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Summary

The seven yeasDSH genes QSH1-OSH7 encode a family  defects and abnormal cell wall deposition. IlDSH mutant
of orthologs of the mammalian oxysterol-binding protein  cells endocytosis was severely impaired, but protein
(OSBP). The OSH genes share at least one essential transport to the vacuole and the plasma membrane was
overlapping function, potentially linked to the regulation of  largely unaffected. Other mutants affecting sterol-lipid
secretory trafficking and membrane lipid composition. To  function and distribution, namely erg2A and arv1A, shared
investigate the essential roles of theOSH genes, we similar defects. These findings suggested th&SH genes,
constructed conditional OSH mutants and analyzed their  through effects on intracellular sterol distribution,
cellular defects. Elimination of all OSH function altered  establish a plasma membrane lipid composition that
intracellular sterol-lipid distribution, caused vacuolar promotes endocytosis.

fragmentation, and resulted in an accumulation of lipid

droplets in the cytoplasm and within vacuolar fragments.  Key words: OSBROSHgenes, Intracellular lipid transport,
Gradual depletion of Osh proteins also caused cell budding Endocytosis, Ergosterol

Introduction Oxysterol-binding proteins (OSBPs) constitute a conserved

Sterol lipids, such as cholesterol and the fungal sterdemily of lipid-binding proteins that are implicated in the
ergosterol, are essential for plasma membrane integrity afigiaintenance of sterol and sphingolipid composition in
structure. Changes in sterol levels and composition hav@embranes (Dawson et,al989; Jiang et l1994; Ridgway
extensive effects on membrane function. Ergosterol i€tal, 1998; Storey et al1998; Beh et al2001). The canonical
important for yeast membrane structure, but it also influencé®ammalian OSBP was identified based on its high affinity for
membrane dynamics and the activities of membrane proteifysterols, which are oxygenated derivatives of sterols (Taylor
(Gaber et aJ 1989; Welihinda et al1994). Perturbations in €t al, 1984). Oxysterols, such as 25-hydroxycholesterol, are
cellular ergosterol and sterol lipid levels affect yeast celmore potent than cholesterol itself as feedback regulators of
fusion during mating (Gaber et,a1989; Tomeo et 3l1992),  sterol synthesis, suggesting that they are the sterol metabolites
vacuolar homotypic membrane fusion (Kato and Wicknerwhose levels control the de novo synthesis of sterols
2001), and secretory transport to the cell surface (Hardwickkandutsch et al 1978). These findings implied that OSBPs
and Pelham, 1994; Bagnat et, &000). Yeast endocytosis is mediate the effects of oxysterols, and OSBPs were once
particularly sensitive to sterol composition (Munn et, al considered candidates for regulators of sterol synthesis
1999). feedback control (Taylor et al., 1984). However, other proteins
Cholesterol and yeast ergosterol are both primarily localizedre now known to mediate feedback regulation (Brown and
in the plasma membrane. To maintain constant levels, the§gldstein, 1997; Brown and Goldstein, 1999) and recent data
sterols are specifically transported to the plasma membrameint to other sterol-related regulatory roles for OSBP and its
from their site of synthesis in the endoplasmic reticulum (ER)homologs.
Once in the plasma membrane, cholesterol and ergosterol areThe exact function of the OSBP protein family is unknown,
recycled back to the plasma membrane if internalized into thleut genetic analysis of the seven yeast OSBP orthologs (the
cell after endocytosis. In animals, cholesterol is delivered t®&SHgenes) affirmed that OSBPs are involved in some aspect
the plasma membrane by at least two different transportf sterol regulation (Jiang et.all994; Beh et al 2001).
pathways. Cholesterol transport can follow either theAlthough none of th© SHgenes encodes an essential product,
established pathway for glycoprotein secretion, or an undefingtle elimination of the entir®@SHgene family is lethal (Beh et
nonvesicular transport pathway (Kaplan et al., 1985; Urbaral., 2001). When all seven Osh proteins are depleted from
et al.,, 1990; Heino et al 2000). Pathways for recycling yeast, a drastic change in cellular sterol composition results
internalized sterols back to the plasma membrane aftend ergosterol levels increase by 3.5-fold (Beh et al., 2001).
endocytosis are poorly understood. These findings indicate that t&Hgene family shares at least
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one essential overlapping function, potentially linked to steroperformed by standard procedures (Sambrook et H89).
regulation. As part of the genetic analysis of @®Hgenes, Restriction enzymes were obtained from New England Biolabs
all 127 possible combinations @SH deletion alleles were (Beverly, MA). Oligonucleotide primers for polymerase chain
constructed and 125 of these combinations were in fact viablaction (PCR) were purchased from Operon Technologies (Alameda,

(Beh et al, 2001). Many of these viab@SH deletion To disrupt theVPS4gene in SEY6210, a fragment containing

combinations were_characterized by specific sterol an.g sA\::kan-MX4with flanking sequences amplified by PCR was used

membrane defects._These results gnderscore the regulatory | one-step gene replacement (Adams et 997). Thevps4

between Osh proteins and sterol lipids. disruption fragment was amplified from genomic DNA derived from
The effects of Osh proteins are not restricted to sterols but al§os2880/ps4::kan-MX4strain (Research Genetics, Huntsville, AL)

include phospholipids. Several Osh proteins have beeWinzeler et al 1999) and used as a template with the oligonucleotide

demonstrated to bind directly to phosphoinositide lipids (Levingrimer combination: SGTCCGATTCACATGTCGCCACTCC-3

and Munro, 1998; Li et al., 2002). Many of these Osh proteingnd 3-CAAGCCGAATTGAACCAAATGAGCGC-3.

also bind Scs2p, a yeast VAP (VAMP-associated protein) To subclone the wild-typ@©SH4KES1gene, a 2.4 kiSad-Clal

homolog that appears to recruit a variety of known phospholipi )SH4KES1genomic fragment was inserted into the complementary

regulators to the ER membrane (Loewen et al., 2003). This isS§eS Of PRS316, &)RA3marked ARSCEN plasmid (Sikorski and

conserved interaction because mammalian OSBP and VAP alsi§te": 1989) thereby generating pCB231.

physically interact (Wyles et al., 2002). Another regulator of lipid

metabolism, encoded ISEC14 genetically interacts witbSH4 OSH4/KES1 plasmid mutagenesis

SEC1l4encodes a phospholipid transfer protein, which creates g generate conditional mutant alleles@BH4KES1, pCB231 was
membrane lipid composition that promotes Golgi-derivetmutagenized in vitro with hydroxylamine as described previously
secretory transport (Bankaitis et,al990). The deletion of (Adams et al., 1997), and transformed into JRY6326, a strain whose
OSH4KES], but none of the oth€dSHs, bypasses the essential growth on methionine-containing medium requi®SH function
requirement foSEC14(Fang et a] 1996; Beh et 3l2001). This  (Beh et al., 2001). From independent pools of mutagenized plasmids
indicates that thiSEC14nteraction is specific tOSH4 and that transformed |n‘go yeast, twg transformants were isolated that rescued
OSHdis a negative regulator SEC14dependent secretion. The JRY6326 methionine-sensitivity at 23°C, but not 37°C. The fragments

S At e : : taining these two temperature-sensitive all@sk4-1andosh4-
implication of these studies is that yeast Osh proteins are recruit ?ﬂmd the wild-typeOSHAKES1 gene, were each subcloned into

to _specific compartments to_g_ether with other lipid reg_ulators tBRS314, aTRPXmarked ARSCEN plasmid (Sikorski and Hieter,
adjust local I|p|d_ composition and, thgreby, to .|nﬂuen.ce1989), generating the plasmids pCB255, pCB256 and pCB254
membrane dynamics. Specifically how this mechanism mightspectively. At 23°C, these plasmids conferred growth to yeast
affect normal cellular functions is not yet understood. devoid of allOSHgenes but at 37°C, only transformants containing

In this paper, we investigated the role of 88H gene the plasmid with wild-type®dSH4KES1grew.
family in cell growth to determine cellular processes that are
dependent on alDSHgenes. Our data indicated that ®8Hs Filinin/ f .
are required for regulating cellular sterol-lipid distribution, and’"'P"/sterol fluorescence microscopy

0 examine sterol-lipid distribution using filipin, 1 ml 37.5%

for mﬁmtalmlﬁl% pé{:\fma mer‘(rj‘nb][ang and Vacuo(ljar rlnorghcitlogg rmaldehyde was added to 9 ml of cell culture grown in synthetic
Daughter cell budding was defective in yeast depleted of O rﬁedium to a density of 0.7 @Bbunits mt? (early midlog). After 10

pr.otglns, and lipid droplets and sterol ||p|d§ aCcum"JI"’ue%inutes of constant mixing at 23°C, the fixed cells were centrifuged
within cells. We found that endocytosis was disrupte@8H  ang the pellet was washed twice with 10 ml distilled water. The
mutants and also in other previously described mutants th@fshed cells were resuspended in 1 ml of water from which 0.2 ml
perturb ergosterol distribution within cells. These findingsyas mixed with 4ul of freshly made 5 mg mt filipin complex
established that, collectively, the yed®SH gene family (Sigma Chemical, St Louis, MO) in ethanol (on ice). After incubating
facilitates bud formation, endocytosis and affects intracellulain the dark with filipin for 15 minutes at 23°C, cells were spotted
sterol distribution. directly on slides and filipin fluorescence was observed with a UV
filter set using neutral density filters.

For all fluorescence microscopy, samples were mounted on poly-
. lysine coated slides, sealed under coverslips with nail polish, and
Mat_erlals.and.Methods ) ] imaged on an Eclipse E600 microscope (Nikon, Tokyo, Japan)
Strains, microbial and genetic techniques equipped with a CCD digital camera (Hamamatsu Phototonics,
Culture media and genetic manipulations were as described (Adamstamamatsu-City, Japan).
al., 1997). To select for theanMX4 gene, yeast were grown on yeast
rich medium (YPD) containing 200y mt? geneticin sulfate (G418) )
(Gibco BRL Life Technologies, Rockville, MD) (Wach et,d1994).  Lucifer yellow uptake assay

Yeast strains used in this study are listed in Table 1. The &%#n  Fluid-phase endocytosis was observed in 2.5d@@Dnits of cells
genes, OSHXOSH7 corresponded to the open reading framesharvested from cultures grown in synthetic medium at 23°C to a
YARO42w, YDL0O19¢c, YHRO73w, YPL145¢c, YOR237w, YKROO3w density of 0.25 OByo units mtl. Cells were resuspended in 200
and YHROO1w, respectivelyDSH1is a fusion of the open reading of synthetic medium and split into two samples. One sample was
frames previously designated YARO042w and YARO44w in theincubated for 60 minutes at 37°C, the other for 60 minutes at 23°C,
completed yeast genome sequence (Schmalix et al., 1994; Goffeaupeior to the addition of 5@ 40 mg mt? lucifer yellow CH (Sigma
al., 1996; Beh et gl 2001; Levine et al., 1998; Levine et al., 2001). Chemicals). After lucifer yellow addition, the samples were incubated

at the same temperatures for an additional 120 minutes. The cells were
] ) ) then centrifuged and pellets were washed three times withl206-

Cloning and gene disruptions cold 50 mM succinic acid, 20 mM NalH 5.0 and resuspended in
DNA cloning techniques and bacterial transformations were30 ul of the same buffer before viewing by fluorescence microscopy.
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Table 1. Yeast strains used
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Strain Genotype Origin*
CBY340 MATa ura3-52 hisa200 lys2-801 leu2-3, 112 trA®01 sucA9
CBY678 MATa ura3A0 leu\0 lys2A0 hisA1 met1R0 erg2\::kan-MX4
CBY745 MATa ura3A0 leu2d0 lys00 erg®h::kan-MX4 HIS3:PMETR.ERG9
CBY824 SEY6210 vp#ét:kan-MX4
CBY858 MATa ura3A0 leuA0 lys2A0 hish::kan-MX4
CBY886 SEY6210 osht:kan-MX4 osh?A::kan-MX4 oshA::LYS2 oshA::HIS3 osh#::LEU2
osh@\::LEU2 oshA::HIS3 [osh4-1, URAB
CBY892 SEY6210 osht:kan-MX4 osh?A::kan-MX4 oshA::LYS2
oshAA::HIS3 oshA::LEU2 osh@\::LEU2 osh?\::HIS3 [osh4-2, URAB
CBY924 SEY6210 osht:kan-MX4 osh?A::kan-MX4 oshA::LYS2
0sh4A::HIS3 oshA::LEU2 osh@\::LEU2 osh\::HIS3[OSH4, TRPL
CBY926 SEY6210 osht:kan-MX4 osh?A::kan-MX4 oshA::LYS2
osh4A::HIS3 oshA::LEU2 osh@\::LEU2 osh?\::HIS3 [osh4-1, TRPIL
CBY928 SEY6210 osht:kan-MX4 osh?A::kan-MX4 oshA::LYS2
osh4A::HIS3 oshA::LEU2 osh@\::LEU2 osh\::HIS3 [osh4-2, TRPL
CBY966 CBY340 osh::kan-MX4 osh2::kan-MX4 osha::LYS2
osh4A::HIS3 oshA::LEU2 osh@\::LEU2 osh?\::HIS3 [osh4-1, TRPI[STE6HA, URAJ
CBY968 CBY34(Q[STE6HA, URAJ
CBY994 MATa ura3A0 leu0 lys2A his3Al arvIA::kan-MX4
CBY1024 MATa ura3A0 leu0 lysA his3AL las17::kan-MX4[STE6HA, URAJ
CBY1026 MATa ura3A0 met1A0 leuA0 hish::kan-MX4[STE6GHA, URAJ
DDY904 MATa ura3-52 hisa200 lys2-801 leu2-3,112 D. Drubin (University of California,
Berkeley, USA)
DDY1438 DDY904 las1A::URA3 D. Drubin (University of California,
Berkeley, USA)
JRY4130 MATa ura3-52 his4-619 sec18
JRY6306 CBY340 oshZ::URA3 osh&::HIS3 oshA::LEU2 osh@\::LEU2 osh?\::HIS3 Beh et al 2001
JRY6312 SEY6210 osit:URA3 osh2::URA3 oshA::HIS3 osh®::LEU2 osh7::HIS3 Beh et al, 2001
JRY6320 CBY340 oshA::URA3 osh2A::URA3 osh&::.LYS2 oshBA::LEU2 osh@\::LEU2 osh\::HIS3 Beh et al 2001
JRY6326 SEY6210 TRPIPMETEOSH2 osha::kan-MX4 osh2::kan-MX4 osh&::LYS2 oshA::HIS3
oshf\::LEU2 osh@\::LEU2 osh::HIS3 Beh et al, 2001
RH286-1C MATa ura3 his4 leu2 barl sla2/end4-1(ts) Raths et a) 1993
RSY255 MATa ura3-52 leu2-3,112 Novick and Schekman, 1979
RSY782 MATa ura3-52 his4-619 secl-1 Novick and Schekman, 1979
SEY6210 MATa ura3-52 hisa200 lys2-801 leu2-3,112 trA®01 sucA9 Robinson et a] 1988
W303-1A MATa ura3-1 his3-11 leu2-3,112 trp1-1 canl1-100 ade2-1 R. Rothstein (Columbia University,

New York, USA)

*Unless otherwise stated, all strains were created as part of this study.

Ste6p internalization assay FM4-64 labeling

Ste6p stability was analyzed as described previously (Wendland EM4-64 labeling was performed as previously described, but with
al., 1999). Yeast transformed with a plasmid expressing HA-epitopeninor modifications (Vida and Emr, 1995). FM4-64 internalization
tagged Ste6p, pSM672 (Berkower et al., 1996), were grown to earlyas examined in 5.0 Gdgp units of cells harvested from cultures
log phase, harvested, and then resuspended to a density of 13 Ogrown in synthetic medium at 23°C, resuspended in BO®f

units mtlin 2.5 ml pre-warmed 37°C synthetic complete mediumsynthetic medium, and cultured for 30 minutes at 37°C. Cells were
lacking uracil. The cultures were incubated for 1 hour at 37°C beforthen treated with 3uM FM4-64 for 30 seconds and immediately
the addition of 12.5ul of 1 mg mt? cycloheximide. At the times diluted with 10 ml of synthetic medium prewarmed at 37°C. After
indicated, 0.5 ml of each culture was removed and added to an equantrifugation, and a wash with warmed medium, cell pellets were
volume of ice-cold 20 mM KF, 20 mM NalN50pg mi-1 BSA. After resuspended in 0.5 ml of medium and incubated for an additional 30
centrifugation, each pellet was resuspended in 1 ml ice-cold distilleshinutes at 37°C before viewing by fluorescence microscopy. The use
water and 15Qul of a 2 N NaOH, 8Qul ml-1 2-mercaptoethanol of FM4-64 to examine vacuolar morphology was performed as
solution and incubated on ice for 20 minutes. 150 50% previously described (Kato and Wickner, 2001).

trichloroacetic acid was then added and the mixture was incubated

on ice for an additional 30 minutes before centrifugation. After

complete removal of supernatants, pellets were resuspendeglin 20Exocytosis and CPY processing assays

0.5 M Tris-HCl pH 7.5 and 20l 2X sodium dodecyl sulfate (SDS) py|se-chase analyses of carboxypeptidase Y (CPY), Hsp150p and
sample buffer, and incubated at 37°C for 30 minutes before Ioadmgaslp transport were performed on 20sgDinits of cells harvested

on a 6% SDS polyacrylamide gel. After electrophoresis, resolvegtom mid-log cultures grown in synthetic medium. For metabolic
proteins were transferred to nitrocellulose (N-Hybond, Amershamgpeling, the cells were resuspended in 2.5 ml of synthetic medium
Arlington Heights, IL) and Ste6-HAp was detected using a mous@rewarmed to 37°C and incubated at 37°C for 60 minutes before the
anti-HA antiserum  (1:1000 dilution; Boehringer Mannheim, aqdition of 250uCi of TranfS]-label (ICN Radiochemicals). After
Indianapolis, IN) and a horseradish peroxidase (HRP)-conjugategi10 minute incubation, 28 of chase solution (200 mM (N§SQy,

goat anti-mouse secondary antiserum (1:3000 dilution). Ste6-HAp mg mt! methionine, 2 mg mt cysteine) was added and incubated
bands were visualized by chemiluminescence (ECL, Amershanyt 37°c (for CPY maturation, a 5 minute incubation with T¥Sif
Arlington Heights, IL). label was followed by the addition of chase solution). For each time
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point, 0.5 ml of culture was removed and transferred to a microfugis expression. In one strailQSH function was gradually
tube on ice containing 501 of stop solution (100 mM Na®1 mg  depleted by repressing the synthesis of the sole remaining
mi~t cycloheximide). Cells and medium were separated byOSHgeneOsh2 In the other strain, the single remainid§H
centrifugation. _ _ _gene,Osh4 contained a temperature-sensitive mutation and
For the analysis of Hsp150p secretion, radiolabeled glycoprotelr%um be rapidly inactivated when cultured at higher

secreted into the medium were precipitated using Concanavalin- . C o
(Con-A) Sepharose as described (Holthuis gt18198). Cells were mperatures. The effects of inactivating all ©8Hs were

disrupted with glass beads and intracellular glycoproteins Wergqen ob.served'ln both .stralns. .
precipitated from the cleared lysate after binding to Con-A Sepharose. 1€ first strain examined lacked six of the seD&Hgenes,
Secreted glycoproteins, of which Hsp150p is the most abunda@nd the remainin@SH2gene was regulated by tRéET3
(Russo et a) 1992; Gaynor and Emr, 1997), were visualized bypromoter (JRY6326) (Beh et.aR001). In the presence of
autoradiography following SDS-PAGE and fluorography. added methionineQSH2 expression was repressed and the
CPY and Gaslp were immunoprecipitated from the cleared lysateshh PMETEOSH2strain ceased to growogh\ refers to the
of cell extracts using specific antibodies (both antibodies were giftgeletion of allOSHgenes other than those indicated). Growth
from the Schekman lab, University of California, Berkeley, CA)grrest was gradual, taking about four culture doublings. The
and protein A-Sepharose as previously described (Rose..et alacond yeast strain analyzed also lacked all chromosomal
1989). Radiolabeled immunoprecipitates were analyzed by SDg,jaq of theDSH genes but was viable because it carried a
polyacrylamide  electrophoresis and  visualized  following | id with f tWKESTOSHA t ture- it
fluorography. plasmid with one of tw emperature-sensitive
mutations, osh4-1(ts)and osh4-2(ts) At 37°C, the mutant
proteins encoded by the§€¥SH4alleles were inactivated and
CPY mis-sorting assay theosh osh4(ts)strains stopped growing. After the shift to the
Extracellular secretion of CPY from yeast grown on solid synthetidgestrictive temperature, growth was retarded within 15 minutes
medium was analyzed as previously described (Roberts @98ll)  and completely arrested within an hour. After culturasi\
with a few modifications. Cells were streaked in patches onto soligsh4(ts)cells under these conditions, their inviability could be
synthetic medium that lacks methionine, grown overnight at 30°C, angbyersed by returning the cells to the lower permissive
then transfer:red by replica printing gnto s?llid media Contai”inQemperature for growth. Wheoshh osh4(ts) cells were
varying methionine concentrations. The methionine concentratio ° : ;
used repressed expression OSH2 in the oshh PMETEOSH2 ni%c_ubated_ at 37°C for 1 hour ?nd thoen micromanipulated onto
strain (JRY6326) to varying degrees as manifested in growth-rat%OIId medium and grown at23 C 88% (14 out of 16) recovered
differences. After another night of growth at 30°C, nitrocellulose@Nd formed colonies (92% of wild-type and 96%n OSH4
filters were placed on top of the patched cells in direct contact witgells recovered after the same treatment). Using these strain
the solid medium, and incubated for 12 hours at 30°C. Once remov&@nstructions we monitored specific changes in cellular
from the solid medium, the nitrocellulose filters were washed severahorphology that resulted from rapid inactivation@®H4,or
times with Buffer A (20 mM Tris-HCI pH 7.6, 150 mM NaCl, 2% dry gradual depletion of Osh2p, in cells that otherwise lacked all
milk) to dislodge bound cells. The filters were probed with the rabbiDSHfamily genes.
polyclonal anti-CPY antiserum in Buﬁer A (12000 dilution), Washed After OSH2 expreSS|On was repressed’ m FjV|ET3_
with Buffer A, and then incubated with a HRP-conjugated goat amiOSHZ cells exhibited drastic morphological changes. The
rabbit secondary antiserum (1:5000 dilution; Amersham) in Buffer Aeffect of eliminating all OSH genes was analyzed by
transmission electron microscopy using fixation methods
Transmission electron microscopy designed to accentuate membranous structures (Fig. 1). We
Cells were prepared for electron microscopy as described (Wrigh@’bserved defects consistent W|th abnormal Ce” Wa” depOSItlon
2000). Cells were fixed overnight at 4°C in 0.5% glutaraldehyddFig. 1B). Along the perimeter of the cell surface the thickness
followed by a 45 minute postfixation at room temperature with 2%0f the cell wall varied, whereas in wild-type cells it was
KMnOg4 (low mercury; Aldrich Chemical, Milwaukee, WI). Samples uniform. The abnormal depositions seen by electron
were en b|.OC. stained with 1% uranyl ace.tate, dehydrateq with abSOMTﬁicroscopy were probably irregular deposits of chitin (other
ethanol, infiltrated and embedded in Spurrs resin (Electronhan pud scars). In Osh-depleted cells stained with calcofluor
M_ur]roscopr/ Sciences, dFt%/\/ashllr(;gtcl)n,gA)_. Thin ;‘ect!ons were stainegly examined by fluorescence microscopy, chitin was often
with uranyl acetate and Reynold’s lead citrate. Sections were viewed . ; - : ’
at 100 kV on a FEI Tecnai 12 transmission electron microscope. |slocaI|zeq at the bud tip in budding daL_Jghter cells an_d
randomly dispersed over the cell surface (Fig. 2). Defects in
cell size and budding were also apparent. Many of the arrested
cells were significantly larger than wild type. Septation of

Results o dividing cells was often incomplete, and cells with multiple
Depletion of Osh proteins disrupted vacuolar buds were observed with buds oriented randomly with respect
morphology and caused lipid droplet accumulation to one another, indicating a budding pattern defect. The gradual

Deletion of all seven yea€)SHgenes causes lethality. This depletion of Osh proteins also caused observable changes
inviability can be rescued by expression of any of thewithin the cell. Many cells accumulated vesicles and the
individual OSHgenes indicating that th@eSHgenes share at number of cytoplasmic lipid droplets increased (Fig. 1B). In
least one essential overlapping function (Beh .e2801). To nearly all cells, significant vacuolar fragmentation and collapse
define the essential functions mediated byQisHfamily, we  was observed, and within these vacuolar remnants numerous
investigated the cellular defects associated with themall lipid droplets were evident. The defects associated with
elimination of allOSHfunction. We created two independent the gradual depletion of Osh proteins indicated thaOiBeb
strains in which siXOSHgenes were deleted and the seventhwere important for processes both at the cell surface and within
was replaced with a construct permitting exogenous control dhe cell itself.



Fig. 1. Electron micrographs of Osh protein-depleted ce
andOSHtemperature-sensitive mutants. (A) Wild-type, (
oshA PMET3.OSH2 and (C and Dyshh osh4(ts)ells, were
examined by electron microscopy. V, vacuole; N, nuclet
LD, lipid droplets. Thick arrows indicate the large dark
irregular structures that correspond to fragmented and
collapsed vacuoles, thin arrows indicate vesicles, asteri
indicate cell wall abnormalities. (A) Wild-type cells
(SEY6210) contained an average of 2.5 lipid droplets
(s.d.=2.1; 54 random sections counted); only 2% of wilc
type cells (1/54) accumulated more than twenty-five 50
vesicles; 2% of wild-type cells (1/54) had pronounced c
wall defects; 2% exhibited vacuolar fragmentation (1/54
and in only 10% of sections with vacuoles (5/50) were <
nm vacuolar droplets observed. (B) In the absence of
methionine (-Met)OSH2was expressed imsh\ PMET3
OSH2cells (JRY6326), which were viable, but comparec
with wild-type cells defects were nonetheless observed.
random sections, an average of 2.6 lipid droplets were
counted (s.d.=2.5; 70 sections counted); 6% of growing
oshA PMET3.O0SH2cells (4/63) exhibited cell wall defects;
5% had an accumulation of more than 25 50 nm vesicle
(4/75); 39% exhibited vacuolar fragmentation (25/64); a
in 61% of vacuole-containing sections (37/61), small <1
nm vacuolar lipid droplets were observed. After methior
addition (+Met) and the gradual depletion of Osh proteil
oshA PMET3.OSH2cells, the average number of lipid
droplets was 8.1 (s.d.=6.7; 30 sections counted); 47% c
Osh-depleted cells (14/30) had pronounced cell wall de
in 30% of random sections (9/30) more than twenty-five
nm vesicles accumulated; 80% of random sections (24/
contained aberrant, dark-staining vacuolar remnants; ar
81% of sections with vacuoles (26/32), <100 nm vacuol
lipid droplets were observed. (63M osh4-1cells, and (D)
osh osh4-2cells were cultured either at 23°C or at 23°C
and then for 1 hour at 37°C. Fosh\ osh4-2cells at 23°C,
an average of 3.5 lipid droplets were observed (s.d.=3.4
sections counted); 37% exhibited vacuolar fragmentatio
(18/49); 9% accumulated more than twenty-five 50 nm
vesicles (4/46); and 10% had pronounced cell wall defe
(6/62). At 37°Cosh osh4-2cells contained an average .
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23°C

4.4 lipid droplets (s.d.=4.8; 52 sections counted); 62% exhibited vacuolar fragmentation (29/47); 10% accumulated mon¢ytfiaa 50e
nm vesicles (6/61); and 15% had pronounced cell wall defects (10/65). Bans, 1

Many, but not all, of the defects observed :
gradual Osh depletion were seen wi@BH function
was inactivated more rapidly. One hour after the
to the restrictive temperature of growth tleshA
osh4(ts)cells were still wild type in size, and no ¢
wall abnormalities were apparent (Fig. 1C,D). Wi
these cells, however, cytoplasmic lipid drog
accumulated and extensive vacuolar fragmentatiol
seen. As previously observed after the gradual dep
of Osh2p, vacuolar remnants were often filled
small lipid droplets inoshA osh4(ts) cells. Thus
regardless of the strain, vacuolar morphology and
droplet distribution were disrupted in cells deplete
OSH function. At the permissive temperatui@sh
osh4(ts)strains grew more slowly than wild type ¢
exhibited many of the same defects (although
severe) as those observed after growth arrest at
Thus, regardless of ho@SHfunction was eliminate!
loss ofOSHfunction resulted in vacuolar fragmentat
and lipid droplet accumulation.

w
chitin

Fig. 2.Osh protein depletion caused defective chitin accumulation. Calcofluor
staining of yeast cells viewed by fluorescence microscopy shows chitin
deposition. (A) Chitin bud scars are visible in wild-type cells (SEY6210) at the
mother-bud junction or immediately adjacent, which reflects the axial pattern
of haploid budding. (B) lmshA PMET3.OSH2cells (JRY6326) after methionine
repression o©OSH2expression, Osh depletion caused chitin to accumulate at
abnormal sites other than just the mother-bud junction (e.g. bud tip). Arrows
indicate abnormal deposits of chitin. Exposure timeo$hh PMETE0OSH2

cells were shorter that wild type indicating a comparatively greater amount of
chitin.
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A Osh+ oshAosh4-1 oshA OSH4 minutes at 37°C. After pulse-chase labeling, CPY was
0 5 10 30 0 5 10 30 0 5 10 30 immunoprecipitated from extracts of wild-type and ®8H
g%: — — - - mutant strains. CPY processing showed similar kinetics in all
= - vTeas -as the strains tested (FigABindicating that CPY maturation was
,a{b similar to wild-type inoshA osh4-1and oshA OSH4 mutant
[\ %0"9 strains. The only apparent difference was a slight delay in the
Q% Q\& é%’é conversion of the pl precursor into the p2 form indbA
2 0 osh4-1strain, when compared with tleshA OSH4or wild-
B . 0 (mM) Met type strains. In fact, a similar subtle lag in CPY processing has
been reported in other mutants that affect sterols, including
' viable ERG mutants (Munn et al 1999). These results
' o <0 indicated that th®©SHgenes do not significantly affect CPY
CPY transport from the ER to the Golgi, or from the Golgi to the
. 40 vacuole.
Some secretory mutants do not affect CPY delivery to the
. i vacuole, but rather secrete a large proportion of CPY out of the
g cell. In these mutants, the p2 form of CPY is mis-sorted to the

plasma membrane and some is released into the medium
Act'l p : - | 100 (reviewed by Bryant and Stevens, 1998). To evaluate whether
any CPY was secreted from the cell aft®&'SH gene

Solid inactivation, we took advantage of the gradual growth arrest

Medium caused wherOSH2 expression was repressed in e

_ _ _ PMET3.OSH2strain. Patches adshA PMETS-OSH2cells were
Fig. 3.CPY maturation and sorting was unaffected by loss of all transferred onto solid medium containing a range of
OSHfunction. (A) Autoradiograph of CPY immunoprecipitations methionine concentrations. In the bpresence of added

from wild-type (Osh; SEY6210)0sh\ osh4-1(CBY886) andoshA methionine, expression of the integrated‘/'ET-S-OSHZ

OSH4(JRY6320) cultures. p1, ER/early Golgi form of CPY; p2, late . X
Golgi CPY; m, mature vacuolar form of CPY. Cells were pulse- construct was _repressed_an_d growth of t_h's strain slowed,
labeled with Trar®S]-label for 5 minutes and chased for the periods especially at higher methionine concentrations. Extracellular

indicated at 37°C. CPY was immunoprecipitated from cell lysates  Secretion of CPY was monitored by overlaying nitrocellulose

and analyzed by SDS-PAGE. (B) CPY immunoblotsps4 filters directly onto patches of yeast strains grown on solid
(CBY824), wild-type (W.T.; SEY6210), arabhA PMET30SH2 media (Fig. 3B). Using anti-CPY antibodies, the filters were
(JRY6326) strains. Strains were spotted on solid media with probed for the presence of secreted CPY. As a control,
increasing concentrations of methionine (up to 100 mM), which  duplicate filters were probed with antiserum that recognizes
repressed expression ©5H2in theoshA PMETS.OSH2strain and actin. Although polymerized actin comprises the basic

ér;f{Sted grto";t?' F”terﬁ were %Iatce(: (élire_cttlLy o t(r;lej\s(olidt.rgegium angructure of the cytoskeleton, lower levels of monomeric actin
secreted 1rom cells was detected with anti- antinodies :
(Roberts et al 1991). Filters were also probed with anti-Actlp to are presgnt in the cell (Karpova gt a!., 1998) and can .be
detect the discharge of actin from non-specific cell lysis. Equivalent nonspeCIflcaIIy rgleased by C.e” lysis with other cytoplasmic
amounts of cells were spotted on the solid medium as shown by thePrOteins. The nitrocellulose immunoblots were taken from
example in the bottom panel. comparable patches of cells grown on solid medium (bottom
panel of Fig. 3B As a control, CPY extracellular secretion
was also monitored ingps4 strain.VPS4is required for the
sorting and trafficking of CPY from thrans-Golgi to the
Exocytosis and transport of carboxypeptidase Y (CPY) vacuole (Robinson et .al1988; Rothman et al1989). The
to the vacuole were unaffected by Osh depletion vps4 strain secreted a large amount of CPY onto
The elimination of allOSHfunction caused aberrant vacuolar nitrocellulose, but relative to wild type tivps4\ mutant did
morphology, and in some cases vesicle accumulatiomot release actin indicating specific CPY release (Fig. 3B). In
suggesting that secretory transport to the vacuole or to the cebbmparison, theshA PMETEOSH2strain did not release actin
surface might be disrupted. Moreover, several reports suggest CPY, regardless of the extent@BH2repression. Based on
that OSBP homologs regulate vesicular trafficking through théhese experiments, reducirf@SH function had no adverse
Golgi (Fang et al 1996; Xu et a) 2001). To test wheth@SH  effect on CPY sorting at thieans-Golgi.
genes affected vesicular trafficking of proteins from the ER to The exocytosis of several other secreted proteins were
the vacuole, the maturation of CPY precurso®8Hmutants also unaffected byDSH inactivation. To determine whether
was analyzed. In wild-type cells, the p1 precursor form of CP¥ecretion to the plasma membrane was affectedOB
is generated when newly synthesized CPY is translocated intoutants, transport of the glycoprotein Hsp150p and the
the ER and then core glycosylated. After transport from the EBlycosyl-phosphatidylinositol (GPI)-anchored protein Gaslp
to the Golgi, CPY is further glycosylated to the larger p2were examined following pulse-chase radiolabeling (Fig. 4).
precursor form. Finally, upon arrival in the vacuole, the smalleHsp150p is the most abundant glycoprotein secreted into the
mature (m) CPY protein is produced through proteolyticnedium (Russo et al1992; Gaynor and Emr, 1997), and
removal of the pro-CPY leader peptide. To inactiv@®H  Gaslp is transported to the plasma membrane where it is
function before pulse-chase labeling, tis\ osh4-1ts) strain  associated with membrane regions rich in ergosterol (Bagnat
(and the other control strains examined) were incubated for 83 al., 2000). To examine Hsp150p secretion, glycoproteins
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Fig. 4.Secretion of Hsp150p to the cell ’\ i

surface was unaffected ISH X r}‘ G.;e‘

temperature-sensitive mutants. b\ v

Autoradiograph of Hsp150 purified usit 0@ %‘\ oéo OSh+ oshA osh4-1 oshA OSH4

Con A-affinity chromatography from the
extracellular medium and cell extracts
wild-type (OsH; SEY6210)0sh osh4-1
(CBY926),0shh OSH4(CBY924), wild-
type (W.T.; RSY255) andecl-1
(RSY782) strains. Cultures were
incubated at 37°C for 60 minutes and,
after a 10 minute pulse witB35]-label
followed by the addition of the chase
solution, samples were removed at O, :
30 and 60 minutes. In all samples fromr
OSHmutants, Hsp150p was secreted i
the medium with equivalent kinetics to
wild-type control. Moreover, 60 minute!
after pulse labeling and addition of cha
solution no intracellular Hsp150p was

Chase: 60 60 60

Intracellular

0103060 0103060 0 10 30 60

l l e

Extracellular

W.T. sect1-1 W.T. sect-1

01111tk e e
e il
Intracellular Extracellular

detectable. In the exocytosis-defecthax1-1strain scarcely any Hsp150p was secreted into the medium during the 60 minutes following pulse
labeling and addition of chase solution, and Hsp150p was detected within cells (internalized Hsp150p appeared to degrastesd@nitre
addition of chase solution but was nonetheless detectable). The autoradiograph of intracellular glycoproteins repregentexpasare than

that showing secreted extracellular glycoproteins.

were purified from the extracellular medium and fromthe vacuole. By contrast, lucifer yellow uptake was blocked in
solubilized cell extracts after a 60 minute incubation at 37°CosihA osh4(ts) cells after a 60 minute incubation at the
and pulse/chase labeled as described in the Materials arsktrictive temperature (Fig. 6). In the majorityoefA osh4(ts)

Methods. In wild-typepshA OSH4and oshA osh4-1strains,

cells, internal lucifer yellow staining was reduced and only in

Hsp150p was secreted into the medium with equal kinetics aradfew cells was the fluorescence in vacuolar fragments equal
there was no detectable intracellular accumulation (Fig. 4). By intensity to wild-type vacuoles. The percentage of faintly
contrast, in @ecl-Imutant, which is defective for the transport stained Osh-depleted cells (~85%) was similar to the well-
of secretory proteins from the Golgi to the plasma membraneharacterized endocytosis mutaas17A (87%), indicating a
Hspl50p was not secreted into the medium but remainezbmparable defect. AS17/BEElencodes th&accharomyces

within the cell (Fig. 4).

cerevisiae homolog of the mammalian Wiskott-Aldrich

Gaslp transport to the plasma membrane was al|gyndrome protein, which is required for cortical actin assembly

unaffected byOSHinactivation. After a 60 minute incubation and endocytosis (Li, 1997; Naqvi et al.

, 1998). Although some

at 37°C and a 10 minute pulse/chase labeling, the conversiemdocytosis genes are essentighS17is only required for
of the 105 kDa Gaslp precursor to the plasma membrangrowth at high temperatures. Lesser defects in lucifer yellow

associated 125 kDa mature form was similar in wild-tpgéh

uptake were detected in batshA OSH4cells grown at 23°C

OSH4 and os\ osh4-1strains (Fig. 5). In contrast, mature or 37°C, and also iroshIA osh4(ts) cells grown at the

Gaslp was not observed in teecl8(ts)mutant, which is

permissive temperature of 23°C. These findings indicated that

defective in exocytosis at 37°C. These results indicate th@SHgenes are required for fluid-phase endocytosis.
Gaslp transport to the plasma membrane was not defective inTo determine whether Osh depletion affected other aspects
theOSHmutants. In similar pulse/chase experiments, invertasef endocytosis, we analyzed the endocytic internalization and

secretion to the plasma membrane was also unaffectestitin

osh4-1cells (C.T.B., unpublished data).

OSH mutants disrupted the internalization step
of endocytosis

We tested whether endocytosis, another n
trafficking pathway, was affected by the eliminal
of OSHgene function. As demonstrated by sev
independent assays, Osh depletion had a signi
effect on endocytosis from the cell surface inta
cell. In the first endocytosis assay, the internalizi
of a marker dye for fluid-phase endocytosis, lut
yellow, was measured by fluorescence micros
(Fig. 6). In almost all wild-type cells grown at eit
23°C or 37°C, lucifer yellow was efficient
internalized from the medium and accumulate

subsequent proteolysis of Ste6p, a plasma membrane protein
required for export of-factor mating pheromone (Kuchler

W.T. oshA osh4-1 oshA OSH4 sec18's
15 30 0 15 30 0 15 30 0 15 30
(m)Gas1p— ‘3 ——
Gasip—
o """"* --.uunﬁ

Fig. 5. Secretion of Gaslp to the plasma membrane was unaffec@8Hy

mutants. Autoradiograph of Gaslp immunoprecipitations from wild-type (W.T.;
SEY6210),0sh osh4-1(CBY886),0si\ OSH4(JRY6320) ancecl18(ts)

(JRY4130) cell lysates following SDS-PAGE. (p)Gaslp, precursor form of Gaslp;
(m)Gaslp, mature plasma membrane form of Gaslp. After an incubation of 1
hour at 37°C, cells were pulse-labeled for 5 minutes and chased for the periods
indicated (in minutes) at 37°C.
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Fig. 6. Temperature-sensitv@SHmutants were defective for

lucifer yellow fluid-phase endocytosis. Lucifer yellow uptake 23°C
delivery to the vacuole was observed at 23°C, or after a 60 r
incubation at 37°C, in wild-type (OShSEY6210)0shA OSH4
(JRY6320),0sh\ 0sh4-1(CBY886) andosh osh4-2(CBY892)

cells. For comparison, lucifer yellow uptake was examined a o
23°C in wild-typeLAS17(DDY904) andas17 (DDY1438) 37rc
cells. In the wild-type Oshstrain, vacuoles that were brightly

stained with lucifer yellow were observed in 92% of cells gro

at 23°C (65 out of 71 cells counted) and an equivalent perce

was seen at 37°C (91%; 64/70).dsih OSHA4cells, 68%

exhibited brightly staining vacuoles at 23°C (69/101) and an ol
equivalent percentage was observed at 37°C (69%; 69/99). 23°C
osh osh4-1cells at 23°C, however, 42% exhibited bright luci

yellow staining (36/85), and at 37°C, only 13% of cells (10/7!

efficiently internalized lucifer yellow. Likewise, at 23°C 44% c. LASTZ las1Zk

osh osh4-2cells (34/78) had bright fluorescent vacuoles and vacuolar remnants, and at 37°C, only 17% of these cells (13/79) were brightly
stained. This result was comparable to that observed in the endocytosislaaif@ntOnly 13% oflas17A cells (15/116) were as brightly

stained as in the wild-type parent, where 93% of the wild-tyx@l7cells (78/84) had efficiently absorbed lucifer yellow from the medium.

All photographs represent equal exposures.

Osh+ oshAOSH4 oshAosh4-1 oshAosh4-2

et al, 1989). In wild-type cells, Ste6p is constitutively A 0 15 30 60 90 0 15 30 60 90min
internalized from the plasma membrane and routed to tt i - v 3 =

vacuole where it is degraded (Berkower et &B94). The Stadp-HA 5 h4: - v +
stability of Ste6p is markedly increased in endocytosit 0shA osh4- Osh

mutants, which effectively bl_o_ck the _dellvery of Ste6p to 0 15 30 60 90 0 15 30 60 90min
vacuolar proteases. The stability of epitope-tagged Ste6p-H .
was analyzed in theshA osh4-1temperature-sensitive mutant,  Ste6p-HA ' S . . - -
thelas17A endocytosis mutant, and their respective wild-type
control strains (Fig. 7A). After 60 minutes at 37°C, nearly all B asisa LAS17
Ste6p-HA was degraded in the wild-type strains, but significar
levels of Ste6p-HA persisted in both teelA osh4-1and
las17A mutants (Fig. 7A). Even after 90 minutes, Ste6p-HA
was detectable in theshA osh4-landlas17A samples. These
findings indicated a comparable disruption of Ste6p-HA
internalization inosm\ osh4-landlas17A mutants. Moreover, Osh* oshAosh4-1 oshAOSH4
the defect in Ste6p degradation was not due to a failure iRig. 7. FM4-64 uptake, and Ste6p internalization and degradation,
vacuolar proteolysis because the proteolytic processing of CPwere inhibited in at©SHtemperature-sensitive mutant. (A) Protein
was unaffected imsh\ osh4-1cells (see above). immunoblots of hemagglutinin (HA) epitope-tagged Ste6p expressed
OSH mutant cells were also defective in the endocytidn oS osh4-1cells (CBY966) and its congenic wild-type Osh
internalization of the fluorescent lipophilic dye, FM4-64. FM4-Parent (CBY968), antas1 cells (CBY1024) and its congenic

: : -wild-type LAS17parent (CBY1026). In each of these strains, the
64 associates with the yeast plasma membrane and, fO||0WIs bility of Ste6p was analyzed by adding cycloheximide to stop

endocytosis, it is de"ve.rEd to the vacuole Wher_e It stains th[?rotein synthesis and then removing, at the times indicated, equal
vacuolar membrane (Vida and Emr, 1995). In wild-type cellsyo)ymes of cell culture incubated at 37°C. Extracted proteins were
FM4-64 was internalized and concentrated in the vacuolgeparated on SDS gels and analyzed by immunoblot with antibodies
(Fig. 7B). In ostA OSH4 and osih\ osh4-1cells, FM4-64  that recognized the HA epitope. Note that in the wild-type strains,
fluorescence was less intense indicating a reduction in dy&e6p-HA degradation occurred after 60 minutes but OBl
internalization. Despite comparable defects in lucifer yellowemperature-sensitive mutant dad17A strain Ste6p-HA persisted
uptake, the FM4-64 endocytosis defectaisl 7A mutants was beyond 90 minutes. All strains were incubated for 1 hour at 37°C
comparison) suggesting thadS17and theOSHgenes affect SEY6210).0shh 0shd-1(CBY926) andoshh OSH4(CBY924) cells
endocytosis in a different manner. Taken together, the resugéere incubated for 30 minutes at 37°C, then treated with a short

Y

f all endocvtosi tablished that ? tant functi Ise of FM4-64 and chased with fresh medium. Cells were viewed
or all endocylosis assays establishe atan important luncligl} ,orescence microscopy 30 minutes after the FM4-64 pulse/chase

of theOSHs is related to endocytosis. (P/C) and photographs were taken with equal exposures.

FM4-64 P/C

OSH mutants affected sterol lipid distribution However, many viabl®©SH deletion mutants are resistant to
In Osh-depleted cells, ergosterol levels increase 3.5-folthe ergosterol-binding antibiotic nystatin (Jiang et 8994,
relative to wild type (Beh et al2001). This result suggests that Beh et al, 2001) even though many nystatin-resistant strains
ergosterol levels might be elevated at the plasma membrar®gvereducedlevels of ergosterol exposed on the cell surface
the normal cellular destination of unesterified ergosterol(Woods, 1971; Walker-Caprioglio et,a1989). To resolve this
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To evaluate the specificity of filipin/sterol staining in yeast,
filipin fluorescence was examined in cells after sterol synthesis
was blockedERG9is an essential gene that encodes squalene
synthase, the first enzyme in the ergosterol biosynthetic
pathway that is specific for sterol-lipid synthesis. A strain was
created in which the wild-typERG9gene was replaced with
an integrated METSERGY construct. In the presence of
methionine, expression of squalene synthase was repressed and
the PIETAERG9 erg@ cells did not grow. Compared with
filipin-stained wild-type cells, filipin fluorescence was
diminished in growth-arrested"PT3ERG9 erg@ cells (Fig.
8A). This result indicated that filipin was a specific probe for
yeast sterols because filipin fluorescence was significantly
-\ ergoA reduced in yeast comprom_isgsd for sterol synthesis.

To determine whether filipin fluorescence could be used to
detect aberrant sterol distribution, awl1A mutant was treated
with filipin. ARV1encodes a predicted zinc-binding integral
membrane protein involved in the maintenance of normal
ergosterol distribution in yeast cells (Tinkelenberg e28100).

In arv1A and wild-type cells, most ergosterol is present at the
plasma membrane. However, amnvlA cells some ergosterol
can be found in fractions corresponding to the endoplasmic
reticulum (ER) and the vacuole (Tinkelenberg et 2000),
organelles that are normally sterol deficient (Zinser gt al
1991). Inarv1A cells filipin fluorescence was always observed
at the cell periphery but in some cells fluorescence was also
observed within the cell (Fig. 8B), which was rarely observed
in wild-type cells. These results demonstrated that filipin
fluorescence could be used in yeast to detect even subtle
Fig. 8.Filipin specifically stained yeast sterols. (A) Wi|d-t)4f)EGg. changes in intracellular sterol distribution.

(CBY858) anderg® PMETEERGY(CBY745) cells were treated with Our previous analysis of alDSH deletion combinations
filipin. The left panels show cell morphology by DIC, and the right ;jenified two viable strains that were particularly resistant to
panels show the corresponding filipin staining observed by nystatin (Beh et al 2001). To examine sterol distribution in

fluorescence microscopy. After addition of methionine, filipin .
fluorescence ierg PMET3ERGOcells was considerably less these strainsysih OSH1 OSH3andosh OSH3 OSHBcells

intense than in wild-typERGOcells. Photographs were taken with ~ Were treated with filipin and viewed by fluorescence
equivalent exposures, although with longer exposures background Microscopy (Fig. 9A). The staining patterns observed in these
filipin fluorescence was detectable in ERGYrepressed cells. OSH mutants differed from that in wild type. Overall,
(B) Sterol distribution in botlarviA (CBY994) and wild-typeARV1 fluorescence was greater in @8Hmutants than in wild-type
(CBY858) cells were also examined using filipin fluorescence. In  cells. Within these cells, sterol distribution was most affected
41% ofarv1A cells (52 out of 136 cells), fluorescence was observed jn the oshA OSH3 OSH6mutant, where a majority of cells
within the cells whereas in wild-type cells, only 10% of cells (10/96) exhibited aberrantly intense cytoplasmic filipin fluorescence.
ﬁﬁg'g;i:ﬁcgogggg?;‘: dsc\ﬁltﬂl?r%gr?]t;?rmnégré?;vnse?dlcate filipin Unlike arviA cells, the internal staining was characterized by
: bright staining spots and sinuous strands. Moreover, compared
with wild type, a reduced number oA OSH3 OSHe&ells
were observed with intense plasma membrane staining. Only a
apparent paradox, we analyzed in vivo the intracellulasubtle increase in cytoplasmic fluorescence was observed in
distribution of sterol lipids iOSHmutant cells. oshA OSH1 OSH2ells and, between wild-type andhA OSH1
In mammalian cells, the distribution of free cholesterol carOSH3 cells, there was no discernible difference in plasma
be visualized by fluorescence microscopy using the cholestensiembrane fluorescence. In this context, nystatin resistance
probe, filipin (Severs, 1997). Although filipin binds cholesterolappeared to be a more sensitive measure of ergosterol defects
with greater affinity than ergosterol (Brittman et, d1974), at the plasma membrane than filipin staining. These findings
filipin fluorescence was successfully adapted for analyzingndicated that in at least o@SHmutant strain the maintenance
yeast sterol-lipid distribution. Filipin/sterol fluorescence wasof normal sterol levels in the plasma membrane was defective
observed primarily at the cell surface (Fig. 8A), where the bulland that sterols accumulated in internal membranes.
of free ergosterol is located in yeast. Fluorescence was alsoTo determine whether sterol distribution was affected by loss
observed in small cytoplasmic spots, which might correspondf all the Osh proteinspstA PMET3.QSH2 cells, andOSH
to ergosterol-rich endocytic vesicles. Limited overlap betweetemperature-sensitiveshA osh4-landoshA osh4-2cells were
the filipin fluorescent spots and Nile Red stained lipid dropletexamined by microscopy after filipin treatment (Fig. 9B,C).
was observed indicating that some, but not all filipin-When OSH2 was expressed,ostA PMETS.QSH2 cell
fluorescent spots, corresponded to lipid droplets (C.T.Bmorphology and filipin/sterol staining were comparable to
unpublished data). wild-type cells although some internal filipin fluorescence was

P"T-ERG9
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Fig. 9. Sterol lipid distribution was disrupted @SHmutants.

(A) The pattern of filipin fluorescence observed in wild-type cells

(Osh; SEY6210) was disrupted ostA OSH1 OSH3JRY6306)

andoshA OSH3 OSH&JRY6312) mutant cells. Bright fluorescence

at the plasma membrane was observed in 98% of wild-type cells (54

out of 55 cells counted), 98% o$MA OSH1 OSH2ells (54/55), and

in 66% ofoshA OSH3 OSHe&ells (19/34). Bright internal

fluorescence was observed in 25% of wild-type cells (11/44), 36% of

oshA OSH1 OSH2ells (19/53), and in 76% oshA OSH3 OSH6

cells (26/34). (Bpsh\ PMETS.OSH2(JRY6326) cells were cultured

in the presence and absence of methionine and treated with filipin. In

each series, left panels show cell morphology by DIC, and the right

panels show the corresponding filipin fluorescence. Cells grown in

the absence of methionine (—Met) displayed normal cell morphology

and the pattern of filipin staining was comparable to that seen in

- wild-type cells. In the presence of methionine (+Met), Osh depleted
' osh\ PMET3.QSH2cells were larger in size, bud morphology and

oshA i septation were defective, and the intensity of intracellular filipin

OSH3 OSH6 N fluorescence increased. (C) Filipin fluorescence was examined in

wild-type cells (SEY6210), and in the temperature-sensitive mutants

osh\ osh4-1(CBY926), andbshA osh4-2(CBY928). At 23°C, more

intracellular filipin fluorescence was observed in@&Hmutants

compared with wild-type cells, and after 60 minutes at 37°C the

intensity of intracellular fluorescence increased in mutant cells. In

both (B) and (C), images of filipin fluorescence do not represent

equal exposures; exposures were longer for wild-type cells.

ARV1 deletion caused endocytosis defects

To date,ARV1is the only gene reported other than @®Hs

that affects sterol levels and distribution within yeast cells,
without simply blocking sterol synthesis (Tinkelenberg et al
2000). To determine if, like th@SHs, ARV1also plays a role

in endocytosis, we evaluated lucifer yellow and FM4-64 uptake
in arvlA cells. After a 60 minute incubation at 37°C, lucifer
yellow uptake was reduced amv1A cells relative to wild-type
cells (Fig. 10A) indicating that fluid-phase endocytosis was
defective. This defect was comparable to the internalization
defect observed irrg2endl cells, which in addition to
blocking ergosterol production also caused a pronounced
endocytosis defect (Fig. 10A) (Munn et al., 1999). A modest
defect was also observed for FM4-64 uptakeuinlA cells
(Fig. 10B). Thearv1A uptake defect was not as striking as that
observed idas17A cells, but FM4-64 uptake was less efficient
in thearvlA mutant than wild type. Thu&RV1affected both
sterol distribution and endocytosis.

To determine whether, likOSH mutants, the deletion of
ARV1also had an effect on vacuole morphologiylA cells
visible. OSH2 may be insufficient by itself to rescue the were stained for an extended period with FM4-64 to visualize
ergosterol distribution defect completely becaoskh OSH2  vacuolar membranes. Under these conditions, FM4-64 was
strains (where the wild-typ©SH2 is the soleOSH gene) internalized and the dye-stained vacuole membranes revealed
exhibit many ergosterol-related defects (Beh et al., 2001)acuolar fragmentation iarvlA cells (albeit minor compared
However, whenOSH2 expression was repressed ashA  with erg2A or OSHmutants; Fig. 10C). Despite these defects
PMETEOSH2 cells, Osh protein depletion led to significantin vacuolar morphology, CPY processing and transport to the
changes in morphology and sterol distribution in about half thgacuole was unaffected iarvlA mutants when compared
cells (Fig. 9B). In these Osh-depleted cells, overall celivith wild-type cells (C.T.B., unpublished data). These results
fluorescence increased due to an increase in cytoplasmic filiplemonstrated thaARV1 and OSH mutants shared similar
fluorescence, and plasma membrane fluorescence decreasedldfects, and suggested a connection between endocytosis,
osh osh4(ts)mutant strains at 37°C, filipin fluorescence atvacuolar morphology and the maintenance of sterol
plasma membrane was comparable with wild-type cells bufistribution.
in these mutants significant cytoplasmic filipin staining was Our results suggested a link between endocytosis and the
evident (Fig. 9C). These results indicated t©&H mutants  maintenance of sterol distribution, so we examined whether all
affect intracellular sterol distribution. endocytosis mutants affect the cellular pattern of filipin/sterol
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Fig. 11.Sterol lipid distribution was unaffected BEND4SLA2
temperature-sensitive mutants. Leftmost panels show whole cell
morphology by DIC, and the rightmost panels show the same cells
stained with filipin. No intracellular accumulation of sterols was
detectable by filipin staining isla2end4-1cells (RH286-1C) as
compared with wild type (W.T.; W303-1A).

osh\ osh4-2 temperature-sensitive mutants at 37°C, the
polarization of actin patches and the number and orientation of
Fig. 10.ARV1deletion mutants exhibited endocytosis defects and ~ actin cables were comparable to wild-type cells (C.T.B.,
fragmented vacuoles. (A) Lucifer yellow (LY) uptake and delivery to unpublished data). In addition, the actin cytoskeleton appeared
the vacuole was observed in wild-type (W.T.; CBY8%8y2A unaffected in cells containing deletions of eitE&RG2 or
(CBY678) andarvA (CBY994) cells grown at 30°C. In the wild- ~ ~ ARV1 (C.T.B., unpublished data). Thus, the endocytosis
type strain, brightly stained vacuoles were observed in 92% of cells jefects associated witlerg2A, arviA, and temperature-

(154 out of 167 cells counted). éng2A cells, only 2% of cells sensitive OSH mutants were not manifested throu

- : ; . gh any
0, . . .

efficiently internalized lucifer yellow (1/50), and 0%anfv1A cells obvious effects on polymerized actin.

exhibited brightly staining vacuole or vacuolar fragments (0/72). (B)
Wild-type (CBY858)las17A (CBY1024) ancarvlA (CBY994) were
treated with a short pulse of FM4-64 and then chased with fresh . .
medium (FM4-64 P/C). Cells cultured at 30°C were viewed by Discussion

fluorescence microscopy 30 minutes after the FM4-64 pulse/chase From our previous studies @ SHmutants, we determined that

(P/C) and photographs were taken with equal exposures. (C) Wild- the OSH genes perform many nonessential roles and that

type (CBY858) andrvlA (CBY994) cells were cultured at 30°C in - combined they share at least one essential function (Beh et al.,

the presencelof FM4-64 for 4 hours to label all vacuoles and VaCUO|QIOOj_)_ In this paper we focused on the overlapping functions

fragments uniformly (FM4-64). IarvIA cells, vacuolar . ofall severOSHgenes, and found that tSHs are involved

fragmentatlc_)n was evident in the proliferation of FM4-64 staining in daughter cell budding, endocytosis and the maintenance of

vacuole-derived rings. cellular sterol distribution. These findings imply a specific
association between the intracellular transport of sterols and
these other processes.

staining. The essential geS& AZEND4 is involved in actin-
dependent endocytosis (Raths et 4B93; Holtzman et al
1993). To determine wheth8t AZEND4was required for the The OSH gene family and secretion
normal maintenance of sterol distribution, and4-1 The deletion oKESIOSH4suppresses the lethality associated
endocytosis mutant was treated with filipin after incubation avith loss ofSEC14 an essential gene required for Golgi vesicle
37°C, its nonpermissive growth temperature. Tel4-1  budding, even though deletion @SH4 has no detectable
endocytosis mutant had no perceptible accumulation ddffect on Golgi secretory transport (Fang et 4996). The
internalized sterols and no change was detected at the plasimglication is thaDSH4does not facilitate Golgi secretion but
membrane (Fig. 11). These findings indicated that endocytosiather acts as a repressoiS&#C14dependent Golgi transport.
defects per se do not cause sterol accumulation within yeabBhis suggests thaDSH4 overexpression might completely
cells. block Golgi secretion. Although the overexpression of any
Actin is essential for yeast endocytosis (Kubler andsingle OSH gene has no affect on growth, and thus no
Riezman, 1993; Munn et.all995), and many genes required appreciable secretory defect (C.T.B., unpublished data),
for endocytosis affect actin assembly and dynamics (reviewedammalian OSBPs expressed at high levels in yeast cause
by D’Hondt et al, 2000). To examine wheth®SHassociated growth arrest and CPY-Golgi transport defects (Xu et al
endocytosis defects were actin dependent, we examined tB801). These results indicate that th8Hs and OSBPs are
actin cytoskeleton i@SHmutants. Wild-type and mutant cells negative regulators of Golgi secretion, although the purpose
were fixed and treated with rhodamine conjugated phalloidiand mechanism is unclear.
a fluorescent actin-binding probe. In both tis&\ osh4-1and Our results showed that the enti@SH gene family is



2994 Journal of Cell Science 117 (14)

dispensable for the transport of several secretory proteins to tkacuolar integrity appears to be independent of vacuolar
plasma membrane. Turning off the last remair@®Hgene, transport. Deletion mutants in the ergosterol biosynthetic genes
in cells that otherwise lacked all otH@EHs, had little impact ERG2or ERG6perturb vacuolar integrity, but neither deletion
on Hspl50p, Gaslp, or invertase secretion to the plasniocks CPY transport to the vacuole (Munn and Riezman,
membraneOSH inactivation also had insignificant effects on 1994). Likewise, in Osh-depleted cells, CPY delivery to the
CPY transport to the vacuole, and CPY was not mis-sorted aicuole was essentially unaffected despite vacuolar collapse
the Golgi to the cell surface. These results indicated that thend fragmentation. Other vacuolar protein-sorting mutants also
OSHs are not facilitators of exocytosis or trafficking from thedisrupt vacuole morphology and they can affect transport
Golgi to the vacuole, but do not preclude a role forQi@&s  pathways other than that defined by CPY trafficking (Wickner
as negative regulators of secretion. Even so, our data indicatadd Haas, 2000). This raises the possibility that Osh proteins
that the OSHs have other important roles in membranefacilitate an aspect of vacuolar or endosomal trafficking other
trafficking and organelle morphology, which might be tied tothan that involving CPY. As discussed below, @®Hs are in

Osh activities in affecting cellular lipid distribution. fact necessary for endocytosis.

The OSHs maintain sterol-lipid distribution and vacuolar The OSHs are required for endocytic internalization

integrity Inactivation ofOSHfunction in a temperature-sensitive mutant
The link betweenOSH mutants and sterols was establisheddisrupted lucifer yellow and FM4-64 uptake, and retarded
through the phenotypic analysis of alDSH deletion  Ste6p internalization from the plasma membrane. These results
combinations (Jiang et.all994; Beh et a12001). Deletion of indicate that th©SHs are required for the internalization step
specific subsets of tH@eSHgenes cause sterol-related defectsof endocytosis. Similar to th©SH genes, we found that
affecting tryptophan uptake, ion transport and osmotic stresanother gene that affects cellular ergosterol distribui&®\/1,
In addition, many mutant combinations manifested alteredlso affected endocytosis. BrvlA cells, levels of plasma
sensitivities to the sterol-specific drugs lovastatin and nystatimembrane sterols are reduced and sterols accumulate in
Consistent with these findings, @SH mutants we observed intracellular membranes (Fig. 9B) (Tinkelenberg et2000).
defects in the cellular distribution of sterols. In addition to theMe also observed endocytosis defects by lucifer yellow and
intracellular accumulation of filipin-staining sterols, a decreas&M4-64 uptake assays. Although the pattern of sterol
in plasma membrane filipin fluorescence was observed in sonaecumulation withirarvlA and Osh-depleted cells appeared to
OSH mutants. Depletion oOSH function also caused lipid differ, the shared role in endocytosis suggests links between
droplet accumulation. Following the gradual depletion of Oslergosterol and endocytic transport.
proteins the level of cellular ergosterol increases 3.5-fold (Beh
et al, 2001). Much of this excess ergosterol presumably resides ) ) )
in the lipid droplets observed by electron microscopy. LipidModel for the shared functions of the Osh protein family
droplets and filipin-stained sterols also accumulated after thehe elimination ofOSH function disrupted several cellular
rapid inactivation ofOSH genes inoshA osh4(ts)cells at processes. Possibly th®@SHs contribute to each of these
nonpermissive temperatures but total levels of cellulaprocesses independently, and the lethality of deleting all
ergosterol were unchanged. Unlike gradual depletion of OsBSH genes is a consequence of a mixture of defects that
proteins, rapid inactivation o®SHs in oshA osh4(ts)cells  cumulatively compromise growth. However this is unlikely
did not alter sterol composition or sterol levels when lipidgiven the rapid growth arrest observed after shiftirsi\
extracts were compared with wild type (C.T.B. and L. Coolpsh4ts) cells to their nonpermissive temperature. The results
unpublished). These findings indicated that defects in stersuggest that the cellular processes affected byO®lks are
distribution observed inshA osh4(ts)cells were not the result functionally integrated.
of alterations in sterol synthesis. These results also suggestedf there is a causal link between endocytosis, vacuole
that theOSHgene family is not directly involved in sterol lipid integrity and intracellular sterol distribution, then the primary
metabolism but rather in maintaining ergosterol localization atlefect caused by Osh protein depletion may be associated with
the plasma membrane. During the limited period of growth thaany one of these functions. The evidence suggestOthEt
follows when Osh proteins are gradually removed, ergosterahactivation blocks the recycling of ergosterol back to the cell
mislocalization might perturb regulatory sensing of sterolsurface and, in turn, this might explain all phenotypes
in a particular membrane and sterol synthesis is therebyenerated by the loss @SH function. This implies that
erroneously induced. plasma membrane sterols are required for endocytosis. Indeed,
The disruption of cellular ergosterol distribution by Osh-mutations in several genes required for ergosterol production
depletion appears to have specific consequences on vacuddae required for endocytosi&RG2 which encodes a late-
morphology. In our experiments, regardless of hOBH  acting enzyme in the ergosterol biosynthetic pathway, was
function was turned off, the loss of @ISHfunction resulted independently identified as the endocytosis gé&idD11
in vacuolar fragmentation and collapse, and lipid droplet§Munn and Riezman, 1994; Munn et.,all999). Either
amassed within the fragmented remains of vacuoles. In wildrgosterol is required for endocytosis, or the precursor sterol
type, lipid droplets were rarely seen within vacuoles, andhat accumulates IBRG2mutants inhibits internalization. Our
ergosterol is not normally an abundant vacuolar lipid (Zinseresults are consistent with the model that ergosterol is
et al, 1991). Substantial vacuolar fragmentation is alsaecessary for endocytosis because bARV1 and OSH
observed in ergosterol biosynthesis mutants (Munn,dt@9;  mutants perturb plasma membrane ergosterol and also disrupt
Kato and Wickner, 2001) in which the role of ergosterol inendocytosis.
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An alternative possibility is that the Osh proteins are of cholesterol metabolism by proteolysis of a membrane-bound transcription
themselves part of a complex directly involved in endocytosis. factor.Cell 89, 331-340.

; ; ; ; ; ot Brown, M. S. and Goldstein, J. L(1999). A proteolytic pathway that controls
The rapld halt in endocytOSIS fOIIOWIn@SH Inactivation the cholesterol content of membranes, cells, and bt Natl. Acad.

suggests thaOSI.-‘e are directly mvolved._ We did not depect Sci. USA96, 11041-11048.

sterol accumulation in e@nd4-lendocytosis mutant indicating Bryant, N. J. and Stevens, T. H.(1998). Vacuole biogenesis in
that sterol trafficking defects are not ubiquitous aspects of Saccharomyces cerevisigerotein transport pathways to the yeast vacuole.
endocytosis mutants. Thus, tB&Hgenes represent a specific o Microbiol. Mol. Biol. Rev62, 230-247.

class of lipid-related endocytosis genes awson, P. A., van der Westhuyzen, D. R., Goldstein, J. L. and Brown, M.

. . ? .. S. (1989). Purification of oxysterol binding protein from hamster liver
What is the mechanism by which endocytosis is affected Cytgsou? Biol. Chem264, 90)(6_9052_ ap

by changes in sterol levels or distribution? The interactiom'Hondt, K., Heese-Peck, A. and Riezman, H(2000). Protein and lipid
between actin complexes and the plasma membrane igequirements for endocytosiénnu. Rev. Gened4, 255-295.

important for yeast endocytosis (Kubler and Riezman, 199§a&g'KM'érﬁeaBr2§k;ﬁ§'{/G:dalggg)' Akéstg“évr?;ri's Sﬁbr}fq%?c;n&m&’]':huunn%én
Munn et _aJ’ 1995) and may be sensitive to membrane IIpId oxysterol binding prc;tein and participates in a novel regulgt)c/)ry pathway for
composition. INARV], ERG2or OSHmutants, however, the  yeast Golgi-derived transport vesicle biogeneSMBO J.15, 6447-6459.
actin cytoskeleton and the distribution of actin patches owaber, R. F, Copple, D. M., Kennedy, B. K., Vidal, M. and Bard, M.
the plasma membrane appeared unaffected (C_T_B_,(1989).The yeast geiiERG6is required for normal membrane function but

; adinat ; is not essential for biosynthesis of the cell-cycle-sparking stdail.Cell.
unpublished data), indicating that the endocytosis defectsBioI_g‘ 3447-3456.

Observe_d in these mUt_antS were actin Independen&-aynor, E. C. and Emr, S. D.(1997). COPI-independent anterograde
Alternatl_\/_ely, _Chan_ges in plasma membrane sterol transport: cargo-selective ER to Golgi protein transport in yeast COPI
composition might disrupt endocytosis by altering membrane mutants.J. Cell Biol. 136, 789-802. _ _
structure. In animal cells, the depletion of cholesterol frorr?‘ok‘:feec‘;uvlgv Bageg’ o G-vIBJUSSevaH-v Davis, K. . Dulon, B-'nggd“ﬂ?f‘””!
the plasma membrane alters the morphology of clathrin- M Galbert, F., Hoheisel, 3. D., Jacg, C., Johnston, M. et #1996). Life

. R . . . with 6000 genesScience274, 546-567.
coated pits and inhibits budding of clathrin-coated endocytigiargwick, K. G. and Pelham, H. R.(1994).SEDSis identical toERG6 and
vesicles (Rodal et gl1999; Subtil et a] 1999). ThusARV] encodes a putative methyltransferase required for ergosterol syntieasis.
ERG2or OSHmutants, all of which affect plasma membrane 10, 265-269. _
lipid composition, might also affect the deformation of theMeino. S., tusa. S., Somerharju, P., Ehnholm, C., Olkkonen, V. M. and

. . . . Ikonen, E. (2000). Dissecting the role of the Golgi complex and lipid rafts
plasma membrane required for endocytic vesicle formation. in biosynthetic transport of cholesterol to the cell surfRecec. Natl. Acad.

In this respect, the yea€®dSHs appear to affect multiple  sci. USA97, 8375-8380.

transport processes by changing local membrane lipidolthuis, J. C., Nichols, B. J. and Pelham, H. R1998). The syntaxin Tlglp

composition. mediates trafficking of chitin synthase Il to polarized growth sites in yeast.
Mol. Biol. Cell9, 3383-3397.

. . Holtzman, D. A., Yang, S. and Drubin, D. G.(1993). Synthetic-lethal
Special thanks to members of the Drubin/Barnes laboratory for interactions identify two novel geneSLA1 and SLA2 that control

antibodies, stralns_ an_d helpful suggestlons, and to the Schekma embrane cytoskeleton assemblysaccharomyces cerevisigke Cell Biol.
laboratory for antibodies and strains. We gratefully acknowledge 175 35.644.

Robin Wright for technical advice and support, and Nancy Hawkingjang, B., Brown, J. L., Sheraton, J., Fortin, N. and Bussey, H1994). A

and Keith Kozminski for comments and suggestions on the new family of yeast genes implicated in ergosterol synthesis is related to the
manuscript. Thanks also to Tim Levine, Sean Munro and Robert Yang human oxysterol binding proteiveastL0, 341-353.

Hongyuan for sharing results before publication. This work waKandutsch, A. A, Chen, H. W. and Heiniger, H. J.(1978). Biological
funded by a National Institutes of Health grant to J.R. (GM35827). activity of some oxygenated steroicience201, 498-501.

C.T.B. was supported by Leukemia and Lymphoma Society Speciéﬂapla”' M. R. and Simoni, R. D.(1985). Transport of cholesterol from the
Fellows grant #3042-00 endoplasmic reticulum to the plasma membrdn€ell Biol.101, 446-453.

Karpova, T. S., McNally, J. G., Moltz, S. L. and Cooper, J. A(1998).
Assembly and function of the actin cytoskeleton of yeast: relationships
between cables and patché&sCell Biol.142 1501-1517.

References Kato, M. and Wickner, W. (2001). Ergosterol is required for the Sec18/ATP-
Adams, A., Gottsschling, D. E., Kaiser, C. A. and Stearns, {1997). dependent priming step of homotypic vacuole fusEMBO J 20, 4035-
Methods in Yeast Genetisd. M. M. Dickerson). Cold Spring, NY: Cold 4040.
Spring Harbor Laboratory Press. Kuchler, K., Sterne, R. E. and Thorner, J.(1989).Saccharomyces cerevisiae

Bagnat, M., Keranen, S., Shevchenko, A., Shevchenko, A. and Simons, K.  STE6gene product: a novel pathway for protein export in eukaryotic cells.
(2000). Lipid rafts function in biosynthetic delivery of proteins to the cell EMBO J.8, 3973-3984.

surface in yeasProc. Natl. Acad. Sci. US87, 3254-3259. Kubler, E. and Riezman, H.(1993). Actin and fimbrin are required for the
Bankaitis, V. A., Aitken, J. R., Cleves, A. E. and Dowhan, W1990). An internalization step of endocytosis in ye&d¥IBO J.12, 2855-2862.

essential role for a phospholipid transfer protein in yeast Golgi functionLevine, T. P. and Munro, S.(1998). The pleckstrin homology domain of

Nature347, 561-562. oxysterol-binding protein recognizes a determinant specific to Golgi

Beh, C. T., Cool, L., Phillips, J. and Rine, J(2001). Overlapping functions membranesCurr. Biol. 8, 729-739.
of the yeast Oxysterol-binding protein homologuégnetics157, 1117- Levine, T. P. and Munro, S.(2001). Dual targeting of Oshlp, a yeast
1140. homologue of Oxysterol-binding protein, to both the Golgi and the nucleus-
Berkower, C., Loayza, D. and Michaelis, S1994). Metabolic instability and vacuole junctionMol. Biol. Cell 12, 1633-1644.
constitutive endocytosis &TEG the a-factor transporter 8aaccharomyces  Li, R. (1997). Beel, a yeast protein with homology to Wiscott-Aldrich
cerevisiae Mol. Biol. Cell5, 1185-1198. syndrome protein, is critical for the assembly of cortical actin cytoskeleton.
Berkower, C., Taglicht, D. and Michaelis, S(1996). Functional and physical J. Cell Biol. 136, 649-658.
interactions between partial molecules 8TE6G a yeast ATP-binding Li, X., Rivas, M. P,, Fang, M., Marchena, J., Mehrotra, B., Chaudhary,

cassette proteird. Biol. Chem271, 22983-22989. A., Fenf, L., Prestwich, G. D. and Bankaitis, V. A.Z002). Analysis of

Brittman, R., Chen, W. C. and Blau, L.(1974). Stopped-flow kinetic and oxysterol binding protein homologue Keslp function in regulation of
equilibrium studies of filipin 3 binding to steroBiochemistryl3, 1374- Secl4p-dependent protein transport from the yeast Golgi condpl€ell
1379. Biol. 157, 63-77.

Brown, M. S. and Goldstein, J. L.(1997). The SREBP pathway: regulation Loewen, C. J. R., Roy, A. and Levine, T. F2003). A conserved ER targeting



2996 Journal of Cell Science 117 (14)

motif in three families of lipid binding proteins and in Opilp binds VAP. Cholesterol regulates oxysterol binding protein (OSBP) phosphorylation

EMBO J.22, 2025-2035. and golgi localization in Chinese hamster ovary cells: correlation with
Munn, A. L. and Riezman, H.(1994). Endocytosis is required for the growth  stimulation of sphingomyelin synthesis by 25-hydroxycholestBiothem.

of vacuolar H(+)-ATPase-defective yeast: identification of six EEND J. 336, 247-256.

genesJ. Cell Biol.127, 373-386. Subtil, A., Gaidarov, |., Kobylarz, K., Lampson, M. A., Keen, J. H. and
Munn, A. L., Stevenson, B. J., Geli, M. I. and Riezman, H1995).end5, McGraw, T. E. (1999). Acute cholesterol depletion inhibits clathrin-coated

end6,and end7 mutations that cause actin delocalization and block the pit budding.Proc. Natl. Acad. Sci. US96, 6775-6780.

internalization step of endocytosis $accharomyces cerevisiadol. Biol. Taylor, F. R., Saucier, S. E., Shown, E. P., Parish, E. J. and Kandutsch, A.

Cell 6, 1721-1742. A. (1984). Correlation between oxysterol binding to a cytosolic binding-

Munn, A. L., Heese-Peck, A., Stevenson, B. J., Pichler, H. and Riezman,  protein and potency in the repression of hydroxymethylglutaryl coenzyme-
H. (1999). Specific sterols required for the internalization step of A reductasel. Biol. Chem259 12382-12387.
endocytosis in yeasiol. Biol. Cell 10, 3943-3957. Tinkelenberg, A. H., Liu, Y., Alcantara, F., Khan, S., Guo, Z., Bard, M.
Nagvi, S. N., Zahn, R., Mitchell, D. A., Stevenson, B. J. and Munn, A. L. and Sturley, S. L.(2000). Mutations in yeagRV1alter intracellular sterol
(1998). The WASp homologue Las17p functions with the WIP homologue distribution and are complemented by human AR¥1Biol. Chem275,
End5p/verprolin and is essential for endocytosis in y€ast. Biol. 8, 959- 40667-40670.
962. Tomeo, M. E., Fenner, G., Tove, S. R. and Parks, L. W1992). Effect of
Novick, P. and Schekman, R(1979). Secretion and cell-surface growth are  sterol alterations on conjugation$accharomyces cerevisiaeas8, 1015-
blocked in a temperature-sensitive mutantSaiccharomyces cerevisiae 1024.

Proc. Natl. Acad. Sci. USA6, 1858-1862. Urbani, L. and Simoni, R. D. (1990). Cholesterol and vesicular stomatitis

Raths, S., Rohrer, J., Crausaz, F. and Riezman, H1993).end3andend4 virus G protein take separate routes from the endoplasmic reticulum to the
two mutants defective in receptor-mediated and fluid-phase endocytosis in plasma membrand. Biol. Chem265 1919-1923.

Saccharomyces cerevisiak Cell Biol. 120, 55-65. Vida, T. A. and Emr, S. D.(1995). A new vital stain for visualizing vacuolar

Ridgway, N. D., Lagace, T. A., Cook, H. W. and Byers, D. M1998). membrane dynamics and endocytosis in yelastell Biol 128 779-792.
Differential effects of sphingomyelin hydrolysis and cholesterol transportWach, A., Brachat, A., Pohlmann, R. and Philippsen, P(1994). New
on oxysterol-binding protein phosphorylation and Golgi localizatloBiol. heterologous modules for classical or PCR-based gene disruptions in
Chem 273 31621-31628. Saccharomyces cerevisia¢eastl0, 1793-1808.

Roberts, C. J.,, Raymond, C. K., Yamashiro, C. T. and Stevens, T. H. Walker-Caprioglio, H. M., MacKenzie, J. M. and Parks, L. W. (1989).
(1991). Methods for studying the yeast vacudliethods Enzymoll94, Antibodies to nystatin demonstrate polyene specificity and allow
644-661. immunolabeling of sterols iBaccharomyces cerevisiagntimicrob. Agents

Robinson, J. S., Klionsky, D. J., Banta, L. M. and Emr, S. {1988). Protein Chemother33, 2092-2095.
sorting inSaccharomyces cerevisiagolation of mutants defective in the Welihinda, A. A., Beavis, A. D. and Trumbly, R. J.(1994). Mutations in
delivery and processing of multiple vacuolar hydrolabésl. Cell. Biol.8, LIS1 (ERGO gene confer increased sodium and lithium uptake in
4936-4948. Saccharomyces cerevisiaBiochim. Biophys. Acta. Mol. Cell Rek193

Rodal, S. K., Skretting, G., Garred, O., Vilhardt, F., van Deurs, B. and 107-117.
Sandvig, K.(1999). Extraction of cholesterol with methyl-beta-cyclodextrin Wendland, B., Steece, K. E. and Emr, S. [§1999). Yeast epsins contain an

perturbs formation of clathrin-coated endocytic vesidiés. Biol. Cell 10, essential N-terminal ENTH domain, bind clathrin and are required for
961-974. endocytosisEMBO J.18, 4383-4393.

Rose, M. D., Misra, L. M. and Vogel, J. R(1989).KAR2 a karyogamy gene, Wickner, W. and Haas, A. (2000). Yeast vacuole fusion: a window on
is the yeast homolog of the mammalian BiP/GRP78 géer#.57, 1211- organelle trafficking mechanismAnnu. Rev. Biocher89, 247-275.
1221. Winzeler, E. A., Shoemaker, D. D., Astromoff, A., Liang, H., Anderson,

Rothman, J. H., Howald, I. and Stevens, T. H(1989). Characterization of K., Andre, B., Bangham, R., Benito, R., Boeke, J. D., Bussey, H. et al.
genes required for protein sorting and vacuolar function in the yeast (1999). Functional characterization of tHeaccharomyces cerevisiae

Saccharomyces cerevisid&MBO J.8, 2057-2065. genome by gene deletion and parallel analyigence285 901-906.
Russo, P., Kalkkinen, N., Sareneva, H., Paakkola, J. and Makarow, M. Woods, R. A.(1971). Nystatin-resistant mutants of yeast: alterations in sterol
(1992). A heat shock gene fro@accharomyces cerevisiancoding a content.J. Bacteriol 108 69-73.
secretory glycoproteirProc. Natl. Acad. Sci. US89, 3671-3675. Wright, R. (2000). Transmission electron microscopy of yelsiétrosc. Res.
Sambrook, J., Fritsch, E. F. and Maniatis, T. (ed.)(1989). Molecular Tech.51, 496-510.

Cloning, 2nd edn. Cold Spring, NY: Cold Spring Harbor Laboratory PressWyles, J. P., McMaster, C. R. and Ridgway, N. D2002). Vesicle-associated

Schmalix, W. A. and Bandlow, W.(1994). SWH1from yeast encodes a membrane protein-associated protein-A (VAP-A) interacts with the
candidate nuclear factor containing ankyrin repeats and showing homology oxysterol-binding protein to modify export from the endoplasmic reticulum.
to mammalian oxysterol-binding proteliochim. Biophys. Acta. Mol. Cell J. Biol. Chem277, 29908-29918.

Res.1219 205-210. Xu, Y., Liu, Y., Ridgway, N. D. and McMaster, C. R(2001). Novel members
Severs, N. J(1997). Cholesterol cytochemistry in cell biology and disease. of the human oxysterol-binding protein family bind phospholipids and
Subcell Biochem28, 477-505. regulate vesicle transpod. Biol. Chem276, 18407-18414.
Sikorski, R. S. and Hieter, P.(1989). A system of shuttle vectors and yeast Zinser, E., Sperka-Gottlieb, C. D., Fasch, E. V., Kohlwein, S. D., Paltauf,
host strains designed for efficient manipulation of DNASeccharomyces F. and Daum, G.(1991). Phospholipid synthesis and lipid composition of
cerevisiae Geneticsl22 19-27. subcellular membranes in the unicellular eukary@accharomyces

Storey, M. K., Byers, D. M., Cook, H. W. and Ridgway, N. D(1998). cerevisiaeJ. Bacteriol.173 2026-2034.



