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She4p/Dim1p, a member of the UNC-45/CRO1/She4p (UCS) domain-containing protein family,
is required for endocytosis, polarization of actin cytoskeleton, and polarization of ASHI mRNA in
Saccharomyces cerevisiae. We show herein that She4p/Dim1p is involved in endocytosis and actin
polarization through interactions with the type I myosins Myo3p and Myo5p. Two-hybrid and
biochemical experiments showed that She4p/Dim1p interacts with the motor domain of Myo3/5p
through its UCS domain. She4p /Dim1p was required for Myo5p localization to cortical patch-like
structures. Using random mutagenesis of the motor region of MYO5, we identified four indepen-
dent dominant point mutations that suppress the temperature-sensitive growth phenotype of the
she4/dim1 null mutant. All of the amino acid substitutions caused by these mutations, V1641,
N168I, N209S, and K377M, could suppress the defects of endocytosis and actin polarization of the
she4/dim1 mutant as well. She4p/Dimlp also showed two-hybrid interactions with the motor
domain of a type Il myosin Myolp and type V myosins Myo2p and Myo4p, and was required for
proper localization of Myo4p, which regulates polarization of ASHI mRNA. Our results suggest
that Shed4p/Dimlp is required for structural integrity or regulation of the motor domain of

unconventional myosins.

INTRODUCTION

Endocytosis, the internalization of portions of the plasma
membrane along with extracellular fluid, is a universal pro-
cess performed by all eukaryotic cells. In the budding yeast,
S. cerevisine, genetic analysis has identified a link between
endocytosis and the actin cytoskeleton (Geli and Riezman,
1998; Wendland et al., 1998). During bud growth, yeast cells
show polarized organization of two actin filament-contain-
ing structures: cortical actin patches and actin cables (Adams
and Pringle, 1984; Kilmartin and Adams, 1984). The forma-
tion or reorganization of cortical actin patches is regulated
by cortical patch-like protein structures that include Slalp,
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Sla2p, Abplp, Sac6p (fimbrin), Las17p/Beelp (a homolog of
mammalian Wiskott-Aldrich syndrome protein), Vrplp
(verprolin, a homolog of mammalian Wiskott-Aldrich syn-
drome protein-interacting protein), Myo3p/Myo5p (type I
myosins), Rvsl67p (amphiphysin), and proteins of the
Arp2/3 complex (Pruyne and Bretscher, 2000). These pro-
teins are involved in the uptake step of endocytosis through
actin cytoskeleton regulation (Geli and Riezman, 1998;
Wendland ef al., 1998).

The DIM1 gene was isolated in a fluorescence-activated cell
sorting-based screen using the fluorescent lipophilic dye
FM4-64 to search for factors involved in membrane lipid en-
docytosis (Wendland et al., 1996). Molecular cloning revealed
that DIM1 was identical to SHE4 (Wendland et al., 1996; see
below). At 38°C, she4 null mutation (she4A) results in a two- to
threefold reduction in the kinetics of mating pheromone inter-
nalization relative to that observed in she4A cells at 26°C or in
wild-type cells (Wendland et al., 1996). Like many endocytosis
mutants, she4A cells show a temperature-sensitive growth de-
fect and a depolarized distribution of actin patches (Wendland
et al., 1996; Wendland et al., 1998).
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The SHE4 gene was also identified in an independent
screen for factors required for SwiSp-dependent HO expres-
sion. In the same screen, four other genes were identified:
MYO4/SHE1 (type V myosin), SHE2, SHE3, and BNI1/SHE5
(Jansen et al., 1996). The SHE genes are required for polar-
ized distribution, to daughter cells, of ASHI mRNA, which
codes for Ashlp, the transcriptional repressor of the HO
gene (Sil and Herskowitz, 1996; Long et al., 1997; Takizawa
et al., 1997). The asymmetric localization of ASHI mRNA to
daughter cells results in the preferential accumulation of
Ashlp in daughter cell nuclei and the selective expression of
the HO endonuclease in mother cells (Bobola et al., 1996; Sil
and Herskowitz, 1996; Long et al., 1997). Myo4p/Shelp,
She2p, and She3p are proposed to form a complex with
ASHI mRNA and to be translocated to the bud by the motor
activity of Myo4p/Shelp (Munchow et al., 1999; Bohl et al.,
2000; Long et al., 2000; Takizawa and Vale, 2000). SHE4 has
been shown to be required both for endocytosis and for
polarization of ASHI mRNA distribution, but the molecular
mechanisms by which it influences these events have not
been well understood.

The C-terminal half of She4p has significant similarity to
Caenorhabditis elegans UNC-45, Podospora anserina CRO1, and
Schizosaccharomyces pombe Rng3p (Barral et al., 1998; Ber-
teaux-Lecellier et al., 1998; Wong et al., 2000). This C-terminal
conserved region is referred to as the UNC-45/CRO1/She4p
(USC) domain, and these proteins form the UCS protein
family. UNC-45 is specifically expressed in muscle tissues
and colocalizes with a specific isoform of myosin heavy
chain, where it is proposed to play a role in the assembly of
skeletal muscle myosin (Venolia and Waterston, 1990; Barral
et al., 1998; Ao and Pilgrim, 2000). Recently, it was reported
that UNC-45 acts as a molecular chaperone for the muscle
myosin motor (Barral et al., 2002). CROL1 is essential for the
transition between the syncytial and cellular stages (Ber-
teaux-Lecellier et al., 1998). Rng3p is required for cytokine-
sis, and rng3 genetically interacts with type II myosin, myo2
(Balasubramanian et al., 1998; Wong et al., 2000).

Myosins are molecular motors that convert the energy of
ATP hydrolysis into mechanical work, in the form of trans-
location along actin filaments. They constitute a large super-
family of proteins implicated in diverse cellular functions
(Mooseker and Cheney, 1995; Sellers, 1999). Budding yeast
contains a total of five myosins from three types: two type I
myosins (MYO3 and MYO5), one type II myosin (MYO1),
and two type V myosins (MYO2 and MYO4%) (Brown, 1997).
Conventional (type II) myosins were the first type to be
described. They include muscle myosins and similar myo-
sins from nonmuscle cells. They have a two-headed struc-
ture and self-associate to form filaments. MYO1 is impli-
cated in actin-ring formation during cytokinesis and is
thought to deliver components required for cell separation
to the septum (Watts et al., 1987; Rodriguez and Paterson,
1990; Bi et al., 1998; Lippincott and Li, 1998). Unconventional
myosins are either two-headed or single-headed, and, in
contrast with conventional myosins, do not seem to form
filaments. MYO3 and MYO5 have been shown to play an
important role in endocytosis and polarized assembly of
cortical actin patches (Geli and Riezman, 1996; Goodson et
al., 1996). Although deletion of either MYO3 or MYO5 does
not result in an obvious growth phenotype, a double knock-
out is synthetically lethal or nearly so, suggesting functional
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redundancy between these genes (Geli and Riezman, 1996;
Goodson et al., 1996). MYO?2 is thought to be required for
polarized growth and transport of certain secretory vesicles
along actin cables from the mother to the bud (Johnston et
al., 1991; Schott et al., 2002). MYO4/SHE1 controls the segre-
gation of ASHI mRNA as stated above.

In this article, we report that defects in endocytosis and
actin cytoskeletal polarization in she4 mutant are caused by
dysfunctions of Myo3/5p. The UCS domain of She4p phys-
ically interacts with the motor domain of Myo3/5p, and
novel dominant point mutations in the motor region of
MYO5 can bypass the requirement of She4p. Shedp also
interacts with Myolp, Myo2p, and Myo4p in two-hybrid
assays and is required for proper localization of Myo4p. Our
results suggest that the UCS proteins play an important role
for proper function of the unconventional, in addition to the
conventional, myosins.

MATERIALS AND METHODS

Strains, Media, and Plasmids

The yeast strains used in this study are listed in Table 1. Isolation of
temperature-sensitive myo5 tail mutants will be described else-
where. The she4, myo3, myo5, bnil, and cla4 disruption; SHE4, MYO1,
and MYO4 chromosomal green fluorescent protein (GFP) tagging;
and MYO5 chromosomal TAP tagging were carried out using poly-
merase chain reaction (PCR)-based methods as described previ-
ously (Longtine et al., 1998; Rigaut et al., 1999). The sla2 disruption
and MYO2 GFP-tagged strains were constructed on our strain back-
ground as follows. The regions containing the disruption or tagging
marker and the flanking sequences were PCR amplified using either
DDY546 (sla2A1::URA3) or YJC1431 (MYO2-GFP::HIS3) genomic
DNA as a template. The resulting DNA fragment was then intro-
duced into YEF473. Unless otherwise specified, strains were grown
in YPDA-rich medium (1% yeast extract [Difco, Detroit, MI], 2%
bacto-peptone [Difco], 2% glucose, and 0.01% adenine). Strains car-
rying plasmids were selected in synthetic medium (SD) containing
the required nutritional supplements (Sherman, 1991). When indi-
cated, 0.5% casamino acids (Difco) were added to SD medium
without uracil (SDA-Ura). The plasmids used in this study are listed
in Table 2. Schemes for the construction of plasmids and the se-
quences of PCR primers are available upon request. Escherichia coli
strains DH5a and XL1-Blue were used for the construction and
amplification of plasmids. Yeast transformations were performed
using the lithium acetate method (Elble, 1992; Agatep et al., 1998).

Two-Hybrid Screening

Two-hybrid screening was performed as described previously (Bar-
tel et al., 1993). 140 cells, carrying pKT1286, was independently
transformed with three yeast genomic DNA libraries (Y2HL-C1,
-C2, and -C3) (James ef al., 1996), incubated in SD-Trp-Leu medium
overnight, and then plated on SD-Trp-Leu-His plates supplemented
with 1 mM 3-aminotriazole. Approximately 1.2 X 10° transformants
were screened for each library. After incubation for several days at
30°C, 120, 1, and 120 colonies were picked up from the Y2HL-C1,
-C2, and -C3 transformants, respectively. From these clones, 13
plasmids were isolated and reintroduced into L40 cells carrying
pKT1286 to retest for growth on SD-Trp-Leu-His + 1 mM 3-amin-
otriazole plates. All 13 clones showed positive interactions and were
then sequenced. Type I myosins, MYO3 (six clones) and MYOb5 (six
clones), and a transcriptional factor, ABF1 (1 clone), were obtained.
Because most of clones analyzed encoded type I myosins, other
clones were not analyzed further. Quantification of B-galactosidase
activity was performed using o-nitrophenyl g-p-galactopyranoside
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Table 1. The yeast strains used in this study

Strain® Genotype Origin/Reference

L40 MATa lys2-801 his3A-200 trp1-901 leu2-3,112 ade2 LYS2::(lexAop),- Hollenberg et al., 1995
HIS3 URA3::(lexAop)g-lacZ

TAT7> MATa lys2-801 his3A-200 trp1-901 leu2-3,112 ade2 LYS2::(lexAop),- Imamura et al., 1997
HIS3 ura3::(lexAop)g-lacZ

YKT550° MATa lys2-801 his3A-200 trp1-901 leu2-3,112 ade2 LYS2::(lexAop),- This study
HIS3 URA3::(lexAop)g-lacZ she4A:: KanMX6

YEF473 MATa/ « lys2-801/lys2-801ura3-52/ura3-52 his3A-200/his3A-200 trp1A-63/trp1A-63 Longtine ef al., 1998
leu2A-1/leu2 A-1

YKT159 MATa myo3A::TRP1 MYO5-EGFP:: KanMX6 This study

YKT288 MATa myo3A::TRP1 MYO5-EGFP:: KanMX6 she4A:: HIS3MX6 This study

YKT114 MATa myo3A::TRP1 myo5A:: HIS3MX6 This study

YKT274 MATa/a SHE4-EGFP:: KanMX6/SHE4 This study

YKT275 MATa she4A:: HISSMX6 This study

YKT276 MATa she4A:: HISSMX6 This study

DDY322 MATa ura3-52 his3A-200 leu2-3,112 abplA::LEU2 A gift from Dr. Drubin

DDY1520 MATa ura3-52 his3A-200 trp1A-63 leu2A-1 aiplA:: URA3 A gift from Dr. Drubin

YMW211U MATa lys2-801 ura3-52 his3A-200 trpl1A-63 leu2-1 arp2-1(H330L):: URA3 Madania et al., 1999

YMW221U MATa lys2-801 ura3-52 his3A-200 trp1A-63 leu2-1 arp2-2(G19D):: URA3 Madania et al., 1999

YKT382 MATa bnilA::HIS3BMX6 This study

YKT388 MATa cla4A:: KanMX6 This study

DDY1226 MATa lys2-801 ura3-52 his3A-200 trpl1A-63 leu2-3,112 cof1-22::LEU2 A gift from Dr. Drubin

DDY1024 MATa lys2-801 ura3-52 his3A-200 leu2-3,112 ade2-101 ade3 pfy1-116::LEU2 A gift from Dr. Drubin

DDY9%49 MATa ura3-52 his3A-200 trp1-1 leu2-3,112 rvs167A::TRP1 A gift from Dr. Drubin

DDY318 MATa lys2-801 ura3-52 his3A-200 trpl1A-63 leu2A-1 sac6A::LEU2 A gift from Dr. Drubin

YKT130 MATa vrplA::LEU2 Mochida et al., 2002

YKT218 MATa slalA:: KanMX6 Mochida et al., 2002

DDY546 MATa lys2-801 ura3-52 his3A-200 leu2-3,112 sla2A1::URA3 A gift from Dr. Drubin

YKT186 MATa sla2A1:: URA3 This study

YKT91 MATa myo3A::TRP1 myob5-1:: KanMX6 This study

YKT93 MATa myo3A::TRP1 myo5-218:: KanMX6 This study

YKT111 MATa myo3A::TRP1 myo5-360:: KanMX6 This study

YKT110 MATa myo3A::TRP1 MYOb5:: KanMX6 This study

YKT323 MATa MYO5-TAP::TRP1 This study

YKT640 MATa MYOI1-GFP:: KanMX6 This study

YKT641 MATa MYOI1-GFP::KanMX6 she4A:: HIS3MX6 This study

YJC1431 MATa leu2 ura3 his3A-200 MYO2-GFP:: HIS3 A gift from Dr. Cooper

YKT520 MATa MYO2-GFP::HIS3 This study

YKT524 MATa MYO2-GFP::HIS3 she4A::TRP1 This study

YKT544 MATa MYO4-GFP:: HIS3MX6 This study

YKT543 MATa MYO4-GFP:: HIS3MX6 she4A::TRP1 This study

2 YKT strains, except for YKT550, are in YEF473 background. For YKT strains, only relevant genotypes are described.

b These strains are derivatives of L40.

as a substrate (Guarente, 1983). B-Galactosidase activity is expressed
in Miller units (Miller, 1972).

Microscopic Observations

Microscopic observations were performed as described previously
(Mochida et al., 2002) with some modifications. Briefly, to visualize
GFP and the actin cytoskeleton simultaneously, exponentially grow-
ing cells were fixed with 3.7% formaldehyde (Wako Pure Chemicals,
Osaka, Japan). Fixed cells were stained with 1 uM tetramethylrhoda-
mine isothiocyanate (TRITC)-phalloidin (Sigma-Aldrich, St. Louis,
MO). To visualize GFP-tagged proteins, cells were grown to early
logarithmic phase, harvested, and resuspended in SD medium, and
then cells were observed. To quantify actin cytoskeletal polarity, the
number of actin patches in the mother cell of randomly selected
small- to medium-budded cells was counted by focusing up and
down through the mother cell. Small to medium buds were identi-
fied to be no >60% the size of the mother cell. Cells were scored as
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“polarized” when there were no more than three patches in the
mother cell. Observations were performed on an ECLIPSE E800
microscope with either the appropriate fluorescence filter sets or
differential interference contrast optics (Nikon Instec, Tokyo, Japan).
Observations are based on at least 100 cells viewed. The images
presented in this article were acquired using a cooled charge-cou-
pled device camera (C4742-95-12NR; Hamamatsu Photonics,
Hamamatsu, Japan) and AQUACOSMOS software (Hamamatsu
Photonics).

Isolation of MYO5 Motor Mutants

To isolate mutations in MYO5 that could bypass the temperature-
sensitive growth defect of she4A cells, we randomly mutagenized
the motor region of MYO5 by a PCR-based method (Cadwell and
Joyce, 1992). The mutagenic PCR conditions were as follows: 1 ul of
plasmid pKT1004 (0.1 pg/ul) as a template, 1 ul of the forward
(6'-TTTTGCCAATGGTGGCAGG-3'; 533 base pairs upstream of the
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Table 2. The plasmids used in this study

Plasmid

Characteristics/Reference

pBTM116

pKT1286 (pBTM116-SHE4)
pKT1287 [pBTM116-SHE4 (1-356)]
pBTM116-HA

pKT1295 [pBTM116-HA-SHE4 (357-789)]

pGAD-C1, -C2, and -C3
pKT1279 [pGAD-MYO3 (471-814)]

pKT1280 [pGAD-MYO5 (493-739)]

pKT1281 [pGAD-MYO3 (471-718)]
pKT1282 [pGAD-MYO3 (471-671)]
pKT1285 [pGAD-MYO3 (471-572)]
pKT1284 [pGAD-MYO3 (555-671)]
pKT1006 (pBTM116-HA-MYO3motor)
pACTII-HK

pACTII-HK-ACT1

PRS315

pKT1004 (pRS315-MYO5)

pKT1235 (pRS315-MYO5-GFP)
pKT1403 (pRS315-myo05-1-GFP)
YEplac195

pKT1294 (YEplac195-SHE4)
pKT1330 (YEplac195-MYO5)
pKT1331 (YEplac195-MYO5Amotor)
pKT1332 [YEplac195-MYO5 (V1641)]
pKT1333 [YEplac195-MYO5 (N1681)]
pKT1334 [YEplac195-MYO5 (N209S)]
pKT1335 [YEplac195-MYO5 (K377M)]
PRS316

pKT1290 (pRS316-SHE4)

pGEX-4T-1

pKT1308 (pGEX-4T-1-SHE4)
pKT1386 [pGAD-MYO1 (549-695)]
pKT1387 [pGAD-MYO1 (549-648)]
pKT1388 [pGAD-MYO2 (530-683)]
pKT1389 [pGAD-MYO2 (530-636)]
pKT1390 [pGAD-MYO4 (531-678)]
pKT1391 [pGAD-MYO4 (531-631)]

DBD; ..4? TRP1, 2 um (Bartel et al., 1993)
DBD, . ,-SHE4 (full length), TRP1, 2 um
DBD, ., o-SHE4 (1-356 aa), TRP1, 2 pm
DBD, ., 4-HA, TRP1, 2 um (Imamura et al., 1997)
DBD, ., o-HA-SHE4 (357-789 aa), TRP1, 2 um
ADgar4% LEU2, 2 pm (James et al., 1996)
ADg AL 4-MYO3 (471-814 aa), LEU2, 2 pm;

isolated in this study from the yeast genomic library Y2HL-C1 provided by Dr. James
ADg a1 4-MYO5 (493-739 aa), LEU2, 2 pm;

isolated in this study from the yeast genomic library Y2HL-C3 provided by Dr. James
ADg o 4-MYO3 (471-718 aa), LEU2, 2 ym
ADG 1 ,-MYO3 (471-671 aa), LEUI2, 2 um
ADg 5 4-MYO3 (471-572 aa), LEU2, 2 pm
ADgar4-MYO3 (555-671 aa), LEU2, 2 um
DBD, o a-HA-MYO3 motor (1-718 aa), TRP1, 2 um
ADga,-HA, LEU2, 2 um (Ozaki et al., 1996)
ADga4-HA-ACT1, LEU2, 2 pm (K. Ozaki-Kuroda and Y. Takai, unpublished)
LEU2, CENG6 (Sikorski and Hieter, 1989)
MYOS5, LEU2, CEN6
MYO5-GFP, LEU2, CEN6
myo5-1-GFP, LEU2, CEN6
URA3, 2 um (Gietz and Sugino, 1988)
SHE4, URA3, 2 um
MYO5, URA3, 2 pm
MYO5Amotor, URA3, 2 um
MYO5 (with V164I substitution), URA3, 2 um
MYOS5 (with N168I substitution), URA3, 2 um
MYO5 (with N209S substitution), URA3, 2 um
MYOS5 (with K377M substitution), URA3, 2 um
URA3, CENG6 (Sikorski and Hieter, 1989)
SHE4, URA3, CEN6
GST (Amersham Biosciences)
GST-SHE4
ADgar4-MYOL1 (549-695 aa), LEU2, 2 um
ADc A 4-MYO1 (549-648 aa), LEU2, 2 pm
ADgar4-MYO2 (530-683 aa), LEU2, 2 um
ADc A ,-MYO2 (530-636 aa), LEU2, 2 um
ADG 1 ,-MYO4 (531-678 aa), LELI2, 2 um
ADg A 4-MYO4 (531-631 aa), LEU2, 2 um

2 DBD, 4 is the DNA-binding domain of LexA. ADg,, is the transcriptional activating domain of Gal4p.

start codon) and reverse (5'-TGTTCTGCATTCCTGGTG-3'; 3044
base pairs downstream of the start codon) primers (100 uM each), 10
ul of PCR buffer (10X stock, Mg?* free), 10 ul of MgCl, (10X stock,
25 mM), 10 pl of mutagenic dNTPs mixture (10X stock: 2 mM
dATP, 2 mM dGTP, 10 mM dCTP, and 10 mM dTTP), 1 ul of MnCl,
(50 mM), 1 ul (5 U/ pl) of Tag (Sigma-Aldrich), and 65 ul of double
distilled H,O. PCR was carried out as follows: 94°C, 4 min — 94°C,
1 min; 45°C, 1 min; 72°C, 4 min for 30 cycles — 72°C, 10 min — 4°C.
The ~3.6-kbp PCR-amplified fragment was cleaned by ethanol pre-
cipitation. The mutagenized PCR products were mixed with an
equal amount of pKT1331 plasmid, which was linearized by restric-
tion enzyme digestion. This mixture of DNA was introduced into
strain YKT275 to allow homologous recombination between the
PCR products and the linearized plasmid, and the transformants
were plated on YPDA. After incubation at 37°C for 2 d, the resulting
colonies were recovered on SDA-Ura plates at 25°C and then re-
checked for growth on YPDA plate at 37°C. From 3.6 X 10° initial
transformants, 122 mutants were isolated. Of these, 10 plasmids
were rescued and reintroduced into YKT275 to confirm the suppres-
sor phenotype. These plasmids were sequenced. Each plasmid con-
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tained more than two mutations. The mutations responsible for
suppressor activity were determined by site-directed mutagenesis
of pKT1330 by using a QuickChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA).

Fluid-Phase Endocytosis

Lucifer yellow-carbohydrazide (LY; Sigma-Aldrich) accumulation
analysis was performed as described previously (Dulic et al., 1991).
Lucifer yellow uptake was carried out for 30 min at 25°C. Samples
were observed by fluorescence microscopy as described above.

In Vitro Binding Assay of Myo5p-TAP with GST-
Shedp

Recombinant She4p was expressed as a GST-fusion protein in E. coli
DH5a and purified with glutathione Sepharose beads (Amersham
Biosciences, Piscataway, NJ), according to the manufacturer’s in-
structions. Preparation of Myo5p-TAP was carried out as described
previously (Rigaut ef al., 1999) with some modifications. Briefly,
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YKT323 cells were grown at 25°C in 1000 ml of YPDA medium to
ODgg = 2.0 and lysed by two passages in a French pressure cell at
1000 psi. After dialysis, the extracts were applied to IgG Sepharose
6 Fast Flow (Amersham Biosciences). After washing with IPP150 (10
mM Tris-Cl pH 8.0, 150 mM NaCl, 0.1% Nonidet P-40), the immo-
bilized Myo5p-TAP was used in an in vitro binding assay. Accord-
ing to the densitometry of SYPRO orange (Molecular Probes, Eu-
gene, OR)-stained bands on SDS-PAGE gel by using LAS-1000
luminescent image analyzer (Fuji Photo Film, Tokyo, Japan), ~1.5
png of Myo5p-TAP was bound to 10 ul of IgG Sepharose. SYPRO
orange staining was carried out according to manufacturer’s in-
structions. Binary mixtures were prepared by adding GST-She4p
(final 0.25 uM) to 10 ul of the Myo5p-TAP-bound IgG Sepharose,
which was suspended in 100 ul of IPP150. GST-She4p was added to
unbound IgG Sepharose as a negative control. Mixtures were incu-
bated for 30 min at 4 or 30°C and then on ice for 10 min, before being
washed intensively with IPP150. Protein complexes were subjected
to SDS-PAGE, followed by staining with SYPRO orange. The
amount of GST-She4p bound to Myo5p-TAP was quantified by
densitometry as described above.

RESULTS

Type I Myosins, Myo3p/Myo5p Interact with Shedp

To identify proteins that bind She4p and that thereby might
be involved in endocytosis, regulation of the actin cytoskel-
eton, or development of cell polarity, we performed a two-
hybrid screen by using full-length Shedp as bait. Multiple
clones that encode the type I myosins, Myo3p/Myo5p, were
identified. One of these encoded Myo5p amino acids 493-
739, and another encoded Myo3p amino acids 471-814 (Fig-
ure 1A). Interestingly, these She4p-interacting regions over-
lapped with the respective motor domains. Because
Myo3/5p are involved in the uptake step of endocytosis and
polarization of the actin cytoskeleton (Geli and Riezman,
1996; Goodson et al., 1996), we focused further analysis on
the interaction between She4p and Myo3/5p.

We sought to determine the region of Myo3p required for
interaction with She4p. Testing various truncated fragments
of Myo3p for the interaction with full-length She4p, we
found that a segment consisting of amino acids 471-572 of
Myo3p, which is included in the motor domain, was suffi-
cient for this interaction (Figure 1A). Chicken skeletal mus-
cle myosin (type II) has been well studied and its three-
dimensional structure has been resolved (Rayment ef al.,
1993a). Recently, the three-dimensional structure of Dictyo-
stelium discoideum myosin-IE revealed that the core struc-
tural elements and topology of the type I myosin motor are
essentially identical to those of the type II (Kollmar et al.,
2002). When the amino acid sequence of the Myo3p motor
domain is aligned with that of chicken skeletal muscle my-
osin, the Shedp-interacting segment of Myo3p corresponds
to amino acids 527-631 of chicken skeletal muscle myosin
(Cope and Hodge, 2000), a segment that contains three of the
four putative actin contact surfaces (Sellers, 1999; see Figure
8A). Two of these (residues 529-558 and 567-578 of chicken
skeletal muscle myosin) are located within the lower 50-kDa
subdomain and the other (residues 626—647 of chicken skel-
etal muscle myosin) is referred to loop2 (Sellers, 1999). Thus,
the She4p-interacting segment is in the motor domain and
overlaps with putative Myo3p actin-binding regions.

The myosin-binding segment of She4p was also deter-
mined by the yeast two-hybrid system. Truncated fragments
of She4p were fused to the LexA DNA-binding domain and
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Figure 1. Two-hybrid interactions between She4p and Myo3/5p.
DNA fragments encoding various regions of She4p and Myo3/5p
were cloned into pBTM (LexA DNA-binding domain plasmids) and
PGAD (GAL4 transcriptional activating domain plasmids) vectors,
respectively. The resultant plasmids were introduced into L40 cells.
The interactions between She4p and Myo3/5p were examined qual-
itatively by histidine auxotrophy and quantitatively by -galactosi-
dase activity assay. The numbers in parentheses represent amino
acid positions. Closed bars and open bars stand for His+ and His—,
respectively. B-galactosidase (LacZ) activity represents the average
and SD for two independent transformants. (A) Interactions be-
tween Shedp (full length) and various regions of Myo3/5p. ATP,
putative ATP-binding domain; IQ, IQ motifs; SH3, Src homology 3
domain. (B) Interactions between various regions of Shedp and
Myo3p (471-572).

were examined for interaction with Myo3p. Shed4p was
found to bind Myo3/5p through its conserved UCS domain
(Figure 1B).

Shedp Has Positive Effects on the Interaction
between the Myo3p Motor and Actlp

Because She4p-interacting segment of Myo3/5p motor do-
main overlaps with its actin-binding region, we examined
whether Shedp affects the myosin motor-actin interaction.
The two-hybrid system potentially detects the interaction
with F-actin: some F-actin-binding proteins such as Sac6p
(fimbrin) give positive interaction with Actlp (yeast actin) in
the two-hybrid system (Amberg, unpublished data). We
could detect the two-hybrid interaction between the Myo3p
motor domain and Actlp, and observed a strong inhibition
of reporter transcription in the she4A strain (Figure 2A). This
effect was specific for the Myo3p motor, because the inter-
action between Actlp and other actin-binding proteins such
as Pfylp (profilin) and Bnilp/She5p (formin) could be de-
tected in the she4A reporter strain (our unpublished data).

2241



H. Toi et al.

A pDBD-MYQO3 motor
pAD-  pAD- pAD-  pAD-
strain Vector ACT1  Vector

ACT1

| SO N
€

+His

B

100

=
=

°
Wi
? 5
S g 9
=
T =
L

@
@
Q

2
Multicopy
SHE4

Figure 2. Effects of SHE4 disruption or overexpression on the
two-hybrid interactions between Myo3p motor and Actlp. (A) L40
(wild-type) and YKT550 (she4A) cells were transformed with
pKT1006 (pDBD-MYO3 motor) and either pACTII-HK-ACT1 (pAD-
ACT1I) or pACTII-HK (pAD-Vector), and the interaction between
the motor domain of Myo3p and Actlp was examined qualitatively
by histidine auxotrophy. (B) TAT7 cells containing pKT1006 were
transformed simultaneously with pACTII-HK-ACT1 and either
pKT1294 (multicopy SHE4) or YEplacl95 (vector). The interaction
between the motor domain of Myo3p and Actlp was examined
quantitatively by B-galactosidase activity assay. Bar graph shows
the average and SD for five independent transformants.

Vector

On the other hand, overexpression of SHE4 in the wild-type
reporter strain enhanced reporter transcription (Figure 2B).

Shedp Is Required for Proper Localization of Myo5p

Myo3/5p shows highly polarized localization to patch-like
structures enriched in the bud and the cell division site, and
these patches partially colocalize with actin cortical patches
(Goodson et al., 1996; Anderson et al., 1998). Given the pos-
sible role of She4p in proper Myo3/5p function, we ques-
tioned whether Shed4p was required for localization of
Myo3/5p to the actin patches. To address this issue, we
analyzed the localization pattern of GFP-tagged Myo5p
(Myo5p-GFP), expressed under the control of its own pro-
moter in she4A cells. Disruption of SHE4 was not associated
with significant changes in expression level of Myo5p-GFP
as determined by immunoblot analysis by using an anti-GFP
antibody (our unpublished data). In wild-type cells, Myo5p-
GFP was localized to patch-like structure predominantly
existing in the bud and cell division site, and these Myo5p-
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patches colocalized with cortical actin patches as reported
previously (Goodson ef al., 1996; Anderson et al., 1998; Fig-
ure 3A). In >99% of she4A cells, the cortical actin patches lost
their polarity (Wendland et al., 1996; Figures 3A and 6C),
and Myo5p-GFP diffused throughout the cytosol (Figure
3A). These results indicate that the assembly and/or main-
tenance of Myo5p in patch-like structures require She4p.
Because She4p interacts with the motor domain of Myo3/5p,
we examined whether the motor domain is required for
proper localization of Myobp. The temperature-sensitive
myo5-1 mutant has the E472K amino acid substitution,
which mimics the E511K substitution of my02-66 (Geli and
Riezman, 1996). These glutamic acid residues are located in
the putative actin-interacting region within the motor do-
main and, consistent with this, Myo2-66p shows a de-
creased affinity to actin filaments even in the absence of ATP
(Reck-Peterson et al., 2001). Because the Shedp-interacting
segment of Myo3/5p (amino acids 471-572 in Myo3p) is
near this glutamic acid residue, we determined the localiza-
tion of GFP-tagged Myo5-1p at elevated temperature. In
>90% of cells, mainly cytosolic staining and minor cortical
punctate staining was observed, and cortical actin patches
lost their polarity (Figure 3B). This localization pattern of
Myo5-1p-GFP was very similar to that of Myo5p-GFP in
she4A cells. Interestingly, similar results have been reported
in Candida albicans: amino acid substitution at a putative
phosphorylation site by a PAK-like kinase in the motor
domain of type I myosin causes its mainly cytosolic local-
ization and depolarization of cortical actin patches (Ober-
holzer et al., 2002). Our results suggest that mislocalization
of Myobp and concomitant depolarization of cortical actin
patches in she4A cells are caused by dysfunction of the motor
domain of Myo3/5p.

We next examined the localization of chromosomally
GFP-tagged Shedp. This She4p-GFP is functional, because
the SHE4-GFP strain demonstrated normal polarized local-
ization of cortical actin patches and wild-type growth rate at
37°C (our unpublished data). In contrast to highly polarized
localization of Myo5p-GFP, She4p-GFP showed diffuse cy-
tosolic localization (Figure 3C). Similar result has been re-
ported using indirect immunofluorescence study for Myc-
tagged Shedp (Takizawa and Vale, 2000). Thus, She4p does
not seem to colocalize with Myo3/5p, suggesting that She4p
and Myo3/5p do not form a stable complex. Rng3p, a UCS
protein in S. pombe, also shows cytosolic localization (Wong
et al., 2000).

Genetic Interactions between SHE4 and Actin-
related Genes and MYQO5

We examined the genetic interaction of the she4A mutation
with mutations of genes involved in the regulation of the
actin cytoskeleton, including abplA, aipIA, arp2-1, arp2-2,
bnilA, cla4A, cof1-22, pfyl-116, rvs167A, sac6A, vrplA, slalA,
and sla2A. The she4A mutant was crossed with each mutant,
and the resulting diploid was sporulated and dissected for
tetrad analysis. The growth characteristics of the resulting
double mutants were determined at 25°C. The vrplA, arp2-1,
arp2-2, and slalA mutations exhibited a poor growth pheno-
type at 25°C when combined with the she4A mutation,
whereas the other double mutants showed little or no re-
duced growth at 25°C (Figure 4). Vrplp and the Arp2/3
complex physically interact with the Myo3/5p tail and are
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Figure 3. Shedp is required for proper localization of Myo5p-GFP
and F-actin. (A) Localization of Myo5p-GFP in she4A cells. Myo5p-
GEFP expressing cells, YKT159 (wild-type) and YKT288 (she4A) were
grown at 25°C, fixed and stained with TRITC-phalloidin. Localiza-
tion of Myo5p and F-actin was visualized with a GFP band pass
filter (Myo5p-GFP) and a TRITC filter (actin). For each observation,
the same exposure and processing parameters were used. Arrows
indicate examples of colocalization of Myo5p-GFP and actin
patches. (B) Localization of Myo5-1p-GFP. YKT114 cells were trans-
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involved in activation of actin polymerization (Evangelista
et al., 2000; Geli et al., 2000; Lechler et al., 2000). Consistently,
it has been reported that both arp2-33 and arc40-40, muta-
tions in genes encoding subunits of the Arp2/3 actin-nucle-
ating complex, exhibited synthetic lethal interactions with
she4A mutation in systematic genetic analysis (Tong ef al.,
2001). It is likely that impaired Myo3/5p motor function due
to lack of Shedp exacerbates the growth defects caused by
impaired Myo3/5p-tail-dependent actin polymerization.

Because the myo5-1 mutation possesses its amino acid
substitution (E472K) close to the She4p-interacting segment
of the Myo3/5p (amino acids 471-572 in Myo3p), we
checked for genetic interaction between she4A and myo5-1.
However, the she4A myo3A myo5-1 triple mutant strain was
viable and showed no obvious synthetic growth defect com-
pared with a strain containing she4A single or myo3A myo5-1
double mutation (Figure 4A). Interestingly, overexpression
of SHE4 inhibited the growth of myo5-1 cells at 35°C, a
permissive temperature for the myo5-1 mutant (Figure 5).
The SHE4 overexpression did not inhibit the growth of
temperature-sensitive myo5-218 and myo05-360 cells with mu-
tations in the tail domain (Figure 5), consistent with the
result that She4p binds to Myo3/5p through its motor do-
main.

Novel Point Mutations in MYOS5 Motor Bypass the
Requirement of Shedp

To further substantiate the role of She4p on Myo3/5p func-
tion, we attempted to isolate suppressor MYOb5 mutants that
bypass the requirement of She4p. We performed random
mutagenesis on the motor region of MYO5 and screened for
mutants that could suppress the temperature-sensitive
growth defect of she4A cells. To enhance the suppression
capability, the mutant Myo5ps were expressed from a mul-
ticopy plasmid. We identified four amino acid substitutions,
V1641, N168I, N209S, and K377M, that could suppress tem-
perature-sensitive growth of she4A cells (Figure 6A), and
surprisingly each of these mutants were able to do so even
when carried on low copy vectors (our unpublished data).
Because the four mutant plasmids could support the growth
of myo3A myo5A double mutant cells to an extent similar to
that of wild-type at both 25 and 37°C (our unpublished
data), these mutations are not likely to have a severe impact
on the structure or function of the Myo5p motor. Interest-
ingly, mapping of the locations of these amino acid substi-
tutions on the three-dimensional structure of chicken skele-
tal muscle myosin (Rayment et al., 1993a) revealed that all
substitutions locate inside the cleft separating the upper and
the lower 50-kDa subdomains (Figure 6B). This cleft is pro-
posed to open upon ATP-binding and close after hydrolysis,
and the open and closed states are coupled with the weak
and strong actin-binding states, respectively (Rayment et al.,
1993b). These results suggest that a modulation of the actin-

formed with plasmids, pKT1235 (Myo5p-GFP) or pKT1403 (Myo5-
1p-GFP). Cells were grown in SD-Leu liquid medium at 25°C,
incubated at 37°C for 1 h, fixed, stained, and observed as described
in A. (C) Localization of She4p-GFP. She4p-GFP-expressing cells,
YKT274, were grown at 25°C, and She4p-GFP was visualized using
a GFP band pass filter (She4p-GFP) or differential interference con-
trast optics (DIC). Bars, 5 um.
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Figure 4. Genetic interactions between SHE4 and actin-related genes
and MYO5. (A) Summary of genetic interactions. Each mutant strain
was crossed with she4A (YKT275 or YKT276), and resultant diploid
cells were sporulated and dissected for tetrad analysis. The growth
characteristics of the resulting double or triple mutants were deter-
mined at 25°C. The mutant strains used were YMW211U (arp2-1),
YMW221U (arp2-2), YKT130 (vrp1A), YKT218 (sla1A), DDY322 (abp1A),
DDY1520 (aip1A), YKT382 (bni1A), YKT388 (cla4A), DDY1226 (cof1-22),
DDY1024 (pfy1-116), DDY949 (rvs167A), DDY318 (sac6A), YKT186
(sla2A), YKT91 (myo3A myo5-1), YKT93 (myo3A myo5-218), and YKT111
(myo3A myo5-360). (B) Genetic interactions of arp2-1, arp2-2, slalA, and
vrplA with she4A mutation. Diploid cells obtained from an indicated
cross were sporulated, dissected, and grown at 25°C for 3—4 d before
being photographed. Colonies were then replica plated to determine
the segregation of the marked mutant alleles. Tetrad genotype (TT,
tetratype; PD, parental ditype; and NPD; nonparental ditype) is indi-
cated, and the identity of the double mutant spore(s) is shown in
parentheses.

binding activities of Myo3/5p may be able to bypass the
requirement of Shedp for growth at elevated temperatures.

Because type I myosins are involved in polarization of the
actin cytoskeleton and endocytosis (Geli and Riezman, 1996;
Goodson et al., 1996), we examined effects of these mutated
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Figure 5. SHE4 overexpression exacerbates the temperature-sensi-
tive growth defect of the myo5 motor mutant. (A) YKT91 (myo5-1),
YKT93 (myo5-218), YKT111 (myo05-360), and YKT110 (MYO5) cells
were transformed with pKT1294 (YEp-SHE4) or YEplac195 (vector).
Transformants were streaked on SDA-Ura plates and incubated for
3 d at 30°C (myo05-218 and myo05-360) or 35°C (myo5-1 and MYO)).
(B) The domain structure of Myo5p and the amino acid substitu-
tion(s) of myo5-1 (closed circle), myo5-218 (stars), and my05-360
(triangles) are depicted. ATP, putative ATP-binding domain; IQ, IQ
motifs; SH3, Src homology 3 domain.

Myobps on actin cytoskeleton and endocytosis in the she4A
mutant. To evaluate effects on distribution of the actin cytoskel-
eton, we counted the number of actin patches in the mother of
small- to medium-budded cells. Whereas she4A cells with
empty plasmid had completely depolarized actin patches
(more than three patches in the mother cell; see MATERIALS
AND METHODS), she4A cells with MYO5(V164l),
MYO5(N168I), and MYO5(K377M) showed well-polarized dis-
tribution of actin patches at a similar level to cells with wild-
type SHE4 (Figure 6C), indicating that mutations in the MYO5
motor region can suppress depolarization of actin cytoskeleton
of she4A cells. Fluid-phase endocytosis was assessed by uptake
of LY. she4A cells were defective in LY uptake at 25°C (Figure
6D), but all of the MYO5 mutants restored accumulation of LY
in vacuoles (Figure 6D; our unpublished data). These results
strongly suggest that defects of she4A cells in growth at ele-
vated temperatures, actin polarization, and endocytosis are
due to dysfunctions of type I myosins.

Shedp Interacts with Myo5p in a Temperature-
dependent Manner

Our results strongly suggest that She4p plays an important role
in the proper functioning of type I myosins through its inter-
action with their motor domains. It was reported that C. elegans
UNC-45, which functions as a molecular chaperone for the
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Figure 6. Novel dominant point
mutations in the MYO5 motor re-
gion can bypass the requirement of
Shedp. (A) Effects on the tempera-
ture-sensitive growth defect of she4A
cells. Plasmids pKT1332 (V164l),
PpKT1333 (N168I), pKT1334 (N2095S),
pKT1335 (K377M), pKT1330 (wild-
type), and YEplac195 (vector) were
introduced into YKT275 cells. Trans-
formants were selected on SDA-Ura

plates and streaked on YPDA plates.

The plates were incubated for 2 d at V164l | Vector

25°C or 37°C. (B) Three-dimensional

structure of chicken skeletal muscle N168I Wild Type
myosin S1 (the Protein Data Bank

code, 2MYS). Residues correspond-

ing to V164, N168, N209, and K377 N209S |K377M

of the yeast Myobp (1222, N226,
D264, and K431 of chicken skeletal
muscle myosin S1, respectively;
Cope and Hodge, 2000) are repre-
sented in space-filling format. These
residues are located inside the cleft,
which extends from the ATP-bind-
ing pocket to the actin-binding site
and separate the upper and the
lower 50-kDa subdomains. This pic-
ture was generated using RasMol
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(Sayle and Milner-White, 1995). (C)

Effects on polarized localization of
cortical actin patches in she4A cells.
Plasmids  YEplacl95  (vector),
pKT1330 [MYO5 (WT)], pKT1332
(V1641), pKT1333 (N168), pKT1334
(N209S), pKT1335 (K377M), and
pKT1290 (SHE4) were introduced
into YKT275 cells. Transformants
were grown in SDA-Ura liquid me-
dia at 25°C, fixed, and stained with
TRITC-phalloidin. Top panels show L
localization of F-actin of she4A cells
with plasmid pKT1332 [MYO5
(V164D)] or pKT1290 (SHE4). Bar, 5
pum. The bar graph shows the per-
centage of polarized cell (no more
than three patches in the mother cell;
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see MATERIALS AND METHODS). (D) Effects on fluid-phase endocytosis defect of she4A cells. pKT1334 (N209S), pKT1330 (WT), and YEplac195 (vector)
were introduced into YKT275. Cells grown in SDA-Ura at 25°C were incubated with lucifer yellow at 25°C for an additional 30 min. Accumulation of
lucifer yellow in the vacuole was visualized using an fluorescein isothiocyanate band pass filter (LY). The same exposure and processing parameters were

used for comparison. Bar, 5 um.

muscle (type IT) myosin motor, interacts with the myosin motor
in a temperature-dependent manner (Barral ef al., 2002). Ele-
vated temperature is required in vitro for the well-studied
chaperone, Hsp90 to form complexes with its substrates (Scher-
rer et al., 1990). Thus, we examined whether Shedp interacts
with Myo5p in a temperature-dependent manner. The interac-
tion between TAP-tagged Myo5p (Myo5p-TAP), which was
bound to IgG beads, and bacterially expressed full-length
Shedp fused to glutathione S-transferase (GST) was examined
at 4 or 30°C. Although only a small amount of Shedp was
collected with Myo5p-TAP at 4°C, the yield was significantly
increased at 30°C (Figure 7). The amount of GST-She4p bound
to Myobp-TAP at 30°C was 3.3 times greater than that at 4°C.
These results are similar to those observed in the UNC-45-
myosin binding experiment.
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Figure 7. Shedp interacts with Myo5p in a temperature-dependent
manner. Myo5p-TAP from YKT323 lysate was adsorbed to IgG
Sepharose. GST-Shedp was purified from bacterial lysate. IgG
Sepharose with or without Myo5p-TAP was incubated with GST-
Shedp at 4 or 30°C. The IgG Sepharose was collected, and bound
proteins were analyzed by SDS-PAGE and SYPRO orange staining.
The result shown is a representative of four experiments.
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Figure 8. Shedp interacts with
type IT and type V myosins and is
required for proper localization
of Myo4p. (A) Two-hybrid inter-
actions between She4p and myo-
sins. DNA fragments encoding
Myolp, Myo2p, and Myo4p were
cloned into pGAD vectors. The
resultant plasmids were intro-
duced into L40 cells carrying
. pKT1295. The interaction be-
'p tween the UCS domain of Shedp
and myosins were examined

e quantitatively by B-galactosidase
5um activity assay. The myosin motor
regions used in the experiment
were represented schematically.
The numbers below actin-bind-
ing surfaces and in parentheses
represent amino acid positions in
chicken skeletal muscle myosin
and each yeast myosin, respec-
tively. B-Galactosidase (LacZ) ac-
tivity represents the average and
SD for three independent transfor-
mants. (B) Localization of Myolp-
GFP in she4A cells. Myolp-GFP-
expressing cells of YKT640 (wild-
type) and YKT641 (shedA) were
exponentially grown at 25°C.
Myolp-GFP was visualized using
a GFP band pass filter (Myolp-
GFP). The same exposure and pro-
cessing parameters were used for
comparison. Bar, 5 um. (C) Local-
ization of Myo2p-GFP in she4A
cells. YKT520 (wild-type) and
YKT524 (she4A) were observed as
described in B. Bar, 5 um. (D) Lo-
calization of Myo4p-GFP in she4A
cells. YKT544 (wild-type) and
YKT543 (she4A) were observed as
described in B. Bar, 5 um. (E) De-
localization of Myo4p-GFP in
she4A mutant is not due to depo-
larization of the actin cytoskele-
ton. Myo4p-GFP-expressing cells,
YKT543, were transformed with
YEplac195  (vector), pKT1332
[MYO5 (V164D)], or pKT1290
(SHE4). Transformants were ex-
ponentially grown in SDA-Ura at
25°C, fixed, and stained with

S5um

TRITC-phalloidin. Localization of Myo4p-GFP and F-actin was visualized with a GFP band pass filter (Myo4p-GFP) and a TRITC filter (actin),
respectively. For each observation, the same exposure and processing parameters were used. Bar, 5 um.

Shedp Also Interacts with Type II and Type V Myosins
and Is Required for Proper Localization of Myodp
Because the motor domains of the myosin family are highly
conserved, it is possible that She4p interacts with and functions
for other types of myosins. First, to test their interactions, we
performed the two-hybrid assay between C-terminal half (UCS
domain) of She4p and segments of Myolp, Myo2p, and
Myo4p, which are approximately equivalent to She4p-interact-
ing segment of Myo3/5p. It was revealed that Shedp also
interacts with the other yeast myosins, Myolp, Myo2p, and
Myodp (Figure 8A). Next, we examined whether Shedp is
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required for localization of Myolp, Myo2p, and Myo4p.
Myolp-GFP localized normally in she4A cells at the bud neck in
>90% of budding cells (Bi et al., 1998; Lippincott and Li, 1998;
Figure 8B). Myo2p-GFP normally localized in she4A cells at the
bud tip in >90% of budding cells and at the bud neck in
large-budded cells as in wild-type cells (Brockerhoff ef al., 1994;
Lillie and Brown, 1994; Karpova et al., 2000; Figure 8C). In
contrast, Myod4p-GFP in >99% of she4A cells diffused uni-
formly throughout the cytosol (Figure 8D). In wild-type cells,
Myo4p-GFP localized at the bud tip in >90% of budding cells
and at the bud neck in large-budded cells as reported previ-

Molecular Biology of the Cell



ously (Jansen et al., 1996; Munchow et al., 1999; Takizawa and
Vale, 2000; Figure 8D). These results indicate that She4p also
shows two-hybrid interactions with type V myosins and is
required for the proper localization of Myo4p. The requirement
of Shedp for Myodp localization is consistent with the hypoth-
esis that “she” phenotype (Ashlp in the mother and daughter
nuclei) of she4 mutant is due to dysfunction of Myo4p. How-
ever, another explanation is that delocalization of Myo4p re-
sults from depolarization of the actin cytoskeleton. To test this
possibility, we analyzed localization of Myo4p-GFP in she4A
cells, where a MYOb5 suppressor mutant restored the actin
cytoskeletal polarity. she4A cells (>99%) still showed delocal-
ization of Myo4p-GFP, even when their actin cytoskeletal po-
larity was restored by a MYOb suppressor mutant (Figure 8E).
Thus, delocalization of Myo4p does not seem to be secondary
effects of the depolarized actin cytoskeleton.

DISCUSSION

In this article, we show that the UCS domain of She4p
physically interacts with the motor domain of type I myo-
sins Myo3/5p. The isolation of MYOb5 suppressor mutations
that bypass the growth, endocytic, and actin cytoskeletal
defects of the she4A mutant firmly established that Shedp
functions through the interactions with Myo3/5p.

The Shedp-interacting segment of Myo3/5p overlaps with
the putative actin-interacting segment, and the two-hybrid
data suggest that She4p plays an important role in the motor-
actin interaction. Consistent with this, colocalization of Myo5p
and F-actin is disrupted in she4A cells. Moreover, dominant
suppressor mutations in the MYO5 motor are located in a
region that may affect the actin-binding activity of Myo3/5p.
These results suggest that one possible function of Shedp is to
regulate the interaction between the Myo3/5p motor and F-
actin. We attempted to examine the biochemical properties of
Myo5p in she4A cells, but we were not able to perform an
actin-pelleting assay for Myo5p using she4A cell lysate, because
a significant amount of Myo5p was pelleted independently of
F-actin (our unpublished data).

Because the interaction between Myo5p-TAP and GST-
Shedp is temperature dependent like that between myosin and
UNC-45, which has an activity of molecular chaperone for
myosin motor (Barral et al., 2002), She4p may also play a role as
a molecular chaperone for Myo3/5p. Molecular chaperones
promote productive protein folding by preventing off-pathway
folding reactions, which lead to protein aggregation (Johnson
and Craig, 1997). Actin-independent pelleting of Myo5p-TAP
(stated above) could be interpreted as aggregation due to a loss
of chaperone activity in the she4A mutant. Because the local-
ization pattern of Shedp is mainly cytosolic, Shedp is likely to
associate transiently with Myo3/5p or Myodp, for example,
immediately after myosin synthesis or after denaturation
caused by stress. Because GST-Shedp forms a complex with
Myo5p-TAP in vitro, there might be a factor such as a cochap-
erone, which promotes efficient release of Myo5p form She4p.
The idea that Shedp functions as a molecular chaperone does
not contradict our findings. The mutant Myo5ps, which bypass
the requirement of She4p, may have the ability to fold by
themselves, or may be more stable at elevated temperatures
than wild-type Myob5p. The toxicity of SHE4 overexpression in
myob-1 strains could be explained if Shedp interferes with
actin-myosin motor interaction by binding to Myo5-1p at their
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actin-binding regions without correction of their incomplete
three-dimensional structure. Consistently, although Shedp
demonstrated two-hybrid interactions with Myo5-1p, overex-
pression of SHE4 did not suppress the impaired two-hybrid
interaction between Actlp and Myo3-1p (E472K), which pos-
sesses an amino acid substitution analogous to that of
Myo5-1p (our unpublished data). Although we have not dem-
onstrated that Shedp functions as a molecular chaperone for
Myo3/5p, if this is the case, Shedp is not absolutely required
for proper folding of Myo3/5p, because the growth defect of
the she4A mutant was less severe than those of the myo3A
myobA double mutant (our unpublished data).

UNC-45 in C. elegans and Rng3p in S. pombe, well-studied
UCS domain-containing proteins, are implicated in the func-
tions of type II myosins. Unc-45 is proposed to act as a molec-
ular chaperone for myosin motor (Barral et al., 2002). Rng3p
colocalizes with a specific mutant protein of the type I myosin
Myo2p (Wong et al., 2000), and we detected the interaction
between Rng3p and the motor domain of Myo2p by the two-
hybrid assay (our unpublished data). Consistent with this, we
also showed that She4p interacts with a type Il myosin, Myolp.
In addition, She4p interacted with type V myosins, Myo2p, and
Myo4p in the two-hybrid system. Therefore, She4p interacts
with all of the yeast myosins. However, the degree of require-
ment of Shedp for their proper functioning varies between each
myosin. Because she4 and myo4 mutant share the she pheno-
type and Myodp is delocalized in the she4 mutant, Shedp is
most likely required for proper function of Myo4p. In contrast,
Shedp does not seem to be absolutely required for function of
Myo2p, because she4A cells show normal polarized localization
of Myo2p, and do not show any defects in polarized bud
growth, which is regulated by Myo2p (our unpublished data).
Similarly, she4A cells show normal bud-neck localization of
Myolp, and do not show any defects in cytokinesis, which is
regulated by Myolp (our unpublished data). There may be
another type of functionally redundant protein that interacts
with motor domain of Myo2p and Myolp in S. cerevisiae. Based
on the assumption that She4p functions as a molecular chap-
erone, another explanation is that Myo2p and Myolp may
have relatively high efficiency of self-folding.

Our results that She4p interacts with the motor domain of
Myo4p and is required for proper localization of Myo4p
strongly suggest that She4p also acts on Myo4p in a manner
similar to the action of She4p on Myo3p and Myobp. To
further substantiate this possibility, we constructed mutant
Myo4ps with N208I and K412M substitutions, which corre-
spond to N168I and K377M in Myo5p, respectively. How-
ever, neither MYO4(N208I) nor MYO4(K412M) suppressed
she phenotype of she4A cells (our unpublished data). This
result may suggest that She4p possesses another function in
polarized localization of ASHI mRNA, in addition to correct
folding or regulation of the motor domain of Myo4p. Inter-
estingly, overexpression of the C-terminal half (UCS do-
main) of She4p was sufficient for suppression of tempera-
ture-sensitive growth defect of she4A cells, but full-length
Shedp was required for suppression of she phenotype (our
unpublished data). The NH,-terminal half of She4p, which is
less conserved than C-terminal UCS domain among the UCS
proteins, may have this specific function in polarized local-
ization of ASHI mRNA.
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