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Specific changes in membrane lipid composition are implicated in actin cytoskeletal organization, vesicle formation, and
control of cell polarity. Cdc50p, a membrane protein in the endosomal/trans-Golgi network compartments, is a noncata-
lytic subunit of Drs2p, which is implicated in translocation of phospholipids across lipid bilayers. We found that the
cdc50A mutation is synthetically lethal with mutations affecting the late steps of ergosterol synthesis (erg2 to erg6). Defects
in cell polarity and actin organization were observed in the cdc50A erg3A mutant. In particular, actin patches, which are
normally found at cortical sites, were assembled intracellularly along with their assembly factors, including Las17p,
Abplp, and Sla2p. The exocytic SNARE Snclp, which is recycled by an endocytic route, was also intracellularly
accumulated, and inhibition of endocytic internalization suppressed the cytoplasmic accumulation of both Las17p and
Snclp. Simultaneous loss of both phospholipid asymmetry and sterol structural integrity could lead to accumulation of

endocytic intermediates capable of initiating assembly of actin patches in the cytoplasm.

INTRODUCTION

Reorganization of the actin cytoskeleton plays a fundamen-
tal role in a variety of cellular processes, including endocy-
tosis and polarized exocytosis. Regulation of actin organiza-
tion is not thoroughly understood, but specific changes in
lipid composition or the production and incorporation of
specific lipid species within membranes have been impli-
cated. As such, the role of one group of membrane phos-
pholipids, the phosphoinositides, has been investigated ex-
tensively (Janmey and Lindberg, 2004), though other types
of lipids may be equally important in this process.

The budding yeast Saccharomyces cerevisiae provides an
excellent model system to study the regulation of cell and
cytoskeletal polarity (Drubin and Nelson, 1996). During
budding, the emergence of cell surface extensions is pre-
ceded by the polarized organization of two actin filament-
containing structures, cortical actin patches and actin cables.
This polarized actin organization is triggered by the small
GTPase Cdc42p through its effectors, which include formin
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Bnilp, the PAK kinases Cladp and Ste20p, and the scaffold
proteins Bem1p and Gicl/2p (Pruyne and Bretscher, 2000b).
Cortical actin patches are small foci of actin filaments and
associated proteins, which cluster near regions of growth.
These structures are required for endocytic internalization
(Pruyne and Bretscher, 2000a; Engqvist-Goldstein and
Drubin, 2003). Among the proteins found in cortical patches
are cytoskeletal proteins, including the Arp2/3 complex, its
activators (e.g., Panlp, Abplp and Las17p) as well as endo-
cytic adaptors (Slalp and Sla2p; Pruyne and Bretscher,
2000a; Engqvist-Goldstein and Drubin, 2003). Actin cables,
which are bundles of actin filaments arising from discrete
regions of the plasma membrane coincident with growth
sites, serve as tracks for the transport of secretory vesicles by
a type V myosin Myo2p (Pruyne and Bretscher, 2000a).
Actin cables are assembled by the action of formins Bnilp
and Bnrlp, which are capable of polymerizing actin directly
(Evangelista et al., 2003).

Previously, we showed that Cdc50p, a conserved mem-
brane-spanning protein, is required for polarized growth
(Misu ef al., 2003). cdc50A mutant displays cold-sensitive cell
cycle arrest with small buds. Arrested cdc50A cells are large
and round, exhibiting depolarization of cortical actin
patches and defective formation of actin cables. Consistent
with these phenotypes, Bnilp and Giclp are mislocalized in
cdc50A mutant cells. Cdc50p localizes primarily to the trans-
Golgi network (TGN) and endosomal compartments, sug-
gesting that Cdc50p contributes to formation of cell polarity
through regulation of vesicular trafficking. More recently,
we showed that Cdc50p associates with Drs2p, a putative
phospholipid-translocating P-type ATPase, as a noncatalytic
B subunit, and that it is required for transport of Drs2p to the
TGN and endosomes (Saito et al., 2004).

© 2005 by The American Society for Cell Biology



Most cell types display an asymmetric distribution of
phospholipids across the plasma membrane. In general, the
aminophospholipids phosphatidylserine (PS) and phos-
phatidylethanolamine are enriched in the inner leaflet facing
the cytoplasm, whereas phosphatidylcholine, sphingomye-
lin, and glycolipids are predominantly found in the outer
leaflet. Lipid asymmetry is generated and maintained by
ATP-driven lipid transporters or translocases. A subfamily
of the P-type ATPases is implicated in translocation of amin-
ophospholipids from the external to the cytosolic leaflet
(Pomorski et al., 2004). Drs2p, one of five members of this
subfamily in budding yeast, is localized to the endosomal/
TGN compartments (Hua et al., 2002; Saito et al., 2004). Drs2p
on isolated Golgi membranes can transport a fluorescently
labeled analog of PS in an ATP-dependent manner (Natara-
jan et al., 2004), suggesting that Drs2p is at least in part
responsible for generation of phospholipid asymmetry in
these membranes. It was suggested that Cdc50p also regu-
lates the phospholipid asymmetry through the interaction
with Drs2p (Saito et al., 2004). The drs2A mutant exhibits
TGN defects comparable with those exhibited by strains
with clathrin mutations (Chen et al., 1999), supporting the
idea that the Cdc50p-Drs2p complex regulates polarized
organization of the actin cytoskeleton by modulating vesicle
trafficking.

In addition to the phospholipids, the other major mem-
brane components commonly found to be partitioned to the
plasma membrane are the sterols (Prinz, 2002). These mole-
cules, which are essential components of eukaryotic mem-
branes, are enriched in the shmoo tips of pheromone-in-
duced budding yeast cells (Bagnat and Simons, 2002) and
the leading edge of hyphal growth in Candida albicans (Mar-
tin and Konopka, 2004). However, it is unknown what, if
any, role is played by the sterols in the organization of the
actin cytoskeleton. Ergosterol, the major sterol in yeast, is
essential for cell viability, but mutants in the last five steps of
ergosterol biosynthesis (erg2 to erg6) grow normally. This is
the result of accumulation of a distinct set of sterols separate
from ergosterol that are able to substitute for the essential
activity of ergosterol. The viability of these mutants enables
us to analyze whether ergosterol is specifically required for
particular cellular processes. For example, combinations of
erg mutations result in defects in endocytic vesicle transport
(Heese-Peck ef al., 2002), although no defects in the organi-
zation of cortical actin patches were observed.

It is presumed that different lipid species are specifically
organized in the membrane bilayer to perform or support a
variety of cellular functions. In this study, we searched for
genes that functionally interact with CDC50 by synthetic-
lethal screening and have identified erg3 as an interacting
partner. Interestingly, in the cdc50A erg3A mutant, actin
patches were observed to assemble within the cytoplasmic
space in addition to cortical sites. These intracellular actin
patches seemed to be assembled on accumulated endocytic
membranes. We propose that the lipid environment may be
an important determinant of the sites onto which actin
patches are assembled.

MATERIALS AND METHODS
Media and Genetic Methods

Strains were cultivated in YPDAW-rich medium (1% yeast extract [Difco
Laboratories, Detroit, MI], 2% bacto-peptone [Difco], 2% glucose, 200 ug/ml
tryptophan, and 0.01% adenine). Strains carrying plasmids were selected in
synthetic medium (SD) containing the required nutritional supplements (Rose
et al., 1990). When indicated, 0.5% casamino acids and 200 pg/ml tryptophan
were added to SD medium with (SDAW) or without 20 ug/ml uracil (SDAW-
Ura). For induction of the GALI promoter, 3% galactose and 0.2% sucrose
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were used as carbon sources instead of glucose (YPGAW and SGAW-Ura). In
synthetic lethal screening, SDA containing 0.1% 5-fluoroorotic acid (5-FOA;
Wako Pure Chemicals, Osaka, Japan; SDA + 5-FOA) and YPD-rich medium
(1% yeast extract, 2% bacto-peptone, and 2% glucose) were used to counter-
select for the presence of URA3-containing plasmids, and for the colony
sectoring assay, respectively. Standard genetic manipulations of yeast were
performed as described previously (Guthrie and Fink, 1991). Escherichia coli
strains DH5« and XL1-Blue were used for construction and amplification of
plasmids. The lithium acetate method was used for introduction of plasmids
into yeast cells (Elble, 1992; Gietz and Woods, 2002).

Strains and Plasmids

Yeast strains used in this study are listed in Table 1. Yeast strains carrying
complete gene deletions (lem3A, cdc50A, drs2A, and erg3A), GAL1 promoter-
inducible three tandem repeats of the influenza virus hemagglutinin epitope
(3HA)-tagged CDC50, enhanced green fluorescent protein (EGFP)-tagged
genes (ABP1, PAN1, SLA2, LAS17, MYO5, BNI1, and GICT), and monomeric
red fluorescent protein 1 (mRFP1)-tagged ABP1 were constructed by PCR-
based procedures as described (Longtine et al., 1998; Goldstein et al., 1999;
Saito et al., 2004). The erg3, erg4, and erg6 disruption mutants were constructed
as follows. Regions containing the disruption marker and the flanking se-
quences were PCR-amplified using genomic DNA derived from either the
erg3A:KanMX6, erg4A::KanMX6, or erg6A:KanMX6 strain (a gift from C.
Boone, University of Toronto) as a template. The amplified DNA fragment
was then introduced into the appropriate strain. All constructs produced by
the PCR-based procedure were verified by colony-PCR amplification to con-
firm the replacement occurred at the expected locus. The myo3A myo5-1
mutant was constructed in the BY4743 background as previously described
(Toi et al., 2003). The erg2A, ergbA, vps5A, vps17A, vps26A, vps29A, vps51A,
vps52A, vps54A, ypt6A, and rcylA deletion mutants (selectable marker;
KanMX6) were gifts from C. Boone. The cdc42-1, bnil-116-EGFP bnrlA, arp2-1,
las17-11, sec2-56, sec4-2, and Icb1-100 mutants were constructed by three-times
backcrosses to BY4743 background strains, whereas the tpm1-2 tpm2A mutant
was constructed by three-times backcrosses to YEF473 background strains.

The plasmids used in this study are listed in Table 2. Schemes detailing the
construction of plasmids are available on request.

Gas Chromatography Mass Spectrometry

Total sterols were isolated as previously described (Munn et al., 1999). Cho-
lesterol, as an internal control, was added to total isolated sterols, which were
then dried under continuous nitrogen gas and stored at -20°C. Before subjec-
tion to gas chromatography-mass spectrometry (GC-MS), dried sterols equiv-
alent to the amount isolated from 1 X 10° cells were dissolved in N,O-
bis(trimethylsilyl)acetoamide (Wako Pure Chemicals) and reacted at 60°C for
30 min. GC-MS was performed on a QP-5000 Gas Chromatograph-Mass
Spectrometer system (Shimadzu, Kyoto, Japan) with the following tempera-
ture program: column temperature, 1 min at 150°C, 40°C/min to 295°C, and
20 min at 295°C; injector temperature, 250°C; detector temperature, 310°C.

Isolation of Detergent-insoluble Membrane Fractions

Isolation of detergent-insoluble membrane fractions was performed as de-
scribed previously using an OptimaTLX with TLA120.2 rotor (Beckman In-
struments, Palo Alto, CA) for ultracentrifugation (Bagnat et al., 2000). Pmalp
was detected by Western blotting with an anti-Pmalp antibody (a gift from
Ramon Serrano).

Isolation of cdc50A Synthetic Lethal Mutants

Mutants that are synthetically lethal with cdc50A were screened by the colony-
sectoring assay (Koshland ef al., 1985). Cultures of KKT31 (MATa cdc50A
ade2A ade3A) harboring pYSLU1(ADE3, URA3)-CDC50 were mutagenized
with ethyl methanesulfonate at a dose resulting in ~30% viability and then
plated on YPD plates at a density of ~200 colonies per plate. After 5 d of
growth at 30°C, solid red colonies lacking white sectors were selected for
further analyses. From ~22,000 colonies, 444 clones displayed the desired
nonsectoring phenotype. Of these 444 clones, 111 clones failed to grow on
SDA + 5-FOA plates. The dependence of the nonsectoring and 5-FOA-
sensitive phenotypes on the cdc50A mutation was tested by transformation
with either YCplac111-CDC50 or YCplac111. Sixty-three clones were scored as
CDC50-dependent. One and 6 clones displayed dependency on LEM3 or
DNF1, confirmed by introduction of pRS315-LEM3 or YCplac111-DNF1, re-
spectively. The remaining mutants were crossed with KKT32 (MATa cdc50A
ade2A ade3A), and the resulting diploids were subjected to tetrad analysis. Five
clones showed 2:2 segregation for the sectoring phenotype, indicating that
their synthetic lethalities with cdc50 mutation were caused by a single muta-
tion. For four of these clones, the candidate genes were cloned by comple-
mentation of the 5-FOA-sensitive growth phenotype of the corresponding
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Table 1. S. cerevisiae strains used in this study

Strain® Genotype Reference or source
ABY944 MATa lys2-801 ura3-52 his3A-200 trpl-1 leu2-3,112 tpm1-2::LEU2 tpm2A::HIS3 Pruyne et al. (1998)
ANS2-3A MATa sec2-56 ura3-52 leu2-3,112 his3/4 A gift from A. Nakano
ANS4-8A MATa sec4—2 ura3-52 leu2-3,112 his3/4 A gift from A. Nakano
DDY1960 MATa lys2-801 ura3-52 his3A-200 leu2-3,112 ade2-101 las17-11::LEU2 A gift from D. Drubin
DDYO0546 MATa lys2-801 ura3-52 his3A-200 trp1A-63 leu2A-1 sla2-A1::UIRA3 A gift from D. Drubin
DJYD2-16D MATa gal2 ura3 his4 trpl leu2 cdc42-1 Johnson and Pringle (1990)
RH2607 MATa his3 his4 leu2 bar1 Icb1-100 A gift from H. Riezman
YMW211U MATa lys2-801 ura3-52 his3A-200 trp1-A63 leu2-1 ade2-101 arp2-1::UIRA3 Madania et al. (1999)
Y3656 MATa lys2A0 ura3A0 his3A1 leu2A0 met15A0 canlA:MFA1pr-HIS3-MFalpr-LEU2 A gift from C. Boone
YEF473 MATa/a lys2-801/lys2-801 ura3-52/ura3-52 his3A-200/his3A-200 trpl1A-63/trpl1A-63 leu2A-1/leu2A-1 Longtine et al. (1998)
BY4743 MATa/oc LYS2/lys2A0 ura3A0/ura3A0 his3A1/his3A1 leu2A0/leu2 A0 met15A0/MET15 Brachmann CB ef al. (1998)
KKT2 MATa lys2A0 ura3A0 his3A1 leu2A0 met15A0 This study

KKT7 MATo HphMX4::P, 5, -3HA-CDC50 can1A::MFA1pr-HIS3-MFalpr-LEU2 This study

KKT9 MATa cdc50A::HphMX4 This study

KKT12 MATa erg3A::KanMX6 This study

KKT16 MATa HphMX4::P 4, -3HA-CDC50 erg3A::KanMX6 This study

KKT31 MATa cdc50A::HphMX4 ade2 A::HphMX4 ade3A::KanMX6 This study

KKT32 MATa cdc50A::HphMX4 ade2A::HphMX4 ade3A::KanMX6 This study

KKT40 MATa drs2A::KanMX6 This study

KKT66 MATa« BNI1-EGFP::HIS3MX6 This study

KKT67 MATo HphMX4::P 5, -3HA-CDC50 BNI1-EGFP::HIS3MX6 This study

KKT68 MATa erg3A::KanMX6 BNI1-EGFP::HIS3MX6 This study

KKT69 MATa HphMX4::P ,, ;-3HA-CDC50 erg3A::KanMX6 BNI1-EGFP::HIS3MX6 This study

KKT90 MATa HphMX4::P 4, ,-3HA-CDC50 erg3A::KanMX6 MYO5-EGFP::HIS3MX6 This study

KKT108 MATa LAS17-EGFP::HIS3MX6 This study

KKT109 MATa HphMX4::P 4, ,-3HA-CDC50 LAS17-EGFP::HIS3MX6 This study

KKT110 MATo erg3A::KanMX6 LAS17-EGFP::HIS3MX6 This study

KKT111 MATa HphMX4::Pg ,, ;-3HA-CDC50 erg3A::KanMX6 LAS17-EGFP::HIS3MX6 This study

KKT121 MATa GIC1-EGFP::HIS3MX6 This study

KKT122 MATa HphMX4::P 4, ,-3HA-CDC50 GIC1-EGFP::HIS3MX6 This study

KKT123 MATo erg3A::KanMX6 GIC1-EGFP::HIS3MX6 This study

KKT124 MATa HphMX4::P 4, ,-3HA-CDC50 erg3A::KanMX6 GIC1-EGFP::HIS3MX6 This study

KKT141 MATa lem3A::HphMX4 This study

KKT158 MATa HphMX4::Pg 5, ;-3HA-CDC50 erg3A::KanMX6 ABP1-EGFP::HIS3MX6 This study

KKT163 MATo HphMX4::P 5, ,-3HA-CDC50 erg3A::KanMX6 PAN1-EGFP::HIS3MX6 This study

KKT190 MATa drs2A::HIS3MX6 This study

KKT202 MATa HphMX4::P 4, ;-3HA-CDC50 erg3A::KanMX6 cdc42-1 This study

KKT206 MATa HphMX4::Pg ,, ;-3HA-CDC50 erg3A::KanMX6 las17-11::LEU2 This study

KKT210 MATa HphMX4::P ,, ;-3HA-CDC50 erg3A::KanMX6 arp2-1::UIRA3 This study

KKT219 MATa HphMX4::Pg 5, ;-3HA-CDC50 erg3A::KanMX6 SLA2-EGFP::HIS3MX6 This study

KKT223 MATa CalURA3::P,, ,-3HA-CDC50 erg3A::KILEU2 bnil-116-EGFP:KanMX6 bnrlA::HphMX4 This study

KKT229 MATa MYO5-EGFP::KanMX6 ABP1-mRFP1::HIS3MX6 This study

KKT232 MATa CaURA3:P 4, ,-3HA-CDC50 erg3A:KILEU2 MYO5-EGFP::KanMX6 ABP1-mRFP1::HIS3MX6 This study

KKT234 MATa LAS17-EGFP::KanMX6 ABP1-mRFP1::HIS3MX6 This study

KKT237 MATa CalIRA3::P 4, ,-3HA-CDC50 erg3A::KILEU2 LAS17-EGFP::KanMX6 ABP1-mRFP1::HIS3MX6 This study

KKT246 MATa myo3A::HIS3BMX6 myo5-1::KanMX6 This study

KKT247 MATa cdc50A::HphMX4 ade2 A::HphMX4 ade3A::KanMX6 erg3 p[CDC50, URA3, ADE3] This study

KKT248 MATa Icb1-100 This study

KKT251 MATa erg3A:KILEU2 This study

KKT252 MATa erg4A::KanMX6 This study

KKT254 MATa sec2-56 This study

KKT256 MATa sec4-2 This study

YKT477° MATa lys2-801 ura3-52 his3A-200 trp1A-63 leu2A-1 tpm1-2::LEU2 tpm2A::HIS3 This study

YKT532° MATa lys2-801 ura3-52 his3A-200 trp1A-63 leu2A-1 bnil-116-EGFP::KanMX6 bnr1A::hphMX4 Kadota et al. (2004)

2 KKT strains are isogenic derivatives of BY4743. For KKT strains, only relevant genotypes are described.
P YKT477 and 532 strains are isogenic derivatives of YEF473.

mutant, using a YCp50-LEU2-based genomic library, and subcloning analysis
was performed by standard methods.

FM4-64 Labeling

Staining with the lipophilic styryl dye FM4-64 was performed as described
previously with minor modifications (Misu et al., 2003). Cells were grown to
late logarithmic phase in YPDAW for 12 h at 30°C. Four ODg units of cells
were labeled with 32 uM of FM4-64 (Molecular Probes, Eugene, OR) on ice for
30 min. Cells were then washed once with ice-cold YPDAW. Internalization of
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FM4-64 was initiated by addition of prewarmed YPDAW and the cells were
then chased at 30°C for 1 h. Vacuoles were also visualized by growing cells in
the presence of FM4-64 as previously described (Seeley et al., 2002).

Microscopic Observations

For observation of EGFP or mRFP1 fusion proteins in living cells, cells were
grown in SDA medium at 30°C for the indicated time to an early-log phase,
harvested, mounted on microslide glass, and immediately observed. When
the effect of latrunculin-A (LAT-A, Wako Pure Chemicals) was examined,
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Table 2. Plasmids used in this study

Plasmid

Characteristics

Reference or source

pKT1262 [YCplac111-CDC50]
pKT1339 [pRS315-LEM3]
YCplacl11
YCplac111-DNF1
pRS416-GFP-SNC1
pRS416-mRFP1-SNC1
PpRS316-EGFP-CDC42
pYSLU1-CDC50

PAG60

pUG73

pRS315

pRS315-ERG3

CDC50 LEU2 CEN

LEM3 LEU2 CEN

LEU2 CEN

DNF1 LEU2 CEN
GFP-SNC1 URA3 CEN
mRFP1-SNC1 URA3 CEN
EGFP-CDC42 URA3 CEN
CDC50 URA3 ADE3 CEN
CalURA3MX3
KILEU2MX3

LEU2 CEN

ERG3 LEU2 CEN

Misu et al. (2003)

This study

Gietz and Sugino (1988)
This study

Lewis ef al. (2000)

This study

A gift from Y. Takai
This study

Goldstein et al. (1999)
Gueldener et al. (2002)
Sikorsiki and Hieter (1989)
This study

cells were treated with 100 uM LAT-A by the addition of a 20 mM stock in
dimethyl sulfoxide (DMSO) to the medium as described (Ayscough et al.,
1997). To observe filamentous actin, cells were cultured to early-midlog
phase, fixed in 3.8% formaldehyde, and stained with tetramethylrhodamine B
isothiocyanate (TRITC)-phalloidin (Sigma Chemical, St. Louis, MO) as de-
scribed (Mochida ef al., 2002). Sterols and lipid particles were stained with
filipin (Sigma; Beh and Rine, 2004) and Nile red (Sigma; Verstrepen ef al.,
2004), respectively. For quantification of actin patch distribution, cells were
scored as having depolarized actin patches if mother cells possessed =10
patches in small-budded cell population or as having actin patches in the
cytoplasmic space if there were =5 patches that were more than 0.5 um away
from the plasma membrane of the mother cells. Cells were usually observed
under Nikon ECRIPS E800 microscope (Nikon Instec, Tokyo, Japan), which
was used as described (Saito ef al., 2004). Confocal microscopic observation
was performed with FV500 laser scanning confocal microscope equipped
with Ar and He/Ne lasers and a 100X /1.35 NA plan apo lens (Olympus,
Tokyo, Japan), which was operated with Fluoview software (Olympus). For
each field, a z-series of 0.4-um slices was scanned and exported as 24-bit TIFF
files.

Electron Microscopy

Samples for transmission electron microscopy were prepared as previously
described (Kaiser and Schekman, 1990). Thin sections were stained with

A

zymosterol
ERG6 |
fecosterol
ERG2 |
episterol
Figure 1. Mutations in ERG genes are syn- ERG3
thetically lethal with cdc50A mutation. (A) ergosta-5,7,24(28)-trienol
The late steps of the ergosterol biosynthetic ERGS5
pathway. (B) Synthetic lethality between
cdc50A and erg3. cdc50A erg3 mutant harbor- ERG4

ing pYSLU1-CDC50 (KKT247) was trans-
formed with YCplacl11 (vector), YCplacll1-
CDC50 (pCDC50), or pRS315-ERG3 (pERG3).
Transformants were streaked onto an SDA +
5-FOA plate and grown at 30°C for 2 d. (C)
Genetic interactions between the cdc50A and
ergA mutations. Diploid cells with the indi-
cated genotype were sporulated, dissected,
grown at 30°C for 2 d, and photographed.
Colonies were replica plated onto selective
media to determine the segregation of the
marked mutant alleles. Tetrad genotypes (TT,
tetratype; PD, parental ditype; and NPD;
nonparental ditype) are indicated, and the
identities of the double mutant segregants are
shown in parentheses. (D) Genetic interac-
tions between the erg3A and the drs2A, or
lem3A mutations. Tetrad analysis was per-
formed as in C.
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ergosta-5,7,22,24(28)-tetraenol a b cod

ergosterol

vector pCDC50

uranyl acetate and lead citrate, followed by observation at 75 kV using an
H-7100 electron microscope (Hitachi, Tokyo, Japan).

RESULTS

Structural Integrity of Ergosterol Is Required for Viability
in the Absence of the Cdc50p-Drs2p Complex

The cdc50A mutant does not grow at 18°C, but grows at a
normal rate at 30°C (Misu et al., 2003). To isolate genes
involved in the function of CDC50, we searched for muta-
tions that display synthetic lethality with cdc50A mutation at
30°C. By this method, we isolated new alleles of four genes,
erg3 (Figure 1B), rgpl, vpsl, and srv2. A complex of Rgplp
and Riclp stimulates nucleotide exchange of the Ypt6p small
GTPase to promote fusion of recycling endocytic vesicles
with late Golgi membranes (Siniossoglou et al., 2000). The
cdc50A mutation exhibited synthetic lethality with ricIA and
a temperature-sensitive ypt6 mutation as well as rgpl (our
unpublished results), consistent with involvement of

C

cde500/CDC50
ERG2/erg2a

cde500/CDC50
ERG3/erg3n
TT(b TT(a)
T NPD(a,b)

cdeS50A/CDCS50
ERG4/ergda

TT(c TT(e)
TT(d TT(e)
TT(a)

cde504/CDC50
ERGS/erg5a

cdeS0A/CDCS50
ERG6/erg6a
TT(a
P

TT(b
TT(b,

drs2p/DRS52

lem3A/LEM3

ERG3/erg3a ERG3/erg3a
P TT(a
TT(d TT(a
TT(a TT{c)|
TT(d TT(b
NPD(c, d TT{b
a b cd
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GALT
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erg3a
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wild-typel P, -CDC50
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wild-type
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Figure 2. Effect of Cdc50p depletion in the er¢g3A mutant on sterol
composition and detergent insolubility of Pmalp. (A) Construction
of a conditional cdc50 erg3A mutant. Wild-type (KKT2), Pg,;;-3HA-
CDC50 (KKT7), erg3A (KKT12), and Pgu;,-3HA-CDC50 erg3A
(KKT16) strains were streaked onto the plates containing glucose
(YPDAW) or galactose (YPGAW) and cultured at 30°C for 2 d. (B)
Gas chromatograph of total sterols. Total sterols were isolated from
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Cdc50p and Drs2p in endocytic recycling (Hua et al., 2002;
Saito et al., 2004). Srv2p is also involved in endocytosis as a
component of cortical actin patches (Wesp et al., 1997).
Vpslp, a dynamin in yeast, has been implicated in clathrin-
dependent protein transport at the TGN (Bensen et al., 2000;
Gurunathan et al., 2002). Thus, the genetic interaction be-
tween cdc50A and vpsl1 is consistent with a suggested role of
Drs2p in the formation of clathrin-coated vesicles (Chen et
al., 1999).

Erg3p is a sterol C-5 desaturase, which catalyzes a late
step in the ergosterol biosynthetic pathway. The observed
synthetic lethality with erg3 thus suggests a functional rela-
tionship between phospholipid asymmetry and ergosterol.
We decided to investigate the physiological significance of
this synthetic lethality. We crossed cdc50A mutant to mu-
tants deficient in the late steps of the ergosterol biosynthetic
pathway (Figure 1A), followed by tetrad analysis. The
cdc50A mutation exhibited synthetic lethality with erg6A,
erg2A, erg3A, and ergbA mutations, but not with the erg4A
mutation, a defect in the terminal step of ergosterol synthe-
sis (Figure 1C). Cdc50p and its homolog, Lem3p, associate
with the aminophospholipid translocases Drs2p and Dnflp,
respectively (Saito et al., 2004). The Cdc50p-Drs2p and
Lem3p-Dnflp complexes are functionally redundant, be-
cause only simultaneous loss of function of both complexes
results in a synthetic growth defect. The drs2A mutation also
exhibited synthetic lethality with erg3A (Figure 1D), erg2A,
ergbA, and erg6A mutations (our unpublished data). How-
ever, we did not detect any synthetic growth defect between
lem3A and these ergA mutations (Figure 1D and our unpub-
lished data). These genetic interactions indicate that the
complete ergosterol synthetic pathway is required for cell
viability when the Cdc50p-Drs2p putative phospholipid
translocase is disrupted.

Cdc50p Depletion in the erg3A Mutant Does Not Affect
Sterol Composition

To perform phenotypic analysis of the cdc50A erg3 mutant, a
conditional mutant of CDC50 was constructed. We chose to
express CDC50 under the control of the glucose-repressible
GAL1 promoter rather than construct a temperature-sensi-
tive mutant, because the cdc50A erg3A double mutant was
capable of low-level growth at 37°C (our unpublished data).
As shown in Figure 2A, the P, ,-3HA-CDC50 erg3A mutant
grew normally in galactose-containing medium, but did not
grow at all in glucose-containing medium. Because complete
growth arrest required incubation for at least 9 h in glucose-
containing medium (our unpublished data), phenotypes of
the P 4, ,-3HA-CDC50 erg3A mutant (hereafter referred to as

the strains used in A after 9 h of growth in YPDAW at 30°C. Peaks
indicated by closed and open triangles represent the background of
GC and cholesterol coinjected as a standard, respectively. An arrow
indicates the retention time for ergosterol. (C) Association of Pmalp
with the detergent insoluble fractions in the Pg,;,-3HA-CDC50
erg3A mutant. Each strain was grown in YPDAW for 9 h at 30°C and
detergent-insoluble membrane fractions were isolated. Fractions
were collected from the top of the Opti-prep density gradient,
followed by the Western blot analysis with the anti-Pmalp antibody
(fraction 1, top; fraction 6, bottom in tubes). A solid bar indicates
detergent insoluble membrane fractions. TL, total lysate. (D) The
cdc50A mutation does not exacerbate the slow growth phenotype of
the Icb1-100 mutant. Tetra type tetrads from a diploid cell heterozy-
gous for Ich1-100 and cdc50A were grown at 30°C. After streaking,
YPDAW plates were incubated at 30°C for 2 d. The result shown is
a representative of four independent tetrads.
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Figure 3. Depletion of Cdc50p causes the depolarization of actin cytoskeleton in erg3A mutant. (A) F-actin distribution in Cdc50p-depleted
erg3A mutant cells. Strains described in Figure 2A were cultured for the indicated time in YPDAW at 30°C. Cells were fixed, stained with
TRITC-phalloidin, and visualized by differential interference contrast (DIC) and epifluorescence. Numbers indicate the percentage of
small-budded cells exhibiting the depolarization of actin patches. Bar, 5 um. (B) Localization of Bnilp-EGFP, Giclp-EGFP, and EGFP-Cdc42p
in Cdc50p-depleted erg3A mutant cells. Cells were grown in YPDAW medium at 30°C for 12 h. Small-budded cells were scored as having
polarized Bnilp-EGFP, Giclp-EGFP, and EGFP-Cdc42p if they were polarized to bud tip in small-budded cells. Numbers indicate the
percentage of small-budded cells exhibiting the normal polarization of these proteins. The strains used were as follows: Bnilp-EGFP-
expressing strains; KKT66 (wild-type), KKT67 (Pga;;-3HA-CDC50), KKT68 (erg3A), and KKT69 (Pg4;,-3HA-CDC50 erg3A). Giclp-EGFP-
expressing strains; KKT121 (wild-type), KKT122 (P4, ;-3HA-CDC50), KKT123 (erg3A), and KKT124 (P4, 4-3HA-CDC50 erg3A). For expres-
sion of EGFP-Cdc42p, each strain used in Figure 2A was transformed with pRS316-EGFP-CDC42. Bar, 5 um.
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Figure 4. Depletion of Cdc50p results in cytoplasmic assembly of actin patches in the er¢g3A mutant. (A) Confocal microscopic observation
of actin patch localization. The strain KKT16 (P, ;-3HA-CDC50 erg3A) was cultured in YPDAW at 30°C for 12 h. The strains YKT477 (tpm1-2
tpm2A), KKT246 (myo3A myo5-1), and DDY546 (sla2A) were cultured in YPDAW at 25°C for 3 h, followed by incubation at 37°C for 2 h. Five
consecutive z-focal planes (400 nm for each section) traversing a plane with a maximal diameter are shown. Bar, 5 um. (B) Distribution of
cytoplasmic actin patches. The cellular region was divided into 10 subregions in a concentric manner with an even interval from the cell
center, and the relative distance from the center of the mother cell was measured for each actin patch in the KKT16 (P ;,;;-3HA-CDC50 erg3A,
n = 265 patches from 32 cells) and DDY546 (sla2A, n = 200 patches from 28 cells) strains, which were cultured as in A. The relative number

of actin patches per unit area is presented.

the cdc50A erg3A mutant) were analyzed after 9-12 h incu-
bation.

Mutants in late steps of ergosterol synthesis accumulate a
variety of sterol derivatives rather than only one ergosterol
precursor (Munn et al., 1999; Heese-Peck et al., 2002). When
analyzed by GC-MS, the peak pattern and mass spectrum of
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each peak from the cdc50A erg3A mutant were nearly iden-
tical to those from the erg3A mutant. This was also the case
when the cdc50A mutant was compared with the wild-type
strain (Figure 2B and our unpublished data). These results
suggest that loss of Cdc50p and hence Drs2p does not affect
the total sterol composition of the cells. We concluded that
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Figure 5. The cdc50A erg3A mutant displays cytoplasmic mislocalization of actin patch components. (A) Localization of Las17p-EGFP
patches in the cdc50A erg3A mutant. The Las17p-EGFP-expressing strains examined were KKT108 (wild-type), KKT109 (P 4;,-3HA-CDC50),
KKT110 (erg3A), and KKT111 (Pg,;;,-3HA-CDC50 erg3A). Cells were cultured in SDAW at 30°C for 12 h, followed by confocal microscopic
observation. Central focal plane images are shown. (B) Localization of other actin patch components in the cdc50A erg3A mutant. The strains
examined were Pg,;,-3HA-CDC50 erg3A mutant expressing Abplp-EGFP (KKT158), Myo5p-EGFP (KKT90), Panlp-EGFP (KKT163), or
Sla2p-EGFP (KKT219). Cells were cultured and images were acquired as in A. (C) Colocalization of Abplp-mRFP1 with Las17p-EGFP and
Myo5p-EGFP in the cdc50A erg3A mutant. The strains examined were KKT234 (wild-type) and KKT237 (P4, ,-3HA-CDC50 erg3A) expressing
both Las17p-EGFP and Abplp-mRFP1, and KKT229 (wild-type) and KKT232 (P4, ,-3HA-CDC50 erg3A) expressing both Myo5p-EGFP and
Abplp-mRFP1. Cells were cultured and images were acquired as in A. Bars, 5 um.
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Figure 6. Cytoplasmic assembly of actin patches in the cdc50A erg3A mutant is dependent on endocytosis. (A) The effect of mutations in
actin-related genes on the localization of actin patches in the cdc50A erg3A mutant. cdc50A erg3A mutants carrying an additional mutation,
cdc42-1 (KKT202), bnil-116-EGFP bnr1A (KKT223), arp2-1 (KKT210), or las17-11 (KKT206) were cultured in YPDAW at 30°C for 8 h, followed
by an additional 2 h culture at 37°C. TRITC-phalloidin staining was performed as described in Figure 3A. Five z-focal planes obtained by
confocal microscopic observation are shown. Bar, 5 um. (B) Effects of LAT-A on the localization of actin patch components in the cdc50A erg3A
mutant. The strain KKT237 (P, ;-3HA-CDC50 erg3A) doubly expressing Abplp-mRFP1 and Las17p-EGFP was cultured in SDAW at 30°C
for 8 h, followed by an additional 1-h culture in the presence (LAT-A) or absence (DMSO) of 100 uM LAT-A. Central confocal images are

shown. Bar, 5 um.

the synthetic lethality of the cdc50A erg3A mutant is not the
result of drastic changes in sterol composition.

Sterol- and sphingolipid-rich detergent-resistant mem-
brane domains (so-called lipid rafts) are implicated in di-
verse cellular processes including polarized traffic, signal
transduction, and endo- and exocytosis (Lucero and Rob-
bins, 2004). In budding yeast, several proteins including the
plasma membrane [H*]ATPase Pmalp have been shown to
be associated with detergent insoluble fractions, and their
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association requires the presence of sterols (Bagnat et al.,
2000). Thus, we examined the detergent insolubility of a
commonly used marker Pmalp in wild-type, cdc50A, erg3A,
and cdc50A erg3A strains. As shown in Figure 2C, the deter-
gent insolubility of Pmalp was not significantly affected by
the cdc50A, erg3A, or cdc50A erg3A mutation, suggesting that
the lethality of the cdc50A erg3A mutant may not be attrib-
uted to defects in association of Pmalp with the detergent
insoluble fractions. We further examined whether cdc50A

Molecular Biology of the Cell
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Figure 7. Defective endocytic recycling in the cdc50A erg3A mutant. (A) Endocytic internalization and recycling in the cdc50A erg3A
mutant. Internalization and delivery of FM4-64 to the vacuole was performed as described in Materials and Methods. Strains used in
Figure 2A were cultured in YPDAW at 30°C for 12 h. To examine localization of GFP-Snclp, each strain was transformed with
pRS416-GFP-SNC1, and cells were cultured in SDAW-Ura at 30°C for 9 h. (B) GFP-Snclp is not mislocalized to fragmented vacuoles.
The strain KKT16 (Pg4;;-3HA-CDC50 erg3A) carrying pRS416-GFP-SNC1 was cultured in SDAW-Ura containing FM4-64 for vacuole
staining at 30°C for 12 h. Images are central focal planes. (C) GFP-Snclp accumulated in the cdc50A erg3A mutant is derived from
endocytosis. The strain used in B was cultured in SDAW-Ura at 30°C for 8 h, followed by an additional 1-h culture in the presence

(LAT-A) or absence (DMSO) of 100 uM LAT-A. Bars, 5 um.

mutation genetically interacted with a mutation in the es-
sential gene LCBI, which encodes serine palmitoyltrans-
ferase. Lcb1p, which catalyzes the first step in ceramide and
sphingolipids syntheses, is also required for association of
Pmalp with detergent-insoluble fractions (Bagnat ef al.,
2000). However, the cdc50A mutation did not exacerbate the
slow growth phenotype of the Icb1-100 mutant (Figure 2D).

The cdc50A erg3A Mutant Intracellularly Assembles
Cortical Actin Patches

We examined the morphological phenotype of the cdc50A
erg3A mutant at 30°C, a temperature at which the cdc50A
single mutant shows normal spherical morphology with
polarized organization of the actin cytoskeleton. When
CDC50 expression was repressed, the cdc50A erg3A mutant
exhibited large and round cell morphology, with the high-
frequency appearance of small buds (48%, n = 388; Figure
3A), a phenotype similar to that of cdc50A cells arrested at
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Table 3. Synthetic lethal interactions between erg3A and mutations
that impair membrane traffic

Functions Mutation

Viable
Retrograde transport from
late endosomes
Endocytic internalization
Late stages of exocytosis
Inviable
Endocytic recycling

vpsbA, vps17A, vps26A, vps29A

las17-11, arp2-1
sec2-56, sec4-2

ups51A, vps52A, vps54A,
yptoA, reylA

Viability of the double mutant was inferred from the growth phe-
notype of the tetrad segregants.
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Figure 8. Assembly of actin patches on the internal membranes containing unrecycled Snclp. (A) Localization of Abplp-EGFP and
mRFP1-Snclp in the cdc50A erg3A mutant. The strain KKT158 (P4, ,-3HA-CDC50 erg3A ABP1-EGFP) harboring pRS416-mRFP1-SNC1 was
cultured in SDAW-Ura at 30°C for 12 h, followed by confocal microscopic observation. To distinguish between Abp1p-EGFP patches that
appear to function in the normal endocytic pathway and those assembled intracellularly, the cell periphery and a position 500 nm distant
from the plasma membrane are indicated with solid and broken lines, respectively (see text). Images are central focal planes. Bar, 5 um. (B)
The proportion of intracellular Abplp-EGFP patches that showed colocalization with Snclp structures. Intracellular actin patches (218
patches from 25 cells) were categorized according to their colocalization patterns with mRFP1-Snclp. (C) Serial sections of an Abp1p-EGFP
patch that was not colocalized with the Snclp structure in one focal plane. Lower images represent four consecutive z-focal planes of an
Abplp-EGEFP patch that did not show colocalization with mRFP1-Snclp in a central focal plane (a square of the top merged image and the
left most image of bottom images). These images were acquired in 2 s during which significant movement of actin patches was not observed.
Representative images of 30 individual actin patches examined are shown. Cortical actin patches are distinguished as in A. Bars in top and
bottom images are 5 um and 100 nm, respectively.

@ Abp1p patch

18°C (Misu et al., 2003). In addition, the cdc50A erg3A
mutant exhibited depolarization of the actin cytoskeleton.
In these cells, actin cables were visible in only 6% of the
observed cells (n = 158), and cortical patches were found
to be evenly distributed throughout the mother cell in
53% (n = 199) of the small-budded cells (Figure 3A). We
also examined the localization of the polarity regulator
Cdc42p and its effectors, Bnilp and Giclp, in the cdc50A
erg3A mutant. Both Bnilp-EGFP and Giclp-EGFP were
mislocalized beneath the plasma membrane in small-bud-
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ded cdc50A erg3A mutant mother cells (Figure 3B). EGFP-
Cdc42p was not properly localized to the bud tip and
instead accumulated in intracellular membranous struc-
tures in small-budded cdc50A erg3A cells (Figure 3B).
These results suggest that loss of both the Cdc50p-Drs2p
putative phospholipid translocase and the integrity of the
ergosterol biosynthesis pathway results in depolarized
cell growth, probably because of defects in polarized or-
ganization of the actin cytoskeleton resulting from mislo-
calization of Cdc42p and its effectors.

Molecular Biology of the Cell
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Figure 9. Electron microscopic observation of the cdc50A erg3A mutant cell. Wild-type (KKT2, A), erg3A (KKT12, B), Pga;,-3HA-CDC50
(KKT?, C), and P4y ;-3HA-CDC50 erg3A (KKT16, D) cells were cultured in YPDAW at 30°C for 9 h. The cells were fixed with glutaraldehyde
and potassium permanganate, followed by an electron microscopic observation. An arrowhead and an arrow indicate representative
double-membrane structures with ring and crescent-shaped morphology, respectively. Bar, 1 um. (E) Quantitation of abnormal and large
(>200 nm in diameter) double membranous structures. Bars represent the number of those structures per 10 um?. Thirty cell sections were

examined for each strain.

In the cdc50A erg3A mutant, we observed depolarized
filamentous actin patches not only at the cortical region but
also in the cytoplasmic space (Figure 4A). After 12 h of
growth in glucose medium, 44% of the actin patches in
mutant mother cells (n = 265 patches from 32 cells) were
present in the cytoplasmic space. These intracellular actin
patches were randomly distributed in terms of distance from
the plasma membrane (gray bars in Figure 4B). This pheno-
type was specific to the cdc50A erg3A mutant and was not
observed in actin-related mutants. Mutants of cortical actin
patch assembly, sla2A (Wesp et al., 1997) and myo3A myo5-1
(Geli and Riezman, 1996), and actin cable assembly, tpm1-2
tpm2A (Pruyne et al., 1998), assembled actin patches only at
cortical sites (Figure 4, A and B), although, in the sla2A
mutant, some actin patches were localized at a short distance
from the plasma membrane as described (Kaksonen ef al.,
2003). These results suggest that the actin cytoskeleton of the
cdc50A erg3A mutant is disorganized in a fundamentally
different manner from that of the known actin patch- or actin
cable-deficient mutants.

Given the morphological similarity between the cytoplas-
mic and cortical actin patches, we examined the localization
of actin patch assembly proteins in the cdc50A erg3A mutant.
In wild-type cells, these proteins colocalize with cortical
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actin patches to a partial (Las17p, Panlp, Myo5p, and
Sla2p) or a full (Abplp) extent (Engqvist-Goldstein and
Drubin, 2003). Both cdc50A and erg3A single mutant cells
exhibited normal polarized localization for all examined
proteins (Figure 5A and our unpublished data). In con-
trast, 60% of small-budded cdc50A erg3A mutant cells
displayed apparent mislocalization of Lasl17p-EGFP
patches to the cytoplasmic space (n = 146). Examination
of cells expressing Abplp-EGFP, Myo5p-EGFP, Panlp-
EGFP, and Sla2p-EGFP in the context of cdc50A erg3A
mutation also revealed similar profiles of cytoplasmic
patch staining (Figure 5B).

Real-time analyses of live cells expressing EGFP-tagged
patch assembly proteins revealed that different proteins are
recruited in a sequential manner (Kaksonen et al., 2003). For
example, Las17p and Slalp appeared at patches at early time
points and were later joined by Abplp and actin filaments.
Therefore, in wild-type cells that undergo constitutive turn-
over of actin patches, Las17p patches partially colocalize
with Abplp patches. In contrast, in the sla2A mutant, in
which actin patches are immobilized, Las17p patches basically
colocalize with Abplp patches. In the cdc50A erg3A mutant,
54% of cytoplasmic Las17p-EGFP patches were colocalized
with Abplp tagged with mRFP1 (n = 230 patches; Figure 5C).
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Figure 10. Confocal microscopic observations of cytoplasmic actin
patches in the rcylA mutant. KKT133 (rcylA) was cultured in YP-
DAW at 18°C or 30°C for 9 h, followed by staining with TRITC-
phalloidin as described in Figure 3A. Three consecutive z-focal
planes are shown. Bar, 5 um.

Conversely, 74% of cytoplasmic Abplp-mRFP1 patches were
colocalized with Las17p-EGFP (n = 168 patches). Similarly,
67% of cytoplasmic Myo5p-EGFP patches colocalized with
Abplp-mRFP1 (n = 170 patches), and 64% of cytoplasmic
Abplp-mRFP1 patches colocalized with Myo5p-EGFP (n =
191 patches). The ratios of colocalization of these proteins were
very similar in patches at cortical sites both in cdc50A erg3A
mutant and wild-type cells (our unpublished data). Our results
suggest that the mechanisms of assembly and turnover of the
cytoplasmic actin patches seen in the cdc50A erg3A mutant are
similar to those that govern assembly and turnover of normal
cortical actin patches.

Intracellular Formation of Actin Patches May Be
Dependent on Endocytosis

To further investigate the process of intracellular actin patch
assembly in the cdc50A erg3A mutant, we constructed cdc50A
erg3A mutants harboring additional mutations in genes that
regulate the establishment of cell polarity (cdc42-1), actin
cable assembly (bnil-116 bnr1A), or cortical actin patch as-
sembly (arp2-1 and las17-11). Neither cdc42-1 nor bnil-116
bnr1A mutation affected the cytoplasmic localization of actin
patches in the cdc50A erg3A mutant (Figure 6A). In contrast,
both the arp2-1 and las17-11 mutations inhibited the cyto-
plasmic assembly of actin patches (Figure 6A). These results
suggest that the actin patch machinery is involved in the
assembly of intracellular patches. However, inhibition of
endocytosis may be a prerequisite for this observed disap-
pearance of cytoplasmic actin patches. Because it was not
possible to discriminate between these possibilities by using
actin patch machinery mutants, we opted to cells with the
actin inhibitor LAT-A to inhibit endocytosis. LAT-A treat-
ment inhibits endocytic internalization by interfering with
actin polymerization. As described above, because recruit-
ment of actin patch components precedes the assembly of
actin and Abplp, Las17p-EGFP patches can be assembled at
cortical sites in the presence of LAT-A (Kaksonen ef al.,
2003). Thus, we incubated a cdc50A erg3A mutant expressing
Abplp-mRFP1 and Las17p-EGFP for 1 h in the presence of
LAT-A after 8 h depletion of Cdc50p. This treatment led to
diffuse cytoplasmic staining of Abplp-mRFP1 (Figure 6B). In
contrast, LAT-A treatment did not affect patch assembly of
Las17p-EGEFP at cortical sites, but did inhibit patch assembly
within the cytoplasm (Figure 6B). These results suggest that
endocytosis is required for cytoplasmic formation of Las17p-
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EGEFP patches, and thus for assembly of intracellular actin
patches.

The cdc50A erg3A Mutant Is Defective in Endocytic
Recycling of Suclp and Sterols

The endocytosis-dependent assembly of cytoplasmic actin
patches in the cdc50A erg3A mutant suggests that these actin
patches are assembled on internal membranes derived from
the endocytic processes. To further examine endocytosis in
the cdc50A erg3A mutant, cells were incubated with FM4-64
at 30°C. Both cdc50A and erg3A single mutants, as well as
wild-type cells, internalized FM4-64 and delivered it to the
vacuole after 60-min chase (Figure 7A). Similarly, the cdc50A
erg3A mutant also internalized and transported FM4-64 to
the vacuole. These results suggest that the cdc50A erg3A
mutant is not defective in either endocytic internalization or
transport to the vacuole. However, the FM4-64 labeling re-
vealed vacuole fragmentation in the cdc50A erg3A mutant.
Interestingly, ergosterol has been implicated in vacuole fu-
sion (Fratti ef al., 2004), and it is possible that phospholipid
asymmetry may also play a role.

We next examined endocytic recycling in the cdc50A erg3A
mutant. The exocytic v-SNARE Snclp follows a recycling
route from the plasma membrane via early endosomes to the
TGN (Lewis et al., 2000). In the er¢g3A mutant, green fluores-
cent protein (GFP)-tagged Snclp was localized mainly to
polarized plasma membrane sites in a manner similar to that
of wild-type cells. In Pg,;,-3HA-CDC50 cells depleted of
Cdc50p for 9 h, GFP-Snclp was only faintly visible at the
plasma membrane, and 20% of the cells contained internal
punctate structures of GFP-Snclp (n = 158; Figure 7A). This
phenotype is not as severe as that of the cdc50 null mutant
(Saito et al., 2004), suggesting that the 9-h incubation does
not completely deplete Cdc50p. In contrast, the cdc50A erg3A
mutant exhibited much more severe defects after 9-h deple-
tion of Cdc50p (Figure 7A). In 69% of cdc50A erg3A mutant
cells, GFP-Snclp was localized only in internal structures
(n = 118). These GFP-Snclp-containing structures were dis-
tinct from vacuoles stained with FM4-64 (Figure 7B). To
address whether these punctate GFP-Snclp structures were
formed via the endocytic pathway, we examined GFP-Snclp
localization in the presence or absence of LAT-A, which
blocks the internalization of Snclp. In the presence of
LAT-A, GFP-Snclp was localized at the plasma membrane,
although a fraction was still diffusely localized in the cyto-
plasm (Figure 7C). Taken together, these results suggest that
the cdc50A erg3A mutant exhibits defective endocytic recy-
cling. Consistently, the erg3A mutation exhibited synthetic
lethality with mutations that impair endocytic recycling, but
not with mutations that impair other pathways of vesicle
traffic (Table 3).

The above results raised the possibility that the observed
intracellular actin patches are assembled on membranes ac-
cumulated in the absence of efficient endocytic recycling. We
thus examined the localization of Abp1p-EGFP and mRFP1-
Snclp when coexpressed in the cdc50A erg3A mutant. If
cytoplasmic actin patches are assembled on Snclp-contain-
ing membranes, they should be found inside of (completely
overlapping) or in contact with (partially overlapping) the
mRFP1-Snclp-containing area. Because endocytic internal-
ization normally occurs in the cdc50A erg3A mutant, cortical
actin patches that function in this pathway should be also
present in the cdc50A erg3A mutant. In addition, Abplp-
EGEFP patches move a relatively long distance (500-1000 nm)
toward the cell center from the cortex (Kaksonen et al., 2003).
To distinguish these Abplp-EGFP patches, the cell periph-
ery and a position 500 nm distant from the plasma mem-
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DIC Filipin DIC Filipin
P, ~CDC50
P, ~CDC50
erg3A
DIC Nile red
_ P, ~CDC50
wild-type erg3a

Filipin

Figure 11.
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brane are indicated with solid and broken lines, respectively,
in images of confocal microscopy (Figure 8A). Eighty per-
cent of cytoplasmic Abplp-EGFP-patches (n = 218) showed
completely (40.8%) or partially (39.4%) overlapping localiza-
tion with the mRFP1-Snclp-containing membranes (Figure
8, A and B). We further examined the localization of cyto-
plasmic Abplp-EGFP patches that did not show colocaliza-
tion with Snclp membranes in one focal plane. When 30
individual patches were examined along the z-axis by con-
focal microscopy, all these patches overlapped mRFP1-
Snclp signals. Representative images of these patches are
shown in Figure 8C. These results suggest that the intracel-
lular actin patches are indeed formed on the surface of
unrecycled endocytosed membranes.

Next, we examined the cdc50A erg3A mutant cells at the
ultrastructural level. The drs2A mutant accumulates large
and abnormal double-membrane structures with crescent-
or ring-shaped morphology (Chen et al., 1999; Hua et al.,
2002). These structures were observed in the cdc50A mutant,
but not in either erg3A mutant or wild-type cells. In contrast,
these structures were massively accumulated in the cdc50A
erg3A mutant (Figure 9). These abnormal structures may
represent the Snclp-containing structures shown in Figure
8A. A mutant in RCY1 encoding an F-box protein also ac-
cumulates large membranous structures due to defective
endocytic recycling as assessed by electron microscopy
(Wiederkehr et al., 2000). Interestingly, intracellular actin
patches were also assembled in 32% (n = 275) of rcylA
mutant cells at a nonpermissive temperature for growth,
18°C (Figure 10). In contrast, the ypt6A mutant, which accu-
mulates recycling endocytic vesicles rather than large mem-
branous structures (Siniossoglou et al., 2000), did not exhibit
intracellular assembly of actin patches (our unpublished
data). Thus, cdc50A erg3A and rcylA mutants seem to accu-
mulate similar endocytosed membranes that serve as a site
for assembly of actin patches.

The observation that erg3 mutation exacerbated the defect
in endocytic recycling of Snclp exhibited by the cdc50A
mutant prompted us to examine the cellular distribution of
sterols. Staining of wild-type cells with filipin, a fluorescent
indicator for sterols which is effective in both yeast and
mammalian cells (Beh and Rine, 2004), revealed that ergos-
terol is most abundant in the plasma membrane (Figure
11A). Essentially the same results were obtained for both
erg3A and cdc50A cells, suggesting that the ergosterol-related
molecules stained with filipin are also enriched in the
plasma membranes of these cells. However, in the cdc50A
erg3A mutant, filipin/sterol fluorescence was predominantly
detected either diffusely within the cytosol or as punctate
dots, with a concomitant decrease in plasma membrane
staining (Figure 11A, top panels). The intracellular staining
of sterols may reflect the accumulation of sterols in lipid
particles, which are lipid storage compartments stainable

Figure 11 (facing page). Sterol distribution in Cdc50p-depleted
erg3A mutant cells. (A) Strains described in Figure 2A were cultured
in YPDAW at 30°C for 12 h. Cells were fixed, and sterols were
stained with filipin, followed by a microscopic observation visual-
ized by DIC and epifluorescence (top panels). Lipid particles were
similarly detected by staining with Nile red (bottom panels). (B)
Colocalization of sterols with Snclp-containing membranes in the
cdc50A erg3A mutant. The strain KKT16 (P, ,-3HA-CDC50
erg3A) containing pRS416-GFP-SNC1 was cultured in SDAW-Ura
at 30°C for 12 h, and the cells were stained with filipin, followed
by a confocal microscopic observation. Images are central focal
planes. Bars, 5 um.
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with the fluorescence dye Nile red (Verstrepen et al., 2004).
However, as shown in the bottom panels of Figure 11A,
neither the number nor the size of lipid particles was signif-
icantly different between wild-type and cdc50A erg3A mutant
cells. These results suggest that the cdc50A erg3A mutant is
defective in the sorting of sterols to the plasma membrane.
Interestingly, the cdc50A single mutant exhibited plasma
membrane sterol distribution similar to wild-type cells un-
der conditions that cause Snclp to be accumulated in the
cytoplasmic space in these cells (12-h depletion of Cdc50p;
Figure 11A, top panel). This sterol distribution phenotype is
thus similar to that observed for the actin cytoskeleton in the
cdc50A single mutant, characterized by normally organized
actin cables and cortical actin patches.

The cytoplasmic accumulation of both sterols and GFP-
Snclp in the cdc50A erg3A mutant raises the possibility that
sterols accumulate in Snclp-containing membranes. We per-
formed filipin staining in cdc50A erg3A cells expressing GFP-
Snclp and compared their signals. As shown in Figure 11B,
filipin-positive structures overlapped GFP-Snclp, suggest-
ing that Snclp-containing membranes are rich in sterols.
Together with the results that Abplp-EGFP patches were
assembled on the mRFP1-Snclp-containing membranes
(Figure 8), our results also suggest that actin patches are
assembled on sterol-rich endocytic membranes in the cdc50A
erg3A mutant. Interestingly, some GFP-positive structures
did not exhibit filipin signals and vice versa (see merged
images), possibly reflecting compartmentalized structures of
the accumulated endosomal membranes.

DISCUSSION

Requirement of a Putative Phospholipid Translocase and
Ergosterol in Endocytic Vesicular Transport

Some ergA mutants exhibit reduced endocytic internaliza-
tion and transport to the vacuole after internalization (Munn
et al., 1999; Heese-Peck et al., 2002). We did not observe a
defect in endocytic internalization in the cdc50A erg3A mu-
tant, as assayed by FM4-64 uptake. The efficiency of endo-
cytic transport from the plasma membrane to the vacuole
was difficult to measure in the cdc50A erg3A mutant as a
result of vacuole fragmentation. In contrast, the cdc50A erg3A
mutant did exhibit defects in endocytic recycling. The
cdc50A mutant intracellularly accumulates Snclp-containing
membranous structures (Saito ef al., 2004) and er¢g3A muta-
tion dramatically exacerbated this defect. The involvement
of ergosterol in endocytic recycling is supported by the
synthetic lethal interactions of er¢g3A mutation with muta-
tions that impair endocytic recycling.

One important function of endocytic recycling is to re-
trieve lipids that are most abundant in the plasma mem-
brane, such as sterols and sphingolipid. Accumulation of
sterol-containing membranes in the cdc50A erg3A mutant
was revealed by filipin staining, suggesting that this mutant
cannot recycle sterols to the plasma membrane, most likely
secondary to a defect in endocytic recycling. Interestingly,
filipin-stained membranes did not accumulate in the cdc50A
single mutant, in clear contrast to the accumulation of
Snclp-containing structures in this mutant. It is possible that
there exists an alternate, nonvesicular route for retrieval of
ergosterol from endocytic compartments to the plasma
membrane, in addition to the endocytic recycling pathway
(e.g., sterol transfer protein; Soccio and Breslow, 2004). Thus,
the nonergosterol sterols accumulated in the erg3A mutant
may be recycled to the plasma membrane by the endocytic
recycling pathway, but not by this alternative pathway,
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possibly accounting for the observation of intracellular ste-
rol accumulation only in the cdc50A erg3A double mutant.

Electron microscopy revealed that large membranous
structures, rather than vesicle-like structures, are the main
components of the accumulated matter in the cdc50A erg3A
mutant. Together with the defects in endocytic recycling,
these accumulated membranes may be derived from endo-
cytic recycling compartments. One proposed role for phos-
pholipid asymmetry is to drive the formation of vesicles by
recruiting machinery for vesicle budding or by inducing
physical deformation of the membrane (Pomorski et al.,
2004). The lack of mature ergosterol may exacerbate the
vesicle budding defects resulting from possible loss of phos-
pholipid asymmetry in the cdc50A mutant.

Possible Effects of the cdc50A and erg3A Mutations on the
Physical Properties of Endosomal Membrane Bilayers

Given that the endosomal Cdc50p-Drs2p complex is in-
volved in endocytic recycling of Snclp, the recycling of
ergosterol through the endocytic pathway suggests that pos-
sible loss of phospholipid asymmetry and the lack of mature
ergosterol affect the same lipid bilayers of early endosomes
or TGN in the cdc50A erg3A mutant. We previously sug-
gested that Cdc50p-Drs2p can translocate phosphatidyleth-
anolamine and PS to the cytoplasmic face of bilayers when
Cdc50p-Drs2p is forced to localize to the plasma membrane
(Saito et al., 2004). In vitro studies using isolated Golgi
membranes also suggested that Drs2p translocates PS (Nat-
arajan et al., 2004). It has thus been suggested that the endo-
somal/TGN membranes of the cdc50A mutant have less
aminophospholipids in their cytoplasmic leaflets. In contrast
to phospholipids, cholesterol is believed to translocate
across the membrane without the requirement for energy
input (Hamilton, 2003), suggesting that the nonergosterol
sterols are distributed in both bilayer leaflets in the erg3A
mutant. Biophysical studies suggest that the head groups of
phospholipids can affect the behavior of cholesterol in chem-
ically defined lipid bilayers. At high concentrations within
the membrane, cholesterol readily forms aggregates or crys-
tallites, presumably as a consequence of its relatively rigid
fused ring structure. However, cholesterol aggregates are
more readily formed in membranes containing PS than
phosphatidylcholine, even when molar ratios and attached
acyl chains are identical (Epand et al., 2002). Irregular inter-
actions between the phospholipid head groups and sterols
present in the inner and/or outer surface(s) of the endoso-
mal lipid bilayers might underlie the defective endocytic
vesicle formation of the cdc50A erg3A mutant.

Roles for Sterols and a Putative Phospholipid Translocase
in Polarized Actin Organization

Mislocalization of EGFP-Cdc42p in the cdc50A erg3A mutant
may account for the mislocalization of its effectors, Bnilp-
EGFP and Giclp-EGFP, and thus for depolarized organiza-
tion of actin cables resulting in nonpolarized cell growth.
Polarized transport of Cdc42p is accomplished by Myo2p-
driven vesicle transport (Wedlich-Soldner et al., 2004). This
is counteracted by endocytic internalization of Cdc42p from
the plasma membrane (Irazoqui ef al., 2005). Locally exocy-
tosed proteins will remain polarized if they are endocytosed
and recycled before they can diffuse to equilibrium. Polar-
ized localization of Snclp was shown to be maintained by
this mechanism (Valdez-Taubas and Pelham, 2003). Cdc42p
may also remain polarized via recycling through the en-
docytic pathway, which is defective in the cdc50A erg3A
mutant. Cdc42p has been implicated in polarized assem-
bly of cortical actin patches (Lechler ef al., 2001). However,

Vol. 16, December 2005

Actin Organization Regulated by Lipids

the intracellular assembly of actin patches observed here
occurred independently of Cdc42p, suggesting that
Cdc42p is not directly involved in spatial control of actin
patch assembly.

The Lipid Environment May Be a Determinant for Actin
Patch Assembly Sites

One possible mechanism to explain the presence of cytoplas-
mic actin patches is that actin patches formed during endo-
cytic internalization were not effectively disassembled even
by the later phases of endocytic transport. Endocytic vesicles
formed at the plasma membrane appear to carry polymer-
ized actin and Abp1p for a significant duration, on the order
of seconds, after internalization (Kaksonen ef al., 2003;
Huckaba et al., 2004). In mutants that exhibit inhibition of
actin patch disassembly, such as sla2 and arkl prkl, endo-
cytic internalization is inhibited because of formation of
immobilized actin clumps consisting of actin and patch as-
sembly proteins (Kaksonen ef al., 2003; Sekiya-Kawasaki et
al., 2003). However, the cdc50A erg3A mutant showed normal
uptake of FM4-64 and did not show actin clump formation,
suggesting that the assembled actin patches on the plasma
membrane are successfully turned over to some significant
extent.

The other more likely possibility is that the actin patches
in this mutant are newly assembled on previously endocy-
tosed internal membranes. In the case of endocytosis of
Ste2p, it is thought that phosphorylation and ubiquitination
of Ste2p is a prerequisite for the assembly of actin patch-
associated proteins (Engqvist-Goldstein and Drubin, 2003).
If actin patch assembly is generally initiated via a similar
mechanism by a membrane-spanning cargo protein, this
protein may be trapped in the endocytic membranes accu-
mulated in the cdc50A erg3A mutant, resulting in intracellu-
lar assembly of actin patches. However, actin patches are
normally disassembled after internalization of endocytic
vesicles, suggesting that the ability of the membrane-span-
ning cargo protein to initiate actin assembly is normally
suppressed on endosomal membranes. The endocytic mem-
branes accumulated in the cdc50A erg3A mutant may be
similar to the plasma membrane with respect to lipid com-
position (e.g., rich in sterols and sphingolipids) and thus
may induce assembly of actin patches. However, defects in
structural integrity of ergosterol and possible loss of phos-
pholipid asymmetry do not seem to comprise a direct cause
for actin patch assembly on endocytosed membranes, be-
cause the rcyIA mutant also assembled actin patches intra-
cellularly. Interestingly, the cdc50A single mutant displays
normal polarized organization of cortical actin patches and
actin cables at 30°C, even while exhibiting the intracellular
accumulation of Snclp-containing membranous structures.
Because the cdc50A single mutant does not accumulate ste-
rols intracellularly, the assembly of actin patches on accu-
mulated membranes may require the presence of sterols.

In conclusion, possible loss of phospholipid asymmetry
and defects in sterol structural integrity lead to a defect in
endocytic recycling, bringing about the accumulation of en-
docytic membranes onto which actin patches are assembled.
In addition, the cdc50A erg3A mutant, which demonstrates
ectopic assembly of actin patches on internal membranes,
represents a powerful system that can be exploited to enable
a search for factors (proteins or/and lipids) in vitro that are
required for actin patch assembly.
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