect, such that
Myo2p transports the mitochondrion-tethering factor along
the actin cytoskeleton and the transported factor establishes a
polarized distribution of mitochondria. In either case, it is
plausible that Yptllp accelerates the interaction of Myo2p
with mitochondria or the mitochondrion-tethering factor by
complex formation with Myo2p. In YPTII-overexpressing
cells, Myo2p was highly concentrated in the bud where mito-
chondria had accumulated (Fig. 3E). This observation is con-
sistent with the idea that Yptllp enhances the affinity of
Myo2p for mitochondria. In addition, this ability of Yptllp to
concentrate MyoZ2p in the bud may also explain why Yptllp is
identified as a high-dose suppressor of the myo2-66 defect; that
is, the increase of Myo2p in the bud compensates for the
decreased Myo2p activity by the myo2-66 mutation and re-
stores the essential Myo2p activity for bud formation.

FIG. 8. Phenotypes of myo2-573 cells. (A) Actin cytoskeleton and mitochondrial distribution in myo2-573 cells. Wild-type cells (strain YPH499,
MYO?2) and myo2-573 cells (strain yTOO015, myo2-573) producing mitochondrion-targeting GFP were cultured until early log phase at 25°C, fixed,
and stained with rhodamine-phalloidin to visualize actin. GFP of mitochondria (bottom) and actin staining of the same cells (top) are shown.
(B) Distribution of vacuoles in myo2-573 cells. Wild-type cells (strain YPH499, MYO2) and myo2-573 cells (strain yTOO15, myo2-573) were
cultured until early log phase at 25°C (25°C), shifted to 37°C, and incubated for 2 h (37°C). The cells were stained with FM4-64. Phase-contrast
images (left) and vacuole staining (right) of each culture were shown. (C) Localization of Sec2p. Wild-type cells (strain YPH499, MYO2) and
myo2-573 cells (strain yTOO015, myo2-573), producing GFP-tagged Sec2p, were cultured until early log phase at 25°C, shifted to 37°C, and incubated
for 2 h. GFP signals were detected at the tips of the small-budded cells. (D) Localization of Myo2-573p. The myo2-573 locus of the myo2-573 cells
(strain yTOO15 with the disruption of the TRPI marker with HIS3) was replaced with myo2-573 fused to GFP for producing Myo2-573p tagged
at the C terminus with GFP under the control of its own promoter (Myo02-573p-GFP [right]). The MYO?2 locus of wild-type cells (strain YPH499)
was replaced with the GFP-tagged version of MYO2 (Myo2-GFP [left]). GFP signals (right) and phase-contrast images (left) are shown. Bars, 5
pwm. (E) Suppression of the myo2 defects by a high-dose suppressor of myo2-66. myo2-338 cells (strain yTO014, myo2-338) and myo2-573 cells
(strain yTOO15, myo2-573), with an indicated plasmid (vector, pY 326 for a control, MYO2; YCp50MYO2, a low-copy-number plasmid carrying
MYO?2; YPT11, pK008, a high-copy-number plasmid carrying YPT11; SMY1, pSMY1, a high-copy-number plasmid carrying SMY1) were streaked
on an SC plate lacking uracil and incubated for 3 days at the indicated temperatures.
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It is suggested that in mammalian cells, Rabl1a and Rab27a
target the myosin-V motor to the membranes where the rab-
type small GTPases localize. We have no evidence that Yptl1p
localizes to mitochondria. However, in the absence of the in-
teraction with Myo2p, Yptllp accumulated on the ER mem-
brane (Fig. 9, middle). The peripheral ER extends near the cell
cortex of both the mother cell and the bud and forms an
actin-independent network morphology. In addition to actin
cables, mitochondria are partly colocalized with and connected
to the peripheral ER (29). Therefore, it is possible that Yptl1p
localizes at the ER subdomain, interacting with mitochondria,
and recruits Myo2p to the subdomain to affect the polarized
distribution of mitochondria.

Although Yptl1p possibly plays a positive and direct role in
mitochondrial transmission toward the bud, loss of YPT11 did
not disrupt morphology and distribution of mitochondria, ex-
cept for the partial delay at the stage of small-budded cells. In
addition, the extent of the delay of mitochondrial transmission
in ypt11A cells varied with the cellular conditions. The delay
was enhanced in diploid cells (Table 1), but we did not observe
any delay of the transmission in the bud of the yptIIA cells,
released from the arrest by a-factor (data not shown). These
results may suggest that Yptllp-dependent facilitation of the
Myo2p activity on mitochondrial transmission is crucial under
restricted cellular conditions. Alternatively, we cannot exclude
the possibility that yeast cells possess another factor that is
functionally redundant with Yptllp. Smylp is similar to
Yptllp in some features; that is, Smylp acts as a high-dose
suppressor of the myo2-66 defect and shows two-hybrid inter-
action with the C-terminal tail domain of Myo2p (3). However,
smylA ypt11A cells grew normally (data not shown), suggesting
that Yptllp and Smylp do not share an essential function. In
addition, the roles of Yptl1p is different from that of Smylp in
myo2-573 cells; namely, these cells require Yptllp but not
Smylp for growth (i.e., myo2-573 is synthetic lethal with
yptl11A, but myo2-573 smylA cells grow as well as myo2-573
cells), and a high dose of YPT1! rescued the myo2-573 defect
but a high dose of SMY1 did not (Fig. S8E). Therefore, it is
unlikely that Smylp is functionally redundant with Yptl11p.

Since the distribution of cellular organelles, except for mi-
tochondria, was not affected by YPT11 overexpression (see Fig.
3C for actin and vacuole), the function of Yptllp seems to be
relatively specialized for mitochondrial distribution. However,
YPTI11-overexpressing cells cease to grow, independent of the
mitochondrial content of cells, and become unbudded, suggest-
ing that Yptl1lp may have a function in bud emergence apart
from its function for mitochondrial distribution. This Yptllp
function also requires complex formation with Myo2p, since
the Yptllp activity in inhibiting bud emergence is abolished by
mutations such as myo2-338, ypt11''**N_ and ypt11°#°P, which
disrupt the Myo2p-Yptllp interaction.

The myo2-338 mutation, which abolished the interaction
with Yptllp, induces three substitutions (Leu 1474 to Ser, Glu
1484 to Gly, and Asp 1511 to Gly) of the residues, which are
conserved among class V myosins, near the C terminus. For
example, Leu 1474, Glu 1484, and Asp 1511 of Myo2p corre-
spond to Ile 512, Glu 526, and Asp 553 of rabbit myosin-Vb,
respectively. Interestingly, the myosin-Vb region, containing
these residues (amino acids 512 to 553) overlaps with the
region from amino acids 538 to 553, which is critical for the
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two-hybrid interaction with Rablla (20). These observations
may suggest that these conserved residues constitute the bind-
ing domain with rab-type small GTPases.

Although actin is essential for mitochondrial distribution in
the budding yeast, microtubules and microtubule-dependent
motor proteins play critical roles in mitochondrial transport in
higher eukaryotes and microfilaments play a less clear role
(43). However, in several cases, microfilament-dependent mi-
tochondrial movement has been reported, such as in the neu-
ronal axons of mammals (28) and in the photoreceptor cells
(36) and Malpighian tubule cells (4) of insects. Our finding of
the involvement of myosin in the polarized distribution of
mitochondria may provide a clue to clarify the role of micro-
filaments in mitochondrial distribution in higher eukaryotes.
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