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Vps20p and Vtalp interact with Vps4p and function in
multivesicular body sorting and endosomal transport
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Summary

Vps4p (End13p) is an AAA-family ATPase that functions of each protein. Deletion of eitheVPS20(vps2@) or VTAL
in membrane transport through endosomes, sorting of (vtald) leads to similar class E Vpsphenotypes resembling
soluble vacuolar proteins to the vacuole, and multivesicular those of vps4, including carboxypeptidase Y (CPY)
body (MVB) sorting of membrane proteins to the vacuole secretion, a block in ubiquitin-dependent MVB sorting,
lumen. In a yeast two-hybrid screen with Vps4p as bait we and a delay in both post-internalisation endocytic transport
isolated VPS20 (YMRO779 and the novel open reading and biosynthetic transport to the vacuole. The vacuole
frame YLR181¢ for which the name VTAL has recently resident membrane protein Sna3p (whose MVB sorting is
been assigned (Saccharomyces Genome Database). Vps4pubiquitin-independent) does not appear to exit the class E
directly binds Vps20p and Vtalp in vitro and binding is not  compartment or reach the vacuole in cells lacking Vps20p,
dependent on ATP — conversely, Vps4p binding to Vps20p Vtalp or Vps4p, in contrast to other proteins whose
is partially sensitive to ATP hydrolysis. Both ATP binding  delivery to the vacuole is only delayed. We propose that
[Vps4p-(K179A)] and ATP hydrolysis [Vps4p-(E233Q)] Vps20p and Vtalp regulate Vps4p function in vivo.
mutant proteins exhibit enhanced binding to Vps20p and

Vtalp in vitro. The Vps4p-Vps20p interaction involves the

coiled-coil domain of each protein, whereas the Vps4p- Key words: AAA-ATPase, Endocytosis, Endosome, Lysosome,
Vtalp interaction involves the (non-coiled-coil) C-terminus  LYST/beige, Chediak-Higashi syndrome

Introduction the limiting membrane of endosomes and are delivered to the
Endosomes coordinate endocytic and biosynthetic membrai@cuole limiting membrane (Piper and Luzio, 2001). Soluble
traffic to lysosomes (Mellman, 1996). IBaccharomyces Vacuolar proteins are also delivered to the vacuole via the
cerevisiae three types of endosome have been characteriseggcretory pathway. They are synthesised as larger precursors,
early/recycling endosome, prevacuolar compartment (PVCjranslocated into the ER lumen, and after transport to the late
and multivesicular body (MVB)/late endosome. Early/Golgi are sorted by the sorting receptor Vps10p into a distinct
recycling endosomes and PVCs are smaller and often cortic&lC-directed class of transport vesicle. In the vacuole they are
whereas MVBs/late endosomes are larger, contain interngfocessed to the mature form. Vacuolar protein sortipg (
vesicles, and are often adjacent to the vacuole (yeast lysosomeitants secrete soluble vacuolar proteins into the medium
equivalent) (Hicke et al., 1997; Mulholland et al., 1999;because of defects in this sorting process (Bryant and Stevens,
Prescianotto-Baschong and Riezman, 1998; Prescianott$998).

Baschong and Riezman, 2002) (reviewed by Bryant and One subset 0¥PSgenes (class EP§ is required for MVB
Stevens, 1998; Munn, 2000). Some vacuolar membrargorting. Class Evps mutants accumulate newly synthesized
proteins and internalised surface proteins are sorted ingoluble and membrane-associated vacuolar proteins and late
internal vesicles during transport through endosomes in @olgi proteins (e.g. VpslOp) in an enlarged endocytic
process known as MVB sorting and are ultimately delivered toompartment adjacent to the vacuole (known as the ‘class E
the vacuole lumen. Other membrane proteins are retained eompartment’) (Raymond et al., 1992; Davis et al., 1993; Piper
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et al.,, 1995; Cereghino et al., 1995; Rieder et al., 1998Gibco-BRL/Life Technologies, Paisley, UK), 2% peptone (Gibco),
Odorizzi et al., 1998; Babst et al., 1997; Babst et al., 1998). And 2% glucose and was supplemented with 40 mg adenine and 20
key player in MVB sorting, and the only class E Vps proteinmg uracil per Iitre._ SD minimal medium was as described (Dulic et
with known enzymatic activity, is th&’PS4 gene product al., 1991). Geneticin 418 (G418) was from Gibco and was used at 200
(Vps4p). Vpsdp is a member of the AAA TRase asociated pg/ml. All solid growth media contained 2% Bactoagar (Difco,

with a variety of cellular etivities)-family of ATPases that also DUt MI, USA). FM4-64 and Lucifer Yellow carbohydrazide (LY)

includ th b t t tei h NE ere from Molecular Probes (Eugene, OR, USA). NBD-PC (C6) was
Incluaes other membrane transport proteins such as ’%ﬁom Avanti Polar Lipids (Alabaster, AL, USA)35S]a-factor was

sensitive fusion protein (NSF/Secl8p) (Babst et al., 1997, ified as described (Munn and Riezman, 1994). Zymolyase 20T for
Finken-Eigen et al., 1997). Several other clasgFESgenes  preparing DNA from yeast was from US Biologicals (Swampscott,
encode small coiled-coil proteins that are cytosolic in wild-typavA, USA). Monoclonal anti-CPY antibody and rabbit polyclonal
cells but accumulate on endosomes in mutant cells lackinanti-GFP antiserum were from Molecular Probes. The horseradish
Vps4p ATPase activity (Babst et al., 1998; Babst et al., 2002peroxidase-conjugated goat anti-mouse IgG and goat anti-rabbit IgG,
By analogy with NSF/Sec18p, which uses ATP hydrolysis t@pyrase and protease inhibitors were from Sigma-Aldrich (St. Louis,
disassemble SNARE complexes on the surface of varioldO. USA). Protein A Sepharose CL-4B was from Amersham/
membrane compartments, Vps4p may disassemble a Conelaharmama Biotech (Uppsala, Sweden). Immobil8R-Pembranes

- . re from Millipore (Bedford, MA, USA). The Matchmaker LexA
?Iggt?sktisest EI nggsr?tem complex on the surface of endosom%(v\é\;/eo-hybrid kit was from Clontech Laboratories (Palo Alto, CA, USA).

. . Glutathione-agarose and tlgalactosidase assay kit were from
We previously isolated gps4mutant end13renamed/ps4-  pierce (Rockford, IL, USA). Anti-pentaHIS monoclonal antibody
E13 in a screen for mutants unable to survive loss of the 6fnouse) and NTA-Ni-agarose were from Qiagen (Hilden,

kDa subunit of vacuolar ATPase (Vmaz2p/Vat2p) and defectiv&ermany).

in fluid-phase endocytosis. laps4-E13receptor-mediated

internalisation is only slightly affected, but subsequent ) )

transport of internalised cargo through early and latéenetic techniques _ o
endosomes to the vacuole is strongly delayed (Munn arfgenetic crosses and tetrad analysis were performed as descrlbgd in
Riezman, 1994; Zahn et al., 2001). We report here that the C|:§gams et al. (Adams et al., 1997). Transformation of yeast with

. - plasmid DNA was either by a modification of the lithium acetate
E Vps protein Vps20p and the product of a novel open readi otocol (Munn et al., 1995) or using the lithium acetate protocol

frame_(O_RF)VTA][YLR181_C|nteract W'th Vps4p. We show recommended by Clontech for strain EGY48. Genomic DNA was
that binding of each protein to Vps4p is direct and does NQfepared frons. cerevisiaessentially as described by Adams et al.
require ATP, and identify the domains of each protein thaiadams et al., 1997) and PCR amplification was performed Riith
mediate interaction. Loss of Vps20p or Vtalp leads to class polymerase (Stratagene) daq polymerase (Stratagene). Plasmid
vpsphenotypes similar to those caused by loss of Vps4p. WENA was isolated fron8. cerevisiaeising the method of Adams et
also show that whereas transport of other membrane proteifk (Adams et al., 1997) and introduced iBtccoliby electroporation
through the class E compartment to the vacuole is onl{Power et al., 1988). TheBAR1 gene was disrupted using a
delayed, the Vacuole reS|dent proteln Sna3p cannot eXlt t r1::LYS2construct (pEK3) as described preVIOUS|y (Kubler and

class E compartment in cells lacking Vps20p, Vtalp or VpsA'd?lle:f)T?Sﬁclti%?gl' studies, a congenic set of wild-typps2a and

. vtalA strains were analysed. Wild-type angs20 cells were
Mat?”als and Methpds ) described previously in the parental strains SF838-9D (Raymond et
Media, reagents, strains and plasmids al., 1992). Thevps20mutant strain was originally isolated as the
Yeast strains and plasmids used in this study are listed in Tables 1 aru10-7 mutant ¢ps20-7. Thevps20-7strain was complemented by

2. Escherichia colistrain BL21 CodonPId¥ (DE3) was from a low copy plasmid carrying the wild-typéPS20gene, but not the
Stratagene (La Jolla, CA, USA). YPUAD contained 1% yeast extracips20 gene isolated from theps20-7 strain (data not shown).

Table 1. Genotypes of yeast strains used in this study

Strain Genotype Source

RH449 MATa his4 leu2 ura3 lys2 barl Riezman strain
RH1800 MATa his4 leu2 ura3 barl Riezman strain
RH2906 MATa end13A::URAS his4 leu2 ura3 lys2 barl Zahn et al. (2001)
Y04130 MATa vtalA::KanMx his3 leu2 ura3 metl5 EUROSCARF
Y10000 MATa his3 leu2 ura3 lys2 EUROSCARF
AMY149 MATa vtalA:: KanMx his3 leu2 ura3 lys2 This study

AMY158 MATa his3 leu2 ura3 lys2 This study

AMY162 MATa vtalA:: KanMx barlA::LYS2 his3 leu2 ura3 lys2 This study

AMY165 MATa bar1-A::LYS2 his3 leu2 ura3 lys2 This study

AMY174 MATa vps20A::KanMx his4 leu2 ura3 barl This study

EGY48 MATa his3 trpl ura3 LexAop(x6)-LEU2 Clontech

SF838-9D MATa ade6 his4 leu2 ura3 pep4 Raymond et al. (1992)
SF838-9Dvpll MATa vpll(vps1)A2::LEU2 ade6 his4 leu2 ura3 pep4 Raymond et al. (1992)
SF838-9Dvpl2 MATa vpl2 (vps2)-7 adeb6 his4 leu2 ura3 pep4 Raymond et al. (1992)
SF838-9Dvpl10 MATx vpl10 (vps20)-7 ade6 his4 leu2 ura3 pep4 Raymond et al. (1992)
SF838-9Dvpl14 MATa vpl14 (vps22)-6 ade6 his4 leu2 ura3 pep4 Raymond et al. (1992)
SF838-9Dvpl12 MATx vpl12 (vps25)-1 ade6 his4 leu2 ura3 pep4 Raymond et al. (1992)
SF838-9Dvpl16 MATa vpl16 (vps37)-2 ade6 his4 leu2 ura3 pep4 Raymond et al. (1992)
SF838-9Dvtald MATa vtal-A::KanMx ade6 his4 leu2 ura3 pep4 This study

(PLY3046)
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Table 2. Plasmids used in this study

Plasmid Description Source
pAM214 YCplac33 withvPS20 This study
pAM272 YCplac111 witivTA1 This study
pPAM333 pLexA with full-lengthVPS4(encoding Vps4p437/eng This study
pAM349 Original library clone o¥PS20in pB42AD (encoding Vps2Q21/end This study
pPAM352 YCplac111 with full-lengttvPS4fused in-frame with yEGFP This study
pAM377 pGEX5X-1 with full-lengthvPS20(encoding GST-Vps20p) This study
pAM378 pGEX5X-1 with full-lengthivTA1(encoding GST-Vtalp) This study
pAM397 YCplac111 with full-lengttsNA3fused in-frame with yEGFP This study
pAM398 Original library clone o/ TAlin pB42AD (encoding Vtalfs-330/end This study
pAM399 pFA6a-KanMx6 with/PS205' and 3 flanking sequences introduced either side of KanMx6 (for This study
disruption ofVPS20with KanMx6)
pPEK3 Construct for disruption @AR1with LYS2 Kubler and Riezman (1991)
pFA6a-KanMx6 KanMx6 cloning vector Longtine et al. (1998)
YCplac33 CEN4 ARS1 URA3 E. cpleast shuttle vector Gietz and Sugino (1988)
YCplac111 CEN4 ARS1 LEU2 E. cdjieast shuttle vector Gietz and Sugino (1988)
pGEX5X-1 GST fusion vector Amersham/ Pharmacia Biotech AB
pPL967 STE3-GFHn LEU2 CENplasmid Urbanowski and Piper (2001)
pPL1640 FTH1-GFP-Ubin URA3 CENplasmid Urbanowski and Piper (2001)
pTS18 PEP4in URA3 CENplasmid Rothman et al. (1986)
p8op-lacZz Two-hybrid reporter plasmid Clontech
pLexA Two-hybrid bait vector Clontech
pB42AD Two-hybrid prey vector Clontech
pPAM452 pLexA withVPS4fragment encoding N-terminal coiled-coil domain (encoding Vps4$ This study
pAM453 pLexA withVPS4fragment encoding AAA-ATPase domain (encoding Vpsédpsg This study
pAM454 pLexA withVPS4fragment encoding C-terminal acidic domain (encoding Vgs4a7/en This study
pAM485 pB42AD withVPS20fragment encoding N-terminal domain (encoding Vps2ap This study
pAM461 pB42AD withVPS20fragment encoding central coiled-coil domain (encoding Vps20R This study
pPAM486 pB42AD withVPS20fragment encoding C-terminal domain (encoding Vps$20g1/eny This study
PAM480 pB42AD withVPS20fragment encoding N-terminal and coiled-coil domains (encoding Vp328p This study
pAM481 pB42AD withVPS20fragment encoding coiled-coil and C-terminal domains (encoding Vps28peny This study
pAM403 pB42AD withVTAlfragment encoding 1st coiled-coil domain (encoding Viadg This study
pAM405 pB42AD withVTAlfragment encoding Vtalp central domain (encoding Vigslyz) This study
pPAM407 pB42AD withVTAlfragment encoding Vtalp 2nd coiled-coil domain (encoding \ét2l4e9 This study
pAM410 pB42AD withVTAlfragment encoding Vtalp C-terminal domain (encoding VAgslgso/end This study
pPAM482 pET11e&E. coliT7 expression vector witiPS4including C-terminal 6HIS tag This study
pAM483 pET11eE. coli T7 expression vector withps4-E233Qncluding C-terminal 6HIS tag This study
pPAM484 pET11e&E. coliT7 expression vector wittps4-K179Ancluding C-terminal 6HIS tag This study

Sequencing of th¥ PS200RF (YMRO77¢ from thevps20-7strain Complementation analysis was performed with sewvegpalmutant
revealed a deletion of the first nucleotide (G) in codon 20 (GTA tetrains including thevps2-7 (vpl2-7), vps20-7 (vpl10-7), vps22-6
TA), causing the protein product to be translated out of frame (datapll14-6, vps25-1(vpl12-1) andvps37-2(vpl16-2 mutants defined
not shown). This confirms thatMRO77cs the ORF corresponding in previous studies (Raymond et al., 1992) (Table 1). These studies
to VPS20Q consistent with previous reports (Kranz et al.,, 2001;showed that onlywps20-7failed to complementps2@ (AMY174).
Howard et al., 2001; Forsberg et al., 2001). Thus, for simplicity, wentroduction of a low copyVPS20 plasmid corrected the CPY
refer to thevps20-7strain asvps2@\. Y04130 {tald::KanMx) and  secretion defect in AMY174.
the isogenic wild-type strain Y10000 were obtained from Euroscarf To make congenigtald and wild-type strains suitable farfactor
(European Saccharomyces Cerevisiae ARchives for Functionalssays, Y04130 was crossed with Y10000 and the resulting diploid
Analysis, Frankfurt, Germany). To introdue&lA into the SF838-  subjected to tetrad dissection. Two haploids from this cross were
9D strain background, a PCR fragment encoding the KanMx ORRMY149 (MATa lys2 vtald) and AMY158 MATa lys2 VTA). The
flanked by 400 bp either side of tN&R181ccoding sequence was BARI1gene was deleted in AMY149 and AMY 158, yielding AMY162
amplified from Y04130 genomic DNA and used to transform SF838and AMY165, respectively, which were then usedofdactor assays.
9D cells. G418-resistant colonies were verified for los¥ldR181c  The CPY missorting defect in AMY162 was complemented by the
by PCR analysis of genomic DNA, and one isolate was retained fantroduction of a low copyWTA1plasmid.
phenotypic analysis (PLY3046).

For a-factor assays we prepargds2@ andvtalA MATa strains ) )
that lack Bar, a secreted protease responsible for degradation of Yeast two-hybrid analysis
factor parl). DNA fragments corresponding to 301 to 1 nucleotideA bait construct expressing full-length Vps4p as a fusion to the DNA-
upstream and 5 to 230 nucleotides downstream of Bf&20coding binding domain of LexA, pLexA-Vps4 (pAM333), was constructed
sequence were amplified by PCR and subcloned into pFA6a-KanMx@nd introduced into yeast strain EGY48 containing the reporter
either side of theKanMx gene (Longtine et al., 1998) to create plasmid p8op-LacZ (Clontech). Transformation of this strain with the
pAM399. pAM399 was digested witKpnl and Pst to release a pB42AD transcription activation domain vector alone did not confer
fragment containing theKanMx cassette withVVPS20 flanking significant expression of the two-hybrid reporter gdriels2 or lacZ
sequences and used to disrupt\WRS20gene in the wild-typ&lATa (data not shown). ArS. cerevisiaetwo-hybrid library containing
barl strain RH1800. G418-resistant transformants were selected azenomic DNA inserts in vector pB42AD (pJG4-5) (Gyuris et al.,
YPUAD/G418 medium and the presence of the disruption wad4993) (a gift from U. Surana, IMCB, Singapore) was transformed into
confirmed by PCR analysis of genomic DNA (data not shown). Onéhis strain and colonies exhibiting expression ofltB&)2 interaction
vps2@ haploid (AMY174) was retained for further analysis. reporter gene were selected on synthetic galactose/raffinose (SG)
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complete medium-Leu. The equivalent efl6*-1x10° colonies were  (pAM352). pAM352 fully complemented the Vpshenotype ofps4
screened (as assessed by plating one sample of the transformed cafid therefore encodes a functional fusion protein (data not shown).
on SD complete medium selecting only for pLexA-Vps4 and the The binding of Vps4p in yeast lysates to recombinant Vps20p and
pB42AD library plasmids). Positive colonies were subsequentlytalp was assayed as followgis4A (RH2906) cells expressing
tested for blue colouration on SG complete medium containing X-gaVps4p-GFP (pAM352) or Vps4p with no tag (pEND13.1) (Zahn et
The library plasmid was isolated from positive colonies andal., 2001) were grown in SD minimal medium and subjected to glass
retransformed into EGY48 containing p8op-LacZ and either pLexAbead lysis in extraction buffer (20 mM HEPES, 200 mM sorbitol, 100
Vps4 or pLexA vector alone. Library plasmids that were reproduciblynM potassium acetate, 1 mM EDTA, pH7.5) containing protease
able to confer growth on SG complete-Leu and blue colouration oimhibitors (10pg/ml aprotinin, 5ug/ml leupeptin, 81g/ml pepstatin,
SG complete + X-gal upon retransformation into EGY48/p8op-LacZlL mM phenylmethylsulphonylfluoride) and 1 mM DTT. Low-speed
cells containing pLexA-Vps4, but not when introduced intocentrifugation (700g) was used to remove unbroken cells and
EGY48/p8op-LacZ cells containing pLexA vector only, were retainedhe resulting supernatant (S1) was fractionated by differential
for further analysisp-galactosidase activity was assayed using a kitcentrifugation into 16,00@ and 100,000y pellets (P2, P3) and a
as recommended by the manufacturer. 100,000g supernatant (S3). The S3 fraction was supplemented with
To identify the domains within Vps20p and Vtalp that mediate two20 mM MgCk and divided in two. One sample was incubated with
hybrid interaction with Vps4p, we constructed a series of plasmidapyrase (5.7 U/ml final) for 10 minutes at room temperature to deplete
expressing different fragments of Vps20p or Vtalp fused in-frame&ndogenous ATP, whereas the other was incubated without apyrase.
with B42AD (in pB42AD) (Table 2). To identify the domains within The apyrase activity under these buffer and temperature conditions
Vps4p that mediate two-hybrid interaction with Vps20p and Vtalpwas approximately 25% of that specified by the manufacturer (i.e. 1.4
we constructed a series of plasmids expressing different fragments dfml final) (data not shown). Both ATP-depleted and untreated lysates
Vpsdp fused in-frame with LexA (in pLexA) (Table 2). We then testedwere then incubated with beads bearing GST-Vps20p, GST-Vtalp or
interaction of both the longer fragments of Vps20p and VtalgsST only at 4°C for 12 hours. Unbound protein was precipitated with
encoded by the original library clones (pAM349 and pAM398,trichloroacetic acid, dissolved in Laemmli sample buffer, and
respectively) and the shorter fragments encoded by the pB42AMeutralised with 1 M Tris base. The beads were washed with
based plasmids described above with full-length Vps4p (pAM333) irextraction buffer prior to elution of the bound proteins by heating in
EGY48 carrying p8op-LacZ. We also tested interaction of full-lengthLaemmli sample buffer. Proteins in each sample were resolved by
Vps4p (pPAM333) and the shorter fragments encoded by the pLexASDS-PAGE, transferred to Immobilos® PVDF membranes and
based plasmids described above with the original library clones &fps4p-GFP was detected with an anti-GFP antiserum and enhanced
Vps20p and Vtalp (pAM349 and pAM398, respectively) in EGY48chemiluminescence.
carrying p8op-LacZ. The strength of interaction was assessed by blueTo test direct binding of Vps4p to Vps20p and Vtalp, 6HIS-tagged
colouration on SG complete medium containing X-gal. wild-type or mutant Vps4p were expressed in and purified fEom
coli as described above. Vps4p-6HIS was eluted from the beads with
) ] ) 250 mM imidazole in PBS containing 1mp4mercaptoethanol and
Construction of VPS20 and VTA1 complementing plasmids 0.05% Tween 20 and dialysed against extraction buffer containing 1
The wild-typeVPS20andVTA1full-length genes were amplified by mM DTT. For binding assays, 5-1@ of purified wild-type or mutant
PCR usingPfu polymerase from RH1800 yeast genomic DNA. An Vps4-6HIS in extraction buffer containing 1 mM DTT and 1 mM
amount (400 bp) of upstream sequence was includedH&20and phenylmethylsulphonylfluoride were used. Each sample was
1kb for VTALl These fragments were cloned into the low-copysupplemented to 20 mM Mgg€and 0.1% Triton X-100 and incubated
plasmids YCplac33 and YCplacl111, respectively (Gietz and Suginayith beads bearing GST-Vps20p (5Q0), GST-Vtalp (10Qug) or
1988). The inserts of YCpPS20 (pAM214) and YCpVTAl GST (500ug) in the presence or absence of 1 mM ATP at 4°C for 12
(PAM272) were confirmed by sequencing. YEpS20and YCp-  hours. The samples were processed as above (with the slight
VTAlwere able to fully complement the Vpdefect ofvps2@ and  modification that unbound samples were supplemented with bovine
vtald, respectively. serum albumin as carrier prior to precipitation with trichloroacetic
acid). After SDS-PAGE Vps4p-6HIS was detected by immunoblotting
) o using a pentaHIS-specific monoclonal antibody and enhanced
In vitro binding assays chemiluminescence.
To test whether Vps20p and Vtalp can bind Vps4p in vitro we
expressed Vps20p and Vtalp as fusions to glutathione S-transferase )
(GST). The full-lengthVPS20 and VTAL coding sequences were Endocytosis assays
amplified by PCR from pAM214 and pAM272 and cloned into Fluid-phase endocytosis was measured by vacuolar accumulation of
pGEX5X-1 (Amersham/Pharmacia Biotech) in-frame ahdf35ST. = the membrane-impermeant fluorescent dye LY carbohydrazide
vps4E233Q-6HIS and vps4K179A-6HIS were constructed by following incubation for 1 hour at 24°C as described in Munn et al.
amplifying VPS4by PCR from yeast genomic DNA using internal (Munn et al., 1999). Endocytosis of plasma membrane was assayed
mutagenic primers and &nd 3 VPS4flanking primers includingNdd using the lipid-soluble styryl dye FM4-64 (Vida and Emr, 1995). Cells
andBanH| sites, respectively. Wild-typgPS4-6HISvas constructed  were incubated with @M FM4-64 at 0°C for 30 minutes to label the
by amplifying VPS4using the flanking primers only. Thé fBanking cell surface. Then the cells were washed on ice, resuspended in fresh
primers also encoded six histidine residues fused in-frame with th@edium at 30°C (0’), and transport of the dye from the cell surface
Vps4p C-terminus. Wild-typeVPS4-6HIS vps4E233Q-6HISand  to the vacuole was assessed at various time pofSjaffactor
vps4K179A-6HISwvere cloned into pET1la between tNeld and internalisation assays were performed at 30°C using the continuous
BanHI sites and 3of the T7 promoter. Inserts and frame were presence protocol (Dulic et al., 1991$°FJa-factor degradation
confirmed by sequencing. The GST- and 6HIS-tagged proteins weessays were performed at 30°C using the pulse-chase protocol (Dulic
expressed in BL21-CodonPl¥ (DE3) E. coli and purified using et al., 1991).
glutathione-agarose or NiNTA agarose beads, respectively. The
VPS4gene was amplified without the terminator codon from RH1800 ) ) )
genomic DNA and ligated into a YCplacl11-based plasmid encodin§arboxypeptidase Y missorting test
yEGFP (a gift of B. Winsor, IBMC, University of Strasbourg, France)To assess maturation of newly synthesised CPY and processing
to create a fusion in which the C-terminusvéfS4is fused to YEGFP  of the receptor for soluble vacuolar proteins (Vpsl0p) we
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immunoprecipitated CPY and VpslOp from cells labeled withnecessary and sufficient for interaction with full-length Vps4p.
[35S]Methionine/cysteine as described (Piper et al., 1995). For thif the case of Vtalp, the C-terminal domain was sufficient for
analysis, strains were converted to Pyptransformation with pTS18  interaction with Vps4p.

(PEP4centromeric plasmid).

Multivesicular body sorting assay Vps20p and Vtalp directly bind Vps4p in vitro

Localisation of Ste3-GFP, Fth1-GFP-Ub, Sna3-GFP and NBD-P(//€ Next tested whether Vps20p or Vitalp bind Vps4p in vitro.
were performed as previously described (Bilodeau et al., 2002). ThéPS20p and Vtalp were expressed as GST fusions in bacteria
Sna3-GFP reporter used here was made by ampligidwithout ~ and purified. Beads bearing GST-Vps20p or GST-Vtalp, but
a termination codon by PCR using RH1800 genomic DNA and theRot beads bearing GST alone, precipitated GFP-tagged Vps4p
subcloning it into a YCplacl11-based plasmicahd in-frame with ~ from yeast lysates (Fig. 2). We also tested the ability of Vps4p-
YEGFP (pAM397). This places the GFP at the Sna3p C-terminus. GFP to associate with GST-Vps20p and GST-Vtalp after
depletion of ATP from the lysates. The association of Vps4p-
GFP with GST-Vps20p, but not GST-Vtalp, was slightly
) ) : enhanced (approximately twofold) by ATP depletion (Fig. 2).
All microscopy was performed using an Olympus BX-60 microsco L :
fitted with D?f)f/erentigl Interference gContragt (pDIC) light filters ang%trong association of Vps4p-GFP with both .GST'VpSZOP and
appropriate fluorescence light filters. GST-Vtalp was also observgd after depl_en_on of freé Mg
(data not shown). Hence, the in vitro association of Vps4p with
Vps20p and Vtalp does not require ATP, and in the case of
Vps20p it is slightly sensitive to ATP hydrolysis. Similar
Results _ _ results were obtained using a Vps4p construct with a C-
Vps20p and Vtalp interact with Vps4p terminal myc-epitope (data not shown).
A bait plasmid encoding full-length Vps4p fused to the LexA In order to test whether Vps4p directly binds Vps20p and
DNA binding domain (LexA), pLexA-Vps4 (pAM333), was Vtalp in vitro and to further examine the role of ATP binding,
used to screen a library 8aiccharomyces cerevisigenomic  we expressed wild-type Vps4p-6HIS, Vps4pE233Q-6HIS
DNA fragments fused to the B42 transcription activation(ATP hydrolysis defective) and Vps4pK179A-6HIS (ATP
domain (B42AD) to identify novel Vps4p two-hybrid binding defective) in bacteria. Each protein was affinity
interactors. Of 20 library plasmids that activated the reportergurified and used in pulldown assays using beads bearing
upon isolation and retransformation into the EGY48 teste6GST-Vps20p, GST-Vtalp or GST only (Fig. 3). Wild-type
strain containing pLexA-Vps4, four contained identical inserts/ps4p-6HIS bound both GST-Vps20p and GST-Vtalp, but
from ORFYMRO77¢&VPS20CHMG6 (encoding residues 3-221 not GST alone, in vitro, indicating that the association of
of 221) and six contained identical inserts from the novel ORNps4p with Vps20p and Vtalp is direct and not mediated by
YLR181dfor which the nam&TAlhas recently been assigned other proteins. Binding was observed in the presence and in
by L. Eguez and S. Garrett, Saccharomyces Genome Databaie®d absence of added ATP, in agreement with the results
(encoding residues 108-330 of 330) fused in-frame witldescribed above for Vps4p-GFP in yeast lysates. Binding of
B42AD (Fig. 1A). OneVPS20clone (pAM349) and on¥TA1  Vps4p-6HIS to GST-Vtalp was not affected by addition of
clone (pAM398) were retained for further analysis. BothATP, but binding to GST-Vps20p was stronger when ATP was
pAM349 and pAM398 conferred strong activation of theomitted. These findings are in agreement with the results
reporters in the presence of pLexA-Vps4 after 2 days oflescribed above that association of Vps4p-GFP in yeast
incubation that did not increase further after 4 days (Fig. 1B)ysates with GST-Vps20p is stronger after depleting the
However, the pLexA-Vps4 bait and pB42AD-based librarylysate of ATP. Vps4pE233Q-6HIS and Vps4pK179A-6HIS
plasmids did not activate the reporters either alone or ialso bound to both GST-Vps20p and GST-Vtalp, but not to
combination with the empty pB42AD or pLexA vectors, GST alone, indicating in another way that ATP binding is
respectively, even after 4 days of incubation (Fig. 1B)not necessary for association of Vps4p with Vps20p or
Quantification of reporter expression k§-galactosidase Vtalp. In the case of both mutant Vps4p-6HIS proteins,
activity assays confirmed the results of the plate assays (Figinding to GST-Vps20p and GST-Vtalp was significantly
10). enhanced compared with wild-type Vps4p-6HIS. As
We next used the yeast two-hybrid system to map thexpected, binding of the mutant Vps4p-6HIS proteins to
domains of Vps4p, Vps20p and Vtalp that mediate th&ST-Vps20p and GST-Vtalp was not significantly affected
interactions. Two-hybrid plasmids expressing varioushy addition of ATP.
fragments of Vps4p, Vps20p and Vtalp were constructed (Fig.
1A, Table 2). The results of two-hybrid analyses using these . o
constructs as well as pLexA-Vps4 (pAM333) and the originaVPs20p and Vtalp are required for efficient post-
Vps20p and Vtalp library clones (pAM349 and pAM398,internalisation transport of a-factor
respectively) are shown in Tables 3 and 4. The N-termindlVe next determined whether Vps20p or Vtalp are required for
coiled-coil domain of Vps4p interacted very strongly withreceptor-mediated endocytosis. Receptor-mediated uptake of
Vps20p, but not with Vtalp, whereas the C-terminal acidi¢3®S]a-factor was assayed at 30°C\ips2® and vtalA and
domain of Vps4p interacted with both proteins, but moreghe corresponding wild-type strains (Fig. #PJa-factor was
strongly with Vtalp. The AAA-ATPase domain did not interactinternalised by all four strains, althougips2@ and vtalA
with either Vps20p or Vtalp. A fragment containing the centrashowed slightly slower kinetics and this difference was
coiled-coil domain plus the C-terminal domain of Vps20p waseproducible. To investigate whether post-internalisation

Fluorescence microscopy
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Fig. 1.Vps4p interacts with Vps20p and Vtalp. (A) A schematic showing the predicted domain structure of Vps20p, Vtalp and Vps4p, the
fragments of Vps20p and Vtalp encoded by the two-hybrid library plasmids pBY2SR20(pAM349) and pB42ADVTAL1(pAM398), and

the various constructs used to map the domains that interact. Cross-hashed boxes represent domains predicted to hpeesithigd.pjo

to form coiled-coil structure as assessed using the COILS algorithm (Lupas et al., 1991). Numbers refer to amino acidibesigues.
plasmids are depicted using solid lines and constructs used for mapping using broken lines. (B) Yeast two-hybrid infev@stimeith
Vps20p and Vtalp. Yeast strain EGY48 carrying the reporter plasmid p8op-LacZ together with either pLexA vector alone 6P SdexA-
(pPAM333), and either pB42AD vector alone, pB42AMPS200r pB42ADVTAlwere plated on SD complete medium lacking uracil, histidine
and tryptophan to select for the p8op-LacZ, pLexA-based and pB42AD-based plasmids, respectively. After the strains héfitgnotiyn su
they were replica plated to synthetic galactose/raffinose (SG) complete medium containing X-gal to test exprestacZ tidhleybrid
interaction reporter gene. The plates were photographed after 4 days at 30°C. Shown are patches representing four nassfenakmtist

for each plasmid combination (a-f). (C) Quantification of yeast two-hybrid interactions. Each of the strains in B was agsapéatfosidase
activity as a measure of the strength of two-hybrid interaction. Activities (in Miller units) represent the means obtaiasskfymg three
independent transformants. Error bars, +/-s.e.m.

transport of $°SJa-factor to the vacuole is affected in the Loss of Vps20p or Vtalp result in CPY secretion and

mutants, we assayed the kinetics ¥BJa-factor degradation accumulation of Ste3-GFP in an endosomal

at 30°C. Both thesps2@ and vtalA mutations significantly ~compartment

delayed the vacuolar delivery and consequent degradation ® characterize the role of Vps20p and Vtalp in vacuolar
the internalised 3fS]a-factor (as assessed by loss of intactprotein sorting and MVB sorting, we constructed congenic
[35S]a-factor spots and appearance of degrades|d-factor  vps2@ andvtalA mutant strains using the SF838-QATa
spots) (Fig. 5). parental strain. SF838-9D has been extensively used for
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Table 3. Two-hybrid interactions between Vps20p and Vtalp and different domains of Vps4p

pLexA- pLexA- pLexA- pLexA-
Vpsapfl Vps4p-N Vps4dp-AAA Vps4p-C
pLexA (1-437/end) (1-128) (129-350) (351-437/end)
pB42AD - - — _ _
pB42AD-Vps20p (3-221/end) - + ++ - +
pLexA- pLexA- pLexA- pLexA-
Vps4p Vps4p-N Vps4p-AAA Vps4p-C
pLexA (1-437/end) (1-128) (129-350) (351-437/end)
pB42AD - - - - -
pB42AD-Vtalp (108-330/end) - ++ - - +

—, No interaction; +, interaction; ++, very strong interaction.

Table 4. Two-hybrid interactions between Vps4p and different domains of Vps20p and Vtalp

pB42AD- pB42AD- pB42AD- pB42AD- pB42AD- pB42AD-
Vps20p Vps20p-N  Vps20p-longCC Vps20p-C Vps20p-N+longCC  Vps20p-longCC+
pB42AD (3-221/end) (1-41) (42-173) (174-221/end) (2-173) C (42-221/end)
pLexA - - - - - - -
pLexA- Vps4pfl (1-437/end) - + - - - - ++
pB42AD- pB42AD- pB42AD- pB42AD- pB42AD-
Vtalp Vtalp-1st Vtalp-central Vtalp-2nd Vtalp-C
pB42AD (108-330/end) CC (1-108) (109-231) CC (232-264) (265-330/end)
pLexA - - - - - -
pLexA-Vps4pfl (1-437/end) - ++ - - - ++

—, no interaction; +, interaction; ++, very strong interaction.

analysis of these processes (Raymond et al., 1992) and carriéslgi and its accumulation within the class E endosomal
thepep4-3mutation that allows lumenal vesicles to accumulateompartment. In Pépcells the class E compartment is
in the vacuole. proteolytically active and the delivery and accumulation of
Ste3p is the plasma membrane receptor for the secreted yesps10p in the class E compartment can be monitored by
mating pheromonea-factor. In wild-type cells, Ste3-GFP pulse/chase labeling and immunoprecipitation of Vpsl1Op
travels to the cell surface and is then rapidly endocytosed artBiper et al., 1995). laps2@ andvtal4, a significant amount
delivered to the vacuole. The Ste3-GFP protein typicallyof newly synthesised VpslOp undergoe®BEP4dependent
accumulates to high levels in the lumen of wild-type vacuolesleavage after a 60-minute chase consistent with what has been
indicative of proper MVB sorting to intralumenal vesicles observed for other classypsmutants (Cereghino et al., 1995).
(Urbanowski and Piper, 2001). To test whether Vps20p and
Vtalp are required for MVB sorting of Ste3p, we localised _ )
Ste3-GFP in wild-type cells and wps2@\ and vtalA cells  Vps20p and Vtalp are required for MVB formation
carrying the low copy YCMPS20plasmid or YCpYTALl  The defects in MVB sorting of Ste3-GFPvips2@ andvtalA
plasmid or empty vector only (Fig. 6). In botps2@ and  mutants was consistent with a role of Vps20p and Vtalp in
vtalA cells Ste3-GFP was found on the limiting membrane oMVB formation. This process incorporates a variety of
the vacuole as well as in 2-3 punctate structures adjacent to thembrane proteins into intralumenal vesicles that accumulate
vacuole, but not in the vacuole lumen. The punctate structur@s the vacuoles gbep4mutant yeast (Piper and Luzio, 2001).
adjacent to the vacuole were similar to the class HEFor some proteins, their delivery to the vacuole interior is
compartments observed for other class vBs mutants dependent on attachment of ubiquitin, whereas the delivery of
(Raymond et al., 1992). The defects in MVB sorting of Ste3ether proteins is ubiquitin-independent (Katzmann et al.,
GFP were corrected when thigs2@ strain ovtalA strainwas  2002). The ubiquitin-dependent MVB sorting mechanism is
transformed with the corresponding wild-type gene borne on exemplified by the chimeric Fth1-GFP-Ub reporter protein.
low-copy plasmid (Fig. 6). Fthlp is an iron transporter whose distribution is restricted to
To test whether Vtalp, like Vps20p, is required for efficientthe limiting membrane of the vacuole, but the Fth1-GFP-Ub
vacuolar protein sorting, we compared the sorting of thehimera is a substrate for ubiquitin-dependent MVB sorting
soluble vacuolar hydrolase carboxypeptidase Y (CPY) to thand in wild-type cells localises to vacuolar intralumenal
vacuole in cells lacking Vps20p or Vtalp. Both#ps2@ and  vesicles (Urbanowski and Piper, 2001). The ubiquitin-
vtalA mutants secreted ~40% of CPY after a 60-minute chasadependent sorting mechanism is exemplified by the Sna3-
(Fig. 7). Previous studies have shown that CPY secretion {SFP reporter protein. Sna3p is an integral membrane protein
because of depletion of the CPY receptor (Vps10p) from thérst identified as a component of vacuolar intralumenal
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A within class E compartments. Morphometric
analysis of fluorescence intensity between Ste3-
apyrase + - o+ - o+ - GFP, Fth1-GFP-Ub and Sna3-GFP confirmed that
the exclusive localisation of Sna3-GFP to the class
E compartment was not because of the overall
level of these proteins or limits in fluorescence
detection.
Vpsip - - - - + F Aside from the inability to sort membrane
proteins into intralumenal vesicles, at least some
GST-Vps20p + + - - + + class Evps mutants (includingvpsg are also
Beads unable to perform lipid sorting events required
GST - - + + - - Blot:a-GFP  t0 make lumenal vesicles. Previously, NBD-PC
has been shown to be a lipid marker of the
Bound — “— Vpsdp-GFP intralumenal vesicles (Bilodeau et al., 2002;
Hanson et al., 2002). To test whether Vps20p and
— Vtalp are (like Vps4p) required for sorting of
Unbound SN «—visGre inids into intralumenal vesicles, we compared the
B distribution of internalised NBD-PC in wild-type,
vps2@ and vtalA mutants (Fig. 9). In wild-type
apyrase + - + - + - cells, NBD-PC was sorted into vesicles in the
vacuole lumen. Iwps2Q\ or vtalA cells, however,
NBD-PC was not sorted into intralumenal vesicles,
but remained on the limiting membrane of the
vacuole as well as in class E endosomal
Vpsdp - - - - + 4+ compartments. Thus sorting of lipids (as well as
proteins) to form intralumenal vesicles requires
GST-Vtalp + + - - + + both Vps20p and Vtalp.

Lysate Vpsdp-GFP + + o+ o+ - -

Lysate Vpsdp-GFP + + o+ o+ - -

Beads

GST - -+ + - - Blot:a-GFP
Vps20p and Vtalp are required for efficient

Bound —— <« Vpsdp-GFP endocytosis of fluid-phase and membrane
markers from the cell surface to the vacuole

We next tested whether Vps20p and Vtalp play a
Unbound VPsi-GEP role in endocytic membrane traffic of bulk fluid to

Fig. 2.Vps4p in yeast lysates associates with Vps20p and Vtalp and associatiomg V"?‘CUO'e- Wl!d-typevaZQﬂ and vtalA (?e"S
ATP-independent. Vps20p and Vtalp were expressed as GST fusinsoinand ~ Were incubated in the presence of the fluid-phase
purified on glutathione-agarose beads. Vps4p, either tagged with GFP or withougndocytic marker LY and accumulation of the dye
tag, was expressed from a centromeric plasmigh#4 (RH2906). Lysates were  in the vacuole was examined (Fig. 8). Low levels
prepared from both strains and a 100,0@dpernatant (S3) was supplemented  of LY did accumulate in the vacuoles gis2@\

with 20 mM MgCk and incubated with beads bearing GST only or GST-Vps20p and vtalAd cells, but markedly less than in the
(A), or with beads bearing GST only or GST-Vtalp (B) with or without vacuoles of wild-type cells. Therefore, both
pretreatment of the lysates with apyrase to deplete endogenous ATP. Unbound \/ps20p and Vtalp are important for fluid-phase
proteins (unbound) were recovered in the supernatants. After washing the bead ransport to the vacuole, although not essential.

the specifically bound proteins (bound) were eluted by heating in Laemmli sample :
buffer. Proteins in both bound and unbound samples were resolved by SDS-PAGEWe next examined whether Vps20p and Vialp

and transferred to PVDF membranes. Vps4p-GFP was detected by immunoblofﬁé important for bulk membrane tr_a_nsport from
with a GFP-specific polyclonal antiserum. In each set of experiments the exposUféé Cell surface to the vacuole. The lipid dye FM4-
times for the gels containing bound and unbound samples were identical. 64 is a membrane-soluble dye that binds to

the plasma membrane and is internalised by

endocytosis and delivered to the vacuole
vesicles. MVB sorting of Sna3p is not affected by substitutioomembrane (Vida and Emr, 1995). Cell surface membranes of
of its two cytoplasmic lysines (potential ubiquitination sites)wild-type, vps2@ andvtalA cells were labeled with FM4-64
or by lowered free ubiquitin levels (e.g. id@add mutant) and at 0°C, and cells were then warmed to 30°C and assessed for
is thus ubiquitin-independent (Reggiori and Pelham, 2001). Idistribution of FM4-64 at various times (Fig. 10). At early
wild-type cells, we found that both Fth1-GFP-Ub and Sna3times after shift to 30°C, FM4-64 labeled small punctate
GFP were localised to the vacuole lumen (Fig. 8). However, istructures and at later times it accumulated in 1-2 large late-
either vps2@ or vtalA cells, Fth1-GFP-Ub accumulated on endosomal/prevacuolar structures adjacent to the vacuole. By
both the limiting membrane of the vacuole as well as in larg80 minutes, FM4-64 could clearly be seen on the vacuole
‘class E’ structures similar to where Ste3-GFP accumulatelimiting membrane in wild-type cells. In contrast, the bulk of
(Figs 6, 8). Sna3-GFP was also excluded from the vacuoleM4-64 remained in large endosomal structures in both the
interior, but far less was observed on the limiting membrane ofps2@ andvtalA cells, indicating a delay in transport from
the vacuole. Rather, Sna3-GFP was found almost exclusivetiie class E compartment to the vacuole.



Vps20p and Vtalp function with Vps4p 3965
2001). Hspcl77 (Genbank Acc. No. BC016698)

GST-Vtalp GST-Vps20p  GST encodes a mammalian protein with strong
homology (21% identity) to yeast Vps20p over its
ATP + . + -+ - full length. Other yeast family members include the

class E Vps proteins  Vps24p/Did3p,

Bound prap— e Did2p/Chmlp/Fti1p and .\/pSZp/Did4p/Ren1p/.

Vpsdp-6HIS Chm2p (Davis et al., 1993; Babst et al., 1998;
(WT) Amerik et al., 2000; Kranz et al., 2001; Howard et
Unbound - S e S al., 2001). Proteins in this family all have extensive

coiled-coil domains that can potentially mediate
protein-protein interaction (Babst et al., 1998;
Kranz et al.,, 2001; Howard et al.,, 2001); for

example, in Vps20p the coiled-coil domain
comprises residues 61-169 as predicted using the

COILS algorithm (Lupas et al., 1991).
Although this is the first report of interaction

— W between Vps4p and Vps20p, there have been two
VI(’-E‘;I;-;(')")‘S " o earlier reports of interactions between Vps4p and

Unbound . M other fqmily'r'nembe.rs: 1) a genomic two-hybrid
screen identified an interaction between Vps4p and
Snf7p/Vps32p (Uetz et al., 2000), and (2) a yeast
two-hybrid screen using CHMP1 (the mammalian
homologue of yeast Did2p/Chm1p) as bait led to the
identification of human Vps4-A/SKD1 as a CHMP1
GST-Vtalp GST-Vps20p  GST interactor (Howard et al., 2001). Interestingly,
Did2p/Chmlp is among the other Vps4dp two-
- + -+ - hybrid interactors we identified in our screen (M.
Wagle and A. Munn, unpublished).
VpsdpoHIS O — Four of the six known coiled-coil class E Vps
(K179A) proteins (viz. Vps20p, Snf7p, Vps2p and Vps24p)
Unbound —— ——— have recently been shown to form a large protein
complex known as ESCRTIII implicated in
Fig. 3. Vps4p directly binds Vps20p and Vtalp in vitro and binding is ATP- concentration and sorting of cargo proteins at the

independent. Wild-type Vps4p, and both ATP hydrolysis mutant (E233Q) and MVB prior to incorporation into intralumenal

ATP binding mutant (K179A) forms of Vps4p were tagged at the C-terminus  yasicles (Babst et al., 2002). Wps4 mutants, all
with 6HIS and expressed ki coli. Each protein was affinity purified using the four ESCRTII protéins redistribute from, the

6HIS tag and incubated with beads bearing GST-Vps20p, GST-Vtalp or GST

only in the presence or absence of added ATP. Unbound proteins (unbound) cytoplasm to the su.rface of endosomal membranes
were recovered in the supernatants. After washing the beads, the specifically (B_ab_st e_t al., 199_8’ Babst et al., 2002). Based on
bound proteins (bound) were eluted by heating in Laemmli sample buffer. this in vivo data, it has been suggested that Vps4p
Proteins in both bound and unbound samples were resolved by SDS-PAGE, arldses the energy of ATP hydrolysis to break coiled-
transferred to PVDF membranes. Wild-type and mutant forms of Vps4p-6HIS coil interactions and release ESCRTIII proteins

GST-Vtalp GST-Vps20p GST

ATP + - + - + -

were detected by immunoblotting with a pentaHIS-specific monoclonal from the surface of endosomes into the cytoplasm.
antiserum. In each set of experimen_ts th_e exposure times for the gels containingTP-dependent release of ESCRTIII proteins from
bound and unbound samples were identical. endosomal membranes by Vps4p has yet to be

demonstrated in vitro, however a mutant form of
) ) human Vps4-A (E228Q) that is locked in the ATP-
Discussion bound state exhibits enhanced association with CHMP1
Here, we report thatvPS20 and VTA1l encode Vps4p- (Howard et al., 2001). This data supports the conclusion that
interacting proteins. Several lines of evidence support thik the ATP-bound form Vps4p associates with class E Vps
conclusion. First, in a yeast two-hybrid screen with Vps4p aproteins and breaks coiled-coil interactions.
bait, we isolated multiple clones ¥PS20andVTAL Second, We have shown here that binding of Vps4p to Vps20p in
GST fusion constructs containing Vps20p or Vtalp associatétro is independent of ATP. A Vps4p ATP hydrolysis mutant
with endogenous Vps4p in yeast lysates as well as bacterialz233Q) exhibited increased binding to Vps20p in vitro
expressed and purified Vps4p. Finally, deletiorV&S20or  compared with wild-type Vps4p, however an ATP binding
VTAlcauses class E Vpphenotypes similar to deletion of mutant (K179A) also exhibited increased association (Fig. 3).
VPS4itself, suggesting that Vps20p and Vtalp function withThus, enhanced binding to coiled-coil proteins may be a
Vps4p in vivo. feature of non-functional (rather than ATP-bound) Vps4p. This
Vps20p and two other class E Vps proteins,is consistent with the observation that an ATP-binding mutant
Snf7p/Vps32p/Didlp (30% identity) and Mos10p/Vps60p/of mammalian Vps4-A (KQ) behaves like an ATP hydrolysis
Chmbp (15% identity) comprise a gene family (Babst et al.mutant (EQ) in exhibiting enhanced localisation to endosomes
1998; Amerik et al., 2000; Kranz et al., 2001; Howard et al.(Bishop and Woodman, 2000). ATP-independent association
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Fig. 4.Loss of Vps20p or Vtalp causes only slightly altered kinetics
of a-factor internalisation. Wild-type (RH1800) ampgs2@

(AMY174), and wild-type (AMY165) andtald (AMY162) cells

were grown to early exponential phase and assayeé®]offactor
internalisation at 30°C. After addition of th&$]a-factor, samples
were taken in duplicate at various time points and washed in either
phosphate buffer pH 6 (removes unbouti8Jo-factor) or citrate

buffer pH 1 (removes bound but non-internalis&8Ja-factor).

Shown is the internalisemt-factor as a percentage of the bowund
factor at each time point.

with coiled-coil domain proteins may distinguish Vps4p from
other AAA-ATPases, such as NEM-sensitive fusion proteir
(NSF/Sec18p). NSF/Sec18p forms a 20S complex with solub
NSF attachment proteina{SNAP) and a-SNAP-receptors
(SNARES) and uses ATP hydrolysis to break coiled-coil
interactions between SNARES. An NSF/Secl8p mutar
protein with a mutation in the first of its two AAA-domains
(D1) that prevents ATP binding is unable to associate with th
a-SNAP-SNARE complex in vitro (Nagiec et al., 1995).
Nevertheless, our analysis strongly supports the view that AT
hydrolysis by Vps4p dissociates coiled-coil interactions a:
proposed by Babst et al. (Babst et al., 1998; Babst et al., 200:
Interaction of Vps4p with Vps20p appears to involve coiled-
coil interactions (Tables 3, 4) and is sensitive to ATP hydrolysi
(Fig. 3).

ESCRTIII comprises Vps20p-Snf7p and Vps2p-Vps24f
subcomplexes (Babst et al.,, 2002). The Vps2p-Vps24
subcomplex has been proposed to mediate recruitment
Vps4p to endosomes based on the finding that accumulation
ATP-locked Vps4p-E233Q mutant protein on endosomes i
affected invps2and vps24mutants yps20and snf7 mutants

WT

T

?

vps204

p-Hlﬁlﬁlﬁlﬁlﬁ

Time (min) 10

B

WT
vtalA

pH 1 6 1 61 6 1 6 1 6
Time (min) 10 15 30 60’ 90°

were not tested) (Babst et al., 2002). Our data suggest thaly 5 | oss of Vps20p or Vtalp causes defects-factor

Vps20p may also be important for recruitment of Vps4p tQjegradation. Wild-type (RH1800) angs2@ (AMY174) (A), and
membranes. Vps20p is myristoylated and associates strongliid-type (AMY165) andvtalA (AMY162) (B) cells were grown to

with membranes (Ashrafi et al., 1998; Babst et al., 2002)arly exponential phase and assayed¥®8]fi-factor transport to the
Interestingly, myristoylation is not required for Vps20p vacuole and degradation at 30°&JJa-factor was prebound to the
interaction with Vps4p as Vps20p fusions lacking thecells on ice and then the cells were harvested at 4°C and resuspended
myristoylation motif (MG, residues 1-2) still exhibit strong in fresh YPUAD and incubated at 30°C. At the time points shown,
two-hybrid interaction with Vps4p. Furthermore, bacteriallysamples were taken in duplicate and washed in either phosphate

expressed Vps20p binds Vps4p in vitro and bacteria lack t
ability to perform myristoylation. Our data show that Vps20p
interacts with the N-terminal coiled-coil domain of Vps4p

ffer pH6 (removes unboungPBla-factor) or citrate buffer pH 1

removes bound non-internalisedg]a-factor). Lysates were
prepared from each sample of cells and subjected to thin layer
chromatography to separate intact (i) and degraded@@lpffactor,

essential for Vps4p association with endosomal membrangsich were visualised by fluorography at —80°C. 6, washed in pH 6
(Babst et al., 1998). That Vps4p-E233Q and Vps4p-K179Auffer; 1, washed in pH 1 buffer; o, origin where samples were
mutant proteins exhibit increased association with Vps20maded.
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DIC Ste3-GFP A
-~ e WT  vps20A vtalA

WT v —p2CPY
- Wew - cry
I EI E1E Fraction
vitalA B | .
vector
T -~ Vpsl
MLy
vps20A o 0 60 0 60 0 60 Chase(min)
vector ' .

4, .. B Fig. 7.Loss of Vps20p or Vtalp causes secretion of Golgi-modified
: : . p2 CPY precursor and degradation of Vps10p. Wild-type (SF838-
N - 9D), vps2@ (SF838-9ypl10) andvtalA (PLY3046) cells were
, 5\ A converted tdPEP4as described in Materials and Methods. They
a o ‘ were pulse-labelled wit{S]methionine/cysteine for 10 minutes at
\ 30°C and then chased with excess unlabelled methionine/cysteine at
- the same temperature. Samples were taken at 0 or 60 minutes of
: chase, and further membrane transport was stopped by addition of
' sodium azide and sodium fluoride to 20 mM. The cells in each
i - sample were converted to spheroplasts and fractionated into
- intracellular (I) and extracellular (E) fractions. CPY was
g immunoprecipitated from half the intracellular (1) and extracellular
(E) fractions of the 60-minute chase samples (A). Vps10p was
| immunoprecipitated from the intracellular (1) fractions of the 0- and
60-minute chase samples (B). Indicated are the mature (MCPY) and
Golgi-modified (p2CPY) forms of CPY, and both full-length Vps10p
) ) . (Vps10p) and the lower protease-cleaved band of Vps90p (
Fig. 6.Loss of Vps20p or Vtalp causes defects in Ste3p localisation
to the vacuole. Wild-type (SF838-9¥ps20(SF838-9¥pl10) and

vtal(PLY3046) cells were transformed with a low-copy plasmid
encoding Ste3-GFP in combination with an empBA3containing endosomal membrane transport and lysosome morphology

centromeric plasmid or centromeric plasmid containing the wild- é1ave been reported in CH.S (Tchernev et al,, 200.2)' The best
VTAlor VPSFZ)Q:;ene as indicated. Thpe localisation of SgteS-GFP \}vy;syeaSt homologue of LYST is Bpslp, however deletioB61
then assessed by fluorescence microscopy together with DIC imagiHy the SF838-9D background gave no clasgpEphenotypes
to identify yeast vacuoles. Cells were resuspended in 1% sodium  (R. C. Piper, unpublished).
azide, 1% sodium fluoride, 100 mM Tris pH 8.0 prior to fluorescence Vtalp has two predicted coiled-coil domains (1stCC and
and DIC microscopy. Bar, m. 2ndCC comprising residues 35-63 and 232-263, respectively).
The latter is encoded by all of our positive two-hybrid library
clones, but our interaction domain analysis shows that Vps4p
correlates well with reports that both mutant proteins alsdoes not interact with the 1stCC or the 2ndCC domain of
exhibit increased accumulation on endosomes in vivo (Babsftalp. Instead, Vps4p interacts specifically with a short (65
et al., 1998; Bishop and Woodman, 2000). The strength aksidue) domain located at the extreme Vtalp C-terminus that
Vps4p-Vps20p interaction may be an important determinant dacks predicted coiled-coil structure. Furthermore, Vps4p binds
Vps4p subcellular localization. to Vtalp via its acidic C-terminal domain (Tables 3, 4). Hence,
YLR181c(VTAY is a novel class B/PSgene. Although coiled-coil interaction does not appear to mediate Vps4p
Vtalp does not share significant homology to other class E Vpsteraction with Vtalp. This suggests that Vps4p may interact
proteins, a putative mammalian homologue is encoded byuite differently with Vtalp compared with coiled-coil
dopamine-responsive gene (Drg-1) (GenBank Acc. NoVps20p-family proteins. Vtalp may represent a stable subunit
AF271994) [also known as LYST-interacting protein 5 (Lip5)rather than a substrate of the Vps4p complex. Consistent with
(GenBank Acc. No. AF141341)]. Drg-1/Lip5 has strongthis, Vps4p binding to Vps20p in vitro is sensitive to ATP
homology to Vtalp over N- (24% identity) and C-terminalhydrolysis, whereas binding to Vtalp is unaffected by the
(59% identity) sequences representing 43% of the total lengffresence or absence of ATP (Figs 2, 3). Little is known about
of the protein. LYST is the protein affected in the humarthe role of the C-terminal acidic domain in Vps4p function. In
inherited immune and neurological disorder Chediak-Higashihe case of another AAA-family ATPase, Hsp104p, the acidic
Syndrome (CHS) and irbeige mutant mice. Defects in C-terminal domain regulates ATP hydrolysis by the AAA

YCpVPS20
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Fthl- Sna3-
DIC GFP-Ub DIC GFP

Fig. 8.Vps20p and Vtalp are required
for multivesicular body sorting and LY
accumulation in the vacuole. The two
MVB reporter proteins, Fth1-GFP-Ub
(left) and Sna3-GFP (centre) were
localised in wild-type (SF838-9D),
vps2A (SF838-9ypl10) andvtalA
(PLY3046) cells. For visualisation of
Fth1-GFP-Ub, cells were grown in 100
UM of the iron chelator BPS for 6
hours prior to microscopy. Cells were
resuspended in 1% sodium azide, 1%
sodium fluoride, 100 mM Tris pH 8.0
prior to microscopy. Endocytosis of

LY (right) was measured by incubating
cells in media containing LY for 60
minutes at 30°C, washing and viewing
the cells by DIC and fluorescence
microscopy. Bar, pim.

domain (Cashikar et al., 2002). Although this is not known fohydrolases to the PVC. In classvigs mutants Vps10p and
Vps4p, it is intriguing to speculate that Vtalp regulates theacuolar hydrolases are trapped in the class E compartment and
ATPase activity of Vps4p. VpslOp is degraded. Some phenotypic characterisation has
Loss of Vps20p or Vtalp confers classical class E-Vpsalready been reported faps2Q but this is the first report that
phenotypes similar to loss of Vps4p, including: 1) a block invtal mutants have class \¥psphenotypes.
MVB sorting of endocytosed surface proteins, vacuolar Our results suggest that vacuolar delivery of Sna3p may have
membrane proteins and the lipid NBD-PC; 2) accumulatiomnique requirements. Although Ste3-GFP, Fth1-GFP-Ub (Figs
of endocytosed surface proteins (e.g. Ste3p), lipid-solublé, 8) and GFP-Cpslp (data not shown) localise to both the class
endocytic dyes (e.g. FM4-64) and vacuolar membrane proteifis compartment and the vacuole limiting membrane in class E
(e.g. CPS, Sna3p) in the ‘class E' compartment; and 3)psmutants, Sna3-GFP appears to exclusively localise to the
secretion of Golgi-modified p2CPY. As in other clasyds class E compartment (Fig. 8). Unlike the ubiquitin-dependent
mutants, p2CPY secretion is associated with degradation 84VB sorting of other proteins (Urbanowski and Piper, 2001;
Vpsl10p. In wild-type cells Vps10p is stable and cycles fronKatzmann et al., 2001), MVB sorting of Sna3p is ubiquitin-
the late Golgi to the PVC during the sorting of soluble vacuolaindependent. It has been proposed that MVB sorting of

NBD-PC

™

DIC

Fig. 9.Vps20p and Vtalp are required for MVB
lipid sorting. Sorting of the lipid dye NBD-PC was
followed in wild-type (SF838-9D)ps2@ (SF838-
9Dvpl10 andvtalA (PLY3046) cells. Cells labelled
at 30°C with FM4-64 (M) in potassium
phosphate-buffered YPUAD (pH 7.0) for 20
minutes followed by incubation with NBD-PC
(100pM) for an additional 20 minutes. Cells were
washed and resuspended in SD media and
incubated for an additional 30 minutes at 30°C
prior to fluorescence microscopy. Cells were
resuspended in 1% sodium azide, 1% sodium
fluoride, 100 mM Tris pH 8.0 prior to fluorescence
and DIC microscopy. Bar, gm.
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WT vps20 A vtalA

DIC FM4-64 DIC FM4-64 DIC FM4-64

Fig. 10.Vps20p and Vtalp are required for transport of FM4-64 from late endosomes to the vacuole. Wild-type (SF33&aD),
(SF838-9Dypl10) andvtalA (PLY3046) cells were grown to early exponential phase and then incubatedpditi-®14-64 at 0°C for 30
minutes. Cells were washed in ice-cold YPUAD and resuspended in YPUAD at 30°C without FM4-64 (0’). Cell aliquots were temoved a
the indicated times after shift to 30°C (5’, 10’, etc.), washed in 1% sodium azide, 1% sodium fluoride, 100 mM Tris pH/&Qedraly
fluorescence and DIC microscopy. Baprs.

Sna3p occurs via spontaneous partitioning of the Sna3md R. Tsien (HHMI, UCSD, La Jolla, CA, USA) for permission to
transmembrane domains into subdomains of the MVB Iimitin%sé the S65T mutant GFP. We thank the IMA/TLL DNA sequencing
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