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Abstract. The product of the VPS1 gene, Vpslp, is re- 
quired for the sorting of soluble vacuolar proteins in 
the yeast Saccharomyces cerevisiae. We demonstrate 
here that Vpslp, which contains a consensus tripartite 
motif for guanine nucleotide binding, is capable of 
binding and hydrolyzing GTP. Vpslp is a member of a 
subfamily of large GTP-binding proteins whose mem- 
bers include the vertebrate Mx proteins, the yeast 
MGM1 protein, the Drosophila melanogaster shibire 
protein, and dynamin, a bovine brain protein that bun- 
dles microtubules in vitro. Disruption of microtubules 
did not affect the fidelity or kinetics of vacuolar pro- 
tein sorting, indicating that Vpslp function is not 
dependent on microtubules. Based on mutational anal- 
yses, we propose a two-domain model for Vpslp func- 
tion. When VPS1 was treated with hydroxylamine, half 
of all mutations isolated were found to be dominant 
negative with respect to vacuolar protein sorting. All 

of the dominant-negative mutations analyzed further 
mapped to the amino-terminal half of Vpslp and gave 
rise to full-length protein products. In contrast, reces- 
sive mutations gave rise to truncated or unstable pro- 
tein products. Two large deletion mutations in VPS1 
were created to further investigate Vpslp function. A 
mutant form of Vpslp lacking the carboxy-terminal 
half of the protein retained the capacity to bind GTP 
and did not interfere with sorting in a wild-type back- 
ground. A mutant form of Vpslp lacking the entire 
GTP-binding domain interfered with vacuolar protein 
sorting in wild-type cells. We suggest that the amino- 
terminal domain of Vpslp provides a GTP-binding and 
hydrolyzing activity required for vacuolar protein sort- 
ing, and the carboxy-terminal domain mediates Vpslp 
association with an as yet unidentified component of 
the sorting apparatus. 

OLUBLE proteins that enter the secretory pathway are 
secreted unless they carry specific sorting information 
that directs their targeting to various intracellular des- 

tinations. Although protein sorting is an essential feature of 
eukaryotic cells, much remains to be learned about the actual 
mechanisms by which protein targeting occurs. An excellent 
model system exists in the sorting of soluble glycoproteins 
to the vacuole in Saccharomyces cerevisiae, using the pro- 
teinase carboxypeptidase Y (CPY) z as a vacuolar marker 
protein. CPY has been demonstrated to contain a necessary 
and sufficient vacuolar sorting domain in its propeptide re- 
gion (Johnson et al., 1987; Vails et al., 1987, 1990) and at- 
tempts are underway to characterize the trans-acting pro- 
teins that constitute the sorting apparatus. Nearly 50 genes 
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required for efficient sorting of soluble vacuolar proteins in 
S. cerevisiae already have been identified (Rothman and 
Stevens, 1986; Robinson et al., 1988; Rothraan et al., 1989; 
Klionsky et al., 1990; Raymond et al., 1992). These genes 
have been designated lIPS genes for vacuolar protein sorting. 

Strains in which VPS1 has been deleted exhibit a severe de- 
fect in vacuolar protein sorting, mislocalizing and secreting 
>80% of their newly synthesized CPY. Although V/S/is a 
nonessential gene, vpslA strains are temperature sensitive 
for growth and accumulate aberrant membrane-enclosed 
structures (Rothman and Stevens, 1986). Analysis of the 
VPS1 sequence (Rothman et al., 1990) revealed that VPS1 
encodes a hydrophilic 80-kD protein with no obvious signal 
sequence or membrane-spanning domains. Indirect im- 
munofluorescence experiments using a Vpslp-specific poly- 
clonal antibody to localize Vpslp (Rothman et al., 1990) re- 
vealed a punctate, cytoplasmic staining pattern similar to 
that observed for proteins believed to be associated with the 
yeast Golgi apparatus (Segev et al., 1988; Franzusoff et al., 
1991; Redding et al., 1991). The Vpslp antibody labeled 
fewer, larger structures in sec7mutant cells under conditions 
in which protein traffic is blocked in an early Golgi compart- 
ment and Golgi-like organelles accumulate (Novick et al., 
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1981; Franzusoff and Schekman, 1989). The immunolocali- 
zation staining pattern of Vpslp in sec7 cells at the restrictive 
temperature is similar to that of the Golgi-associated protein 
Yptlp, which also rearranges into larger patches in a secTmu- 
tant background (Segev et al., 1988). Based on these obser- 
vations, it seems likely that at least a portion of Vpslp associ- 
ates with the yeast Golgi apparatus in vivo. 

Vpslp is a member of a subfamily of high molecular weight 
GTP-binding proteins found in a wide variety of species. 
Members of this group share sequence identity primarily in 
their amino-terminal regions, which contain consensus 
tripartite GTP-binding motifs (Dever et al., 1987). Initially, 
homology was found to the murine Mxl protein, an inter- 
feron-inducible protein that promotes resistance to influenza 
virus infections (Staeheli et al., 1986; Arnheiter and Meier, 
1990; Rothman et al., 1990). Other Mxl-related proteins of 
the subfamily include MxA and MxB (Pavlovic et al., 1990) 
and the guanylate-binding proteins described recently by 
Cheng et al. (1991). The most recently discovered member 
of the family, the yeast MGM1 protein, plays a role in mito- 
chondrial DNA maintenance (Jones and Fangman, 1992). 
The highest degree of identity with Vpslp, 66 % in the amino- 
terminal 300 residues and 45 % overall, is found with the 
microtubule-bundling protein dynamin (Obar et al., 1990) 
and its Drosophila melanogaster equivalent shibire (Chen et 
al., 1991, van der Bliek and Meyerowitz, 1991). For each of 
these Vpslp homologs identified to date, strong sequence 
similarity is restricted to the amino-terminal halves of the 
proteins, which contain the consensus sequences for GTP 
binding. The carboxy-terminal portions of Vpslp and dyna- 
min, for example, share only 28 % identity. 

The in vivo functions of the various members of this sub- 
family of high molecular weight GTP-binding proteins re- 
main to be elucidated. Dynamin was identified as a 100-kD 
protein that could be extracted from calf brain microtubules 
with GTP, ATP, or more specifically with a combination of 
GTP and AMP-PNP (Shpetner and Vallee, 1989). Dynamin 
is capable of bundling microtubules in vitro, and, in crude 
preparations, dynamin also exhibits a microtubule-stimu- 
lated ATPase activity and an intermicrotubule sliding activity 
(Shpetner and Vallee, 1989). However, the physiological 
substrate for dynamin is likely to be GTP, as the purified pro- 
tein contains a potent GTPase activity that is stimulated 16- 
fold by the presence of microtubules (Shpetner and Vallee, 
1992). Whether microtubule association is required for dy- 
namin function in vivo remains to be determined. Although 
dynamin has been isolated by virtue of its association with 
microtubules, indirect immunOfluorescence experiments 
using PC12 cells failed to demonstrate colocalization of dy- 
namin with microtubules (Scaife and Margolis, 1990). Bio- 
chemical analysis of rat brain synaptosomes, which contain 
high levels of dynamin, indicated that dynamin is associated 
with a membrane fraction distinct from synaptic vesicles 
(Scaife and Margolis, 1990). Insight into the role of dynamin 
in vivo may be gleaned from mutations in the shibire locus 
in D. melanogaster. Dynamin and the product of the Dro- 
sophila gene shibire are 69 % identical overall and, therefore, 
likely to be functional homologs (Chen et al., 1991; van der 
Bliek and Meyerowitz, 1991). In temperature-sensitive mu- 
tants of shibire, a shift to the nonpermissive temperature in- 
duces rapid paralysis of the flies and changes in morphology 
consistent with the interpretation that shibire mutants suffer 

a defect in endocytosis (Poodry and Edgar, 1979; Kosaka and 
Ikeda, 1983). In flies held at the nonpermissive temperature 
there is a decrease in the number of synaptic vesicles at neu- 
romuscular junctions (Poodry and Edgar, 1979) and an ap- 
parent inhibition of the conversion of coated pits to coated 
vesicles in the cortical regions of garland cells (Kosaka and 
Ikeda, 1983). 

VPS1 is the same gene as SP015, which is required for 
sporulation in S. cerevisiae (Yeh et al., 1991). In spo15 mu- 
tants, a meiotic spindle fails to develop; the spindle pole 
body duplicates, but fails to separate. Spol5p expressed in 
Escherichia coli was found to cosediment with microtu- 
bules, but the association was irreversible; Spol5p was not 
released from microtubules upon the addition of GTP, ATE 
or 1 M NaC1. Whether the role of SP015 in meiosis is depen- 
dent on Spol5p association with microtubules has yet to be 
elucidated. 

We have begun an analysis of Vpslp using biochemical and 
genetic techniques in an attempt to gain insight into its role 
in the targeting of soluble proteins to the vacuole. The pres- 
ence in Vpslp of a consensus sequence for binding GTP sug- 
gests that GTP binding and hydrolysis may be critical to its 
function. The high sequence homology of Vpslp to dynamin, 
along with evidence that Spol5p is capable of associating 
with microtubules in vitro, suggests the possibility that Vpslp 
function may be microtubule dependent. In this report we 
test this hypothesis and demonstrate that efficient yeast 
vacuolar protein sorting occurs independent of microtu- 
bules. We also provide evidence that Vpslp is indeed capable 
of binding and hydrolyzing GTP and present results of muta- 
tional analyses that dissect Vpslp into two functional do- 
mains. Based on these data, we propose a model for Vpslp 
function in which the unique carboxy-terminal domain medi- 
ates association with another as yet unidentified component 
of the sorting machinery, and the amino-terminal domain, 
which shares homology with other family members, pro- 
vides a GTP hydrolysis-dependent activity essential for 
vacuolar protein sorting. 

Materials and Methods 

Materials 

Enzymes used in DNA manipulations were from New England Biolabs 
(Beverly, MA), Boehringer Mannheim Biochemicals (Indianapolis, IN), 
Bethesda Research Laboratories (Galthersburg, MD), or United States Bio- 
chemical Corp. (Cleveland, OH). Acrylarnide was from Boebringer Marm- 
heim Biochemicals and SDS was from BDH Biochemical (Poole, UK). 
Nitrocellulose was from Schleicher & Schuell, Inc. (Keene, NH). Goat- 
a-rabbit and goat-a-mouse alkaline phosphatase conjugates used for West- 
ern blotting were from Promega Corp. (Madison, WI). Reagents for West- 
ern blot color development were from BioRad Laboratories (Richmond, 
CA). Secondary antibodies used for indirect immunofluorescence experi- 
ments were from Jackson Immuno Research Laboratories, Inc. (Avondale, 
PA). Protein A-Sepharose CL-4B was from Pharmacia Fine Chemicals 
(Piscataway, NJ). IgGsorb was from The Enzyme Center (Boston, MA). 
Nocodazole was from Aldrich Chemical Co. (Milwaukee, WI). Other 
chemicals were from Sigma Chemical Co. (St. Louis, MO). 

Strains, Growth of CeUs, and Construction 
of Plasmids 
Yeast strains used in this study and their genotypes are described in Table 
I. Strains were constructed by standard genetic techniques and grown at 
30"C in yeast extract peptone dextrose (YEPD) or standard minimal me- 
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Table L Yeast Strains 

Strain Genotype Source 

SF838-1D 
SF838-1Dvpsl-A2 
SF838-1DVPS1::vpsld-N5 
JHRF20-2C 
JHR F20-2 Cvps l-A 2 
DBYI034 
DBY2023 
DBYI373 

MATs, ade6, his4-519, ura3-52, teu2-3, pep4-3, gal2 
MATs, ade6, his4-519, ura3-52, teu2-3, pep4-3, gal2, vpsl-A2::LEU2 
MATch, ade6, his4-519, ura3-52, leu2-3, pep4-3, gal2, VPSI : :vpsla-N5::URA3 
MATa, his3-A200, ura3-52, Ieu2-112 
MATa, his3-A200, ura3-52, leu2-112, vpsl-A2::LEU2 
MATa, his4-539, 1ys2-801, ura3-52 
MATa, his4-539, lys2-801, ura3-52, tub2-401 
MATa, his4, ura3-52, tub2-104 

Stevens et al., 1986 
Rothnmn et al., 1990 
This work 
Rothman et al., 1986 
This work 
Thomas et al., 1985 
Huffaker et aL, 1988 
Thomas et al., 1985 

dium with appropriate supplements (Sherman et al., 1982), except where 
otherwise noted. DNA-mediated transformation of yeast utilized the lithium 
acetate method (lto et al., 1983). DNA manipulations and DNA-mediated 
transformation of E. coil strain MC1061 were performed by routine proce- 
dures (Sambrook et al., 1989). The vpsl-A2 deletion construct, in which 
the entire VPS1 open reading frame was replaced with the yeast LEU2 gene, 
has been described elsewhere (Rothman et al., 1990). 

A yeast centromere (CEN) plasmid carrying the wild-type VPS1 gene 
(pCKR19) was constructed as follows: pRS316 (Sikorski and Hieter, 1989) 
was digested with BamHl and XhoI, filled in using T4 DNA polymerase, 
and religated with T4 DNA ligase to form pRS316 BX. A 3.5-kb VPS1 XbaI- 
Spel fragment then was subcloned into the XbaI site ofpRS316 BX, creating 
pCKR19. 

Temperature-sensitive mutations in VPS1 were obtained by subjecting 
pCKR19 to hydroxylamine mutagenesis (0.36 M hydroxylamine for 1 h at 
75~ as described by Schauer et al. (1985). Hydroxylamine-treated ptas- 
mid DNA was used to transform SF838-1Dvps1-z12 cells to uracil pro- 
totrophy, Transformants were screened for temperature-sensitive CPY mis- 
localization by performing colony blot analyses (Rothman et aL, 1986) at 
both 22~ and 33~ Plasmid DNA was recovered from strains that secreted 
CPY at 33"C but not at 22~ passaged through E. coli, and used to trans- 
form JHRY20-2Cvpst-A2 cells. 

The CEN plasmid version of vpsl-ziC (pCAV32), which truncates VPS1 
at codon 356, was made as follo~,s. The ApaI site in pRS315 (Sikorski and 
Hieter, 1989) was eliminated by digesting with ApaI, blunting with T4 DNA 
polymerase, and religating with 'I"4 DNA ligase (pCAV20). The XbaI-SalI 
fragment of VPS1 was subcloned into pCAV20 cut with XbaI and SalI to 
form pCAV22, which then was cut with ApaI and blunted with T4 polymer- 
ase. NheI termination linkers (#1060; New England BioLabs, Inc.) were 
ligated into the blunted ApaI-cut pCAV22 to introduce a stop codon, 
producing pCAV31, pCAV31 was digested with XbaI and SalI and the frag- 
ment subcloned into pCKRI9, replacing the wild-type VPSI Xbal-Sall frag- 
ment and creating pCAV32. 

Truncation of the wild-type and hydroxylarnine-mutagenized VPS1 al- 
leles was achieved by introducing frameshift mutations at the BamHI site 
at codon 418. The respective CEN plasmids were digested with BamHl, 
filled in using Klenow reagent, and religated with "1"4 DNA ligase. This 
resulted in the introduction of stop codons and the deletion of the terminal 
287 codons of VPSL 

The CEN plasmid version of vpsl-AN (pCAV26), which deletes codons 
19-356 of VPS1, was constructed as follows, pCAV22 was digested with 
ApaI and Bsu36I, blunted with I"4 DNA polymerase, and BglII linkers 
(#1051; New England BioLabs, Inc.) were ligated in to form pCAV25. 
pCAV25 was cut with XbaI and Sall and the fragment subcloned into pCKR19, 
replacing the wild-type VPS1 XbaI-SalI fragment and creating pCAV26. 

2# plasmid versions for the overproduction of VPS1 (pCAV30), vpsl-AC 
(pCAV33), and vpsl-AN (pCAV29) were made by digesting pCKR19, 
pCAV32, and pCAV26 with XbaI and SpeI, blunting with T4 DNA polymer- 
ase, and ligating the fragments into the SmaI site of pSEY8 (Emr et al., 
1986). 

Plasmid vectors for the inducible expression of large amounts of Vpslp 
were prepared by subcloning portions of the VPS/gene downstream of the 
isopropylthio-~-D-galactoside (IPTG)-inducible tac promoter in priSe5 
(Muchmore et al., 1989). An expression vector for full-length, wild-type 
VPS1 (pCKRII8) was created as follows. A 1200-bp VPS1 EcoRV fragment 
was subcloned into the NdeI (T4) site of pCWori+H (kindly provided by E 
Dahlquist, Institute of Molecular Biology, University of Oregon, Eugene, 
OR). This construct then was digested with SnaBI and SalI; a 900-bp VPS1 
SnaBI-SalI fragment was ligated into the digested vector. E. coil expression 
vectors for vpsla-N, vpst-AC (pCAV34), and vpsl-AN (pCAV36) were pie- 

pared by digesting pCKRII8 with HindII/and subcloning in HindIlI frag- 
ments of pCKR190-N, pCAV32, or pCAV26, respectively. 

Vectors were prepared for the expression of portions of ~aslp for prepa- 
ration of affinity columns for polyclonal antibody purification. Construction 
of the plasmid for expression of a 41-kD amino-terminal fragment was de- 
scribed previously (Rothman et al., 1990). The plasmid (pCKR121) for the 
expression of a carboxy-terminal fragment of Vpslp was created by sub- 
cloning the 900-bp SnaBI-SalI fragment of VPS1 into the SmaI-SalI site of 
pEXF2 (Raymond et al., 1990). 

Strain SF838qDVPSl::vpsla-N5 was created as follows. The CEN plas- 
mid pCKR19d-N5 carrying Met252 to IIe252, Asp:53 to Ash253, Gly:55 to 
Asn255, and Asp'z57 to Ash257 point mutations in VPS1 was digested with 
XbaI and SpeI and cloned into pRS305 (Sikorski and Hieter, 1989). The 
resulting integration vector was cut with Bsu36I and transformed into 
SF838-1D yeast cells. Transformants were selected for Leu + prototrophy. 
Homologous integration resulting in the tandem arrangement of a single 
copy each of wild-type VPS1 and vpsld-N5 was confirmed by a combina- 
tion of Southern analysis using standard procedures (Strauss, 1987) and 
~-CPY colony blotting (Rothman et al., 1986). Yeast genomic DNA (Na- 
smyth and Reed, 1980) was digested with XbaI; Southern blots were probed 
with a Bsu36I-SalI fragment of VPS1 that was radiolabeled with [32p]dCTP 
using the multiprime DNA labeling system (Amersham Corp., Arlington 
Heights, IL). 

Hydroxylamine Mutagenesis, Recombinational 
Mapping, and DNA Sequencing 
The VPS1 gene carried on the CEN plasmid pCKR19 was subjected to in 
vitro mutagenesis using hydroxylarnine according to the procedure of 
Schauer et al. (1985). Mutagenized plasmids were designated pCKRI9d-N 
and carry alleles respectively designated vpsld-N. The locations of the 
point mutations were mapped relative to known markers within the VPSt 
gene using the recombinational mapping technique of Kunes et al. (1987). 
Two markers in VPS1 were created by introducing frameshift mutations at 
the BstEII site or the BamHl site, 190 or 418 codons into the open reading 
frame (ORF), respectively, Mutant plasmids generated by hydroxylamine 
treatment were cut at restriction sites either 5' (Bsu36I) or 3' (SalI) of the 
VPS10RF and cotransfonned with linear VPS1 fragments carrying one of 
the two frameshift mutations into vpsl.A2 yeast cells. Comparison of the 
frequency of wild-type recombinants resulting from the mutant plasmid cut 
at the 5' site with the frequency of wild-type recombinants resulting from 
the mutant plasmid cut at the Y site when either plasmid was co-transformed 
with linear DNA carrying the same marker was used to determine the rela- 
tive position of the mutation. Subsequently, similar experiments in which 
one point mutation was crossed against another point mutation rather than 
against one of the frameshift mutations were performed to order several of 
the point mutations relative to each other. 

An oligonucleotide primer encompassing nucleotides 751-765 of VPS1 
was synthesized by the University of Oregon Biotechnology Laboratory. Se- 
quencing of the noncoding DNA strand of the mutant alleles was performed 
by the dideoxy chain termination method using Sequenase version 2.0 
(United States Biochemical Corp.) according to the manufacturer's instruc- 
tions. 

CPY Immunoprecipitation from Nocodazole-treated 
JJS-labeled Cells 
JHRY'20-2C yeast cultures were grown overnight in SD-Met to A600 -- 1. 
Cells were centrifuged and resuspended at A~o = 1 in SD-Met/50 mM 
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KI~4, pH 5.7, containing 2 mg/ml BSA. The culture was divided into two 
portions and either nocodazole (final concentration 15 #g/ml) or DMSO 
vehicle added. The cultures were incubated at 30"C until microscopic ex- 
amination revealed that the nocodazole-treated culture was arrested as large- 
budded cells (2.5 h). An aliquot of each culture then was removed for 
fixation for immunofluorescence analysis and the remaining cultures pulse 
labeled for 10 min with [35S]Met[3sS]Cys (NEG-072 EXPRE3SS3sS; New 
England Nuclear, Boston, MA) at 200 t, CilOD cells. The cultures were 
chased at 30~ with g0 #g,/ml each unlabeled Met and Cys; 500-tA aliquots 
were removed at 0, 1, 2, 5, and 10 min to iced tubes containing 10 t~l 1 M 
NAN3. Spheroplast formation, separation of intracellular and extracellular 
fractions, and CPY immunoprecipitation was done as described previously 
(Stevens et al., 1986), with the following modifications. Intracellular and 
extraceUular fractions were heated for 5 min at 100~ after the addition of 
0.5 mM PMSF, 1 #g/ml pepstatin, 1 t~g/ml leupeptin, 0.13% SDS, and 
0.13 % Triton X-100 (final concentrations). Samples were preadsorhed with 
50 #1 of 10% IgGsorb (The Enzyme Center) for 15 rain on ice. The superna- 
tants resulting after centrifugation were incubated with a-CPY polyclonal 
antibody for 1 h on ice. Another aliquot of IgGsorb was added. After 1 h 
on ice, the precipitated immune complexes were washed twice with 10 mM 
Tris-HCl, pH 8.0/0.1% SDS/0.1% Triton X-100/2 mM EDI'A. Immunopre- 
cipitated samples were analyzed by SDS-PAGE and fluorography. Radioac- 
tivity in pl, p2, and mature forms of CPY separated on SDS-polyacryl- 
amide gels was quantified using an AMBIS radioanalytic imaging system 
(Ambis Systems, Inc., San Diego, CA). 

Analysis of CPY Sorting in (3-Tubulin Mutants 
DBY1034, DBY1373, or DBY2023 cells (Huffaker et al., 1988; Thomas et 
al., 1985) were grown at room temperature to At00 = 1 in SD-Met. The 
cultures then were diluted to A~,00 = 0.25 and grown for 20 h at II~ at 
which time cells carrying either the tub2-t04 or tub2-401 alleles were ar- 
rested as large-budded cells as determined by microscopic examination. 
Aliquots of the cells were centrifuged and resuspended at At00 -- 1 in SD- 
Met/50 mM KPO4, pH 5.7, containing 2 mg/mi BSA. The cultures were 
pulse labeled for 1 h at ll*C with [35S]Met[35S]Cys at 200 #Ci/OD cells 
and then chased for 1, 5, or 18 h at II~ with 80 ~,g/ml each unlabeled Met 
and Cys. Spheroplast formation was performed at 30~ after the addition 
of NAN3. CPY immunoprecipitations from intraceUular and extracellular 
fractions were carried out as described above. JHRY20-2Cwsl-A2 cells 
were used as a control to verify that secretion of CPY and its detection in 
the extracellular fraction by immunoprecipitation was not hindered in any 
way by performing the pulse-chase experiment at ll~ 

SDS-PAGE and Western Blotting 
SDS-PAGE using 8% or 10% polyacrylamide gels was performed under 
reducing conditions according to the method of Laemmli (1970). Unless 
stated otherwise, samples were prepared for SDS-PAGE by heating for 5 
rain in sample buffer in a boiling water bath. Electroblotting was as de- 
scribed by Towbin et al. (1979). Blots were blocked in Blotto (Johnson et 
al., 1984) and processed according to Blake et al. (1984). Protein concen- 
tration was determined using a bicinchoninic acid assay (Smith et al., 1985; 
Pierce Chemical Co., Rockford, IL) using BSA as standard. 

Fluorescence Microscopy 
Indirect immunofluorescence microscopy for immunolocalization of Vpslp 
was performed as described previously (Raymond et al., 1990). Microtu- 
bules were labeled with rat a-tubulin mAbs and visualized using rhoda- 
mine-conjugated sheep a-rat antibodies (Kilmartin and Adams, 1984). 
Cells were mounted in medium containing 4',6'-diamidino-2-phanyl-indole 
for visualization of cell nuclei (Pringle et al., 1989), and photographed 
using a photomicroscope (Axioplan; Carl Zeiss, Inc., Thornwood, NY). 

Anti-Vpslp Antibodies 
E. coli carrying the expression vector pCKRll8 containing the VPSI gene 
produced an abundant 80-kD protein upon induction with IPTG. The pro- 
tein was gel purified and used as antigen to generate mAbs from mice by 
standard techniques (Marusich, 1988) and polyclonal antisera from rabbits 
as described by Roberts et al. (1990). ~slp-specific polyclonal antibodies 
were prepared by affinity purification using either amino- or carboxy- 
terminal fragments of Vpslp that were expressed in E. coil, gel purified, and 
immobilized on cyanogen bromide-activated Sepbarose (Hieke and Schek- 

man, 1989; Rothman et al., 1990). mAb 8C12E8 recognizes an epitope 
present in Vpslp and VpslpAC but not in VpslpAN. mAb 1FIlDIF1 recog- 
nizes an epitope present in Vpslp and VpslpAN but not in VpslpAC. 

Cell Fractionation 
Cell fractionation was based on the method describezl by Rothblatt and 
Meyer (1986) for the isolation of yeast membranes. 500 ODs of cells grown 
to mid-logarithmic phase were converted into spheroplasts, resuspended in 
5 ml homogenization buffer (0.1 M sorbitol/50 mM KOAc/2 mM EDTA/1 
mM DTT/20 mM Tris-HCl, pH 7.4/1 mM PMSF/1 #g/ml pepstatin]l #g/ml 
leupeptin), and homogenized 25 strokes in a glass Dounce homogenizer on 
ice. The homogenate was layered over a cushion of 8.3 ml of 1 M sucrose/2 
mM EDTA/20 mM Tris-HC1, pH 7.4, and centrifuged in a rotor (model 
JS13; Beckman Instruments, Inc., Fullerton, CA) at 6,500 rpm for 10 min 
at 4~ Material remaining in the upper 5-ml layer was recovered and cen- 
trifuged in a rotor (model SW50.1, Beckman Instruments, Inc. ) at 100,000 g 
for 1 h at 4~ The supernatant was removed and the pellet was resuspended 
by homogenization in a glass Doance homogenizer on ice. In general, 80- 
90% of the total Vpslp was found in the high-speed pellet fraction. 

Immunoprecipitation of Vpslp 
Vpslp was solubilized from the 100,000-g pellet following spheroplast ho- 
mogenization and cell fractionation as described above. Partial solubiliza- 
tion was achieved by resuspension and homogenization of the membrane 
pellet in 10 mM CHAPSO/2 mM EDTA/50 mM Tris-HCl, pH 7.5/1 #g/ml 
pepstatin/1/~g/ml leupeptin/1 mM PMSE Alternatively, the membrane pel- 
let was resuspended in one volume of 25% sucrose/1 mM EDTA/10 mM 
MgC12/1 mM MnCI2/50 mM Tris-HCl, pH 8.0/1/~g/ml pepstatin/1 t~g/ml 
leupeptin]l mM PMSF, transferred to a Dotmce homogenizer, and homog- 
enized after the addition of two volumes of 0.2 M NaCI/l% deoxycholic 
acid/1% Nonidet P-40/2 mM EDTA/20 mM Tris-HC1, pH 7.4/1 #g/ml pep- 
statin/1 #g/ml leupeptin/1 mM PMSE In either case, the resuspended mem- 
brane sample was left on ice for 15-30 min and recentrifuged for 1 h at 
100,000 g. The high-speed detergent supernatant was used as the source of 
crude Vpslp for immunoprecipitation. In general, the deoxycholic acid/ 
Nonidet P-40 mixture appeared to result in somewhat better solubilization 
of Vpslp, but the CHAPSO-solubilized protein exhibited a slightly higher 
specific activity in the GTPase assay. As a control for non-Vpslp-con- 
taminating GTPases possibly present in the immunoprecipitates, every ex- 
periment included a sham immanoprecipitation from an equivalent amount 
of protein obtained from a detergent-extracted membrane fraction prepared 
from a vpslzi strain. 

Affinity-purified a-Vpslp potyclonal antibodies isolated using either an 
amino- or carboxy-terminal Vpslp fragment affinity column were used for 
immunoprecipitation. Immunoprecipitated "v~slp preparations of compara- 
ble purity and specific activity were obtained regardless of whether antibod- 
ies specific for the amino- or carboxy-terminal domains of Vpslp were used. 
1 ml of detergent-extracted high-spcw, d supernatant (prepared from 10 s to 
109 cells) was incubated with 10/~l antibody (,~6 #g) at 4~ for 1 h with 
rotation. 100/~l of a 50% slurry of protein A-Sepharose CL-6B (Pharmacia 
Fine Chemicals) equilibrated in 20 mM Tris-HC1, pH 7.6/2 mM MgCt2 
then was added and the sample rotated at 4oC overnight. Samples were cen- 
trifuged for 2 rain at ,~5,000 g in a microfuge (model IMV-15; International 
Biotechnologies, Inc., New Haven, CT) at 4~ The supematants were dis- 
carded and the pellets washed five times by gently resuspending in 1 mi of 
20 mM Tris-HC1, pH 7.6/2 mM MgCI2 and recentrifuging. The washed 
pellets were resuspended in 80 #1 50 mM Tris-HC1, pH 7.6/2 mM MgCl2 
and an aliquot removed for analysis by SDS-PAGE and Western blotting 
using a-Vpslp mAbs. All manipulations were done extremely carefully to 
minimize loss of the Sepharose upon contact with pipette or tube surfaces. 

GTP Binding Assay 
The GTP binding assay was adapted from the method of Schmitt et al. 
(1986). Extracts of E. coli cells expressing Vpslp were prepared by freezing 
and thawing, resuspending in Laemmii sample buffer, and heating at 65~ 
for I0 rain. The protein samples were separated by SDS-PAGE and electro- 
blotted onto nitrocellulose. Approximately 2-10 #g of Vpslp were loaded 
per lane. The blots were placed in 50 mi of 20 mM Tris-HCl, pH 7.51150 
mM NaCI/5 % BSA/0.1% Tween 20 and shaken for 1 h at room temperature. 
Subsequently, the blots were transferred to plastic bags and 10 ml of 20 mM 
Tris-HCl, pH 7.5/2 mM MgCI2/2 mM DTT/0.3% BSA/0.5% Tween 
20/120 #g/ml tRNA containing 20 #Ci [c~-32p]GTP added. After 30 min 

The Journal of Cell Biology, Volume 119, 1992 776 



shaking at room temperature, the blots were washed in the same solution 
lacking [a-32p]GTP (one quick rinse followed by two washes of 10 min 
each), patted dry, and placed on film with an intensifying screen for 20- 
48 h. The use of Tween 20 was found to be critical for detection of GTP 
binding to Vpslp. Substitution of other detergents (Triton X-100, Nonidet 
P-40, SDS) resulted in no detectable GTP binding. 

GTPase Assay 
GTPase assays were performed similarly to those described by Wagner et 
al. (1987). 15-25/~1 of evenly resuspended immunoprecipitate samples con- 
taining an estimated 1-5 x 10 -11 moles Vpslp were added to a reaction 
mixture comprised of 1 mM CHAPSO/5 mg/ml BSA/2 mM MgCl2/2 mM 
DTT/20 mM Tris-HC1, pH 8.0, in a volume of 47.5/~l. Companion reactions 
contained an equivalent amount of a sample sham immunopreeipitated from 
a membrane fraction prepared from a vpslA strain as a control for con- 
taminating non-Vpslp yeast proteins present in the immunoprecipitates. A 
third tube contained only buffer as a control for the nonenzymatic hydrolysis 
of GTP during the assay. At time 0, 2.5 ix1 of GTP at 6.2 x 10 -5 M was 
added to begin the assay. The GTP was a mixture of equal volumes of unla- 
beled GTP at 1.2 x 10 -4 M and [a-32P]GTP at 3.3 x 10 -6 M (NEG- 
006H, 3000 Ci/mmol; New England Nuclear). Care was taken to 
resuspend the reaction mixtures evenly with a pipette tip before removing 
aliquots. The reaction mixtures were incubated at 37~ at 0, 10, 20, 30, and 
45 rain, 5-/A aliquots were removed to tubes containing 5 t*l 0.5 M EDTA, 
pH 8.0, and immediately frozen on dry ice. 1-/zl aiiquots of the thawed sam- 
ples were spotted onto polyethylene imine (PED thin-layer chromatography 
plates (Baker-flex cellulose PEI; J. T. Baker Chemical Co., PhiUipsburg, 
NJ), dried, and the plates developed in a chamber containing 1 M formic 
acid/1 M LiC1. The developed plates were dried and scanned using an 
AMBIS radioanalytic imaging system; the percent hydrolysis of GTP to 
GDP was quantified. 

Microtubules were added to some assays in an attempt to determine 
whether the GTPase activity of Vpslp could be stimulated. DEAE-purified 
bovine tubulin at 3 mg/ml (a generous gift of H. Shpetner and R. Vallee, 
Worcester Foundation Experimental Biology, Shrewsbury, MA) was assem- 
bled into microtubules by incubation for 5 min at 37~ in the presence of 
0.1 mM taxol. The microtubules were collected by centrifugation immedi- 
ately before addition to the GTPase reaction mixtures at a final concentra- 
tion of 0.1 mg/ml. 

Results 

Microtubules Are Not Required for E~cient Vacuolar 
Protein Sorting 
VPS1 is absolutely required for vacuolar protein sorting; 
>80% of newly synthesized CPY is missorted in vpslA 
strains (Rothman and Stevens, 1986). The high similarity of 
Vpslp to dynamin, which binds microtubules in vitro and 
possesses a potent microtubule-stimulated GTPase activity 
(Obar et al., 1990; Shpetner and Vallee, 1992), and a report 
that Vpslp can bind microtubules in vitro (Yeh et al., 1991), 
prompted us to investigate the possibility that vacuolar pro- 
tein sorting may be dependent on microtubules. If such a hy- 
pothesis were correct, then a corollary would be that the dis- 
ruption of microtubules in yeast cells should result in a 
Vps- phenotype, i.e., the mislocalization and secretion of 
the vacuolar proteinase CPY (Rothman and Stevens, 1986; 
Robinson et al., 1988). If Vpslp associates with microtu- 
bules in vivo, then it might also be possible to detect a change 
in the intraceUular localization of Vpslp by indirect im- 
munofluorescence after microtubule disruption. 

We tested the effect of microtubule disruption on vacuolar 
protein sorting by analyzing the fidelity and kinetics of CPY 
delivery to the vacuole in cells treated with the microtubule- 
disrupting agent nocodazole (Jacobs et al., 1988). Wild-type 
yeast cells were treated with nocodazole at 15 #g/ml for 
2.5 h at 30~ at which time they became uniformly arrested 

Figure 1. The effect of nocodazole treatment on CPY sorting to the 
vacuole. JHR20-2C cells were grown in the presence or absence 
of 15/zg/ml nocodazole for 2.5 h at 30~ Portions of the cultures 
then were prepared for (a) indirect immunofluorescence micros- 
copy or (b) pulse radiolabeling and CPY immunoprecipitation. (a) 
Immunofluorescence localization of tubulin. Cells were photo- 
graphed using Nomarski optics; nuclei were visualized by 4',6'-di- 
amidino-2-phenyl-indole (DAPI) staining and tubulin immunofluo- 
rescence was viewed through a rhodamine filter set. (b) CPY 
immunoprecipitation. Cells were pulse labeled with [35S]Met[35S]- 
Cys for 10 min and chased for 0, 1, 2, 5, or 10 min after the addition 
of excess unlabeled Met and Cys. The radiolabeled cells were 
divided into intracellular and extraceUular fractions that subse- 
quently were immunoprecipitated with ct-CPY antibody. The 
washed immunoprecipitates were subjected to SDS-PAGE and fluo- 
rography to assess the extent of CPY mislocalization and the time 
course of processing CPY from its pl to p2 to mature (mCPY) 
forms. I, intracellular CPY; E, extracellular CPY. 

as large-budded cells. Aliquots of untreated and nocodazole- 
treated cultures were removed simultaneously at the 2.5-h 
time point and processed for either pulse-chase analysis of 
CPY sorting or indirect immunofluorescence using ot-tubu- 
lin and a-Vpslp antibodies. 

Indirect immunofluorescence analysis was performed to 
confirm the efficiency of the nocodazole treatment. The cells 
were fixed and double labeled with c,-tubulin monoclonal 
and a-Vpslp polyclonal antibodies. Photomicrographs of 
representative cells showing Nomarski, 4',6'-diamidino-2- 
phenyl-indole, and tubulin indirect immunofluorescence im- 
ages are presented in Fig. 1 a. The nocodazole-treated cells 
exhibited characteristics of yeast cells depleted of microtu- 
bules (Huffaker et al., 1988; Jacobs et al., 1988). Specifi- 
cally, the discrete tubulin staining pattern seen in control 
ceils was absent in nocodazole-treated cells. The typical 
large-budded cell from the control culture depicted in Fig. 
1 a displays an elongated microtubule spindle running be- 
tween the mother and budding daughter cell nuclei. The un- 
budded cell example reveals shorter microtubules emanating 
into the cytoplasm from a single spindle pole body embed- 
ded in the nuclear envelope. A faint, diffuse staining is ap- 
parent in the photomicrographs shown of tubulin-stained 
nocodazole-treated cells, indicative of unpolymerized tubu- 
lin present in the cytoplasm. 91% of the nocodazole-treated 
cells, as compared with only 14% of control cells, were 
found in the large-budded phase of the cell cycle. A large- 
budded cell was defined as a budded cell in which the di- 
ameter of the daughter was >150% that of the mother cell. 
Whereas the large-budded cells in the control culture con- 
tained two nuclei, one in the mother and one in the bud, the 
nocodazole-treated cells contained a single nucleus present 
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Figure 2, vpsP s cells display a rapid onset of CPY mislocalization 
upon shift to the nonpermissive temperature. JHRY20-2C cells har- 
boring CEN plasmids carrying either VPS1 or the temperature- 
sensitive allele vpsl-lO0 (vpsl ~) were grown overnight at 22~ 
The cultures then were divided into t~a portions that were preincu- 
bated for 5 min, pulse labeled with psS]Met[35S]Cys for t0 min, 
and chased for 30 min at either 22 ~ or 34~ CPY was immunopre- 
cipitated from intracellular (I) and extracellular (E) fractions and 
the samples analyzed by SDS-PAGE and fluorography, ts, tempera- 
ture sensitive. 

in the mother cells in random positions, thus indicating that 
nuclear division and segregation had failed to occur in the 
nocodazole-treated cells. These results establish that the 
nocodazole treatment effectively disrupted microtubules un- 
der the conditions used for the pulse-chase experiment de- 
scribed below. 

The localization pattern of Vpslp was compared in control 
versus nocodazole-treated cells by indirect irmnunofluores- 
cence using c~-Vpslp-specific polyclonal antibodies (data not 
shown). In control cells, Vpslp exhibited a punctate cyto- 
plasmic staining pattern; colocalization of Vpslp with micro- 
tubules was not observed. In nocodazole-treated cells, micro- 
tubule disruption had no apparent effect on the staining 
pattern of Vpslp. 

Aliquots of the same cultures from which a portion was 
removed for fixation and microscopic analysis were pulse la- 
beled with psS]Met[35S]Cys for 10 min and chased for 0, 1, 
2, 5, or 10 min after the addition of excess unlabeled Met 
and Cys. CPY was immunoprecipitated from intracettular 
and extracellular fractions and the samples were analyzed by 
SDS-PAGE and fluorography. As may be seen in Fig. 1 b, 
no difference in either the efficiency or kinetics of CPY sort- 
ing was observed between the control and nocodazole- 
treated cells. No detectable CPY precursor (proCPY) was 
mislocalized to the cell exterior in either culture. The intra- 
cellular proCPY was efficiently processed from the 67-kD pl 
(endoplasmic reticulum) form to the 69-kD p2 (Golgi-modi- 
fled) species to the 61-kD mature (vacuolar) enzyme with 
wild-type kinetics in the nocodazole-treated cells. Similar 
experiments were performed with longer chase times (up 
to t h); no mistocalization of CPY was detected (data not 
shown). These results are in sharp contrast to those obtained 
using vpsl mutant strains that mislocalize and secrete >80% 
of their newly synthesized CPY with a t~n of ,,o5 min at 
30~ (Rothman and Stevens, 1986; J. H. Rothman and T. H. 
Stevens, unpublished observations). 

We also analyzed vacuolar protein sorting in yeast strains 
containing cold-sensitive mutations in the #-tubulin gene 
(data not shown). Cells carrying the tub2-401 allele lack any 
detectable microtubules and cells carrying the tub2-104 al- 
lele display only nuclear and some very short cytoplasmic 
microtubules when grown at the nonpermissive temperature 
and analyzed by indirect immunofluorescence (Thomas et 

Figure 3. Vpslp binds GTP. E. coli cells harboring a plasmid for 
the inducible expression of Vpslp were cultured in the absence ( - )  
or presence (+) of the inducing agent IPTG. Cell extracts were sub- 
jected to SDS-PAGE on companion gels that were either (a) stained 
with CBB or (b and c) etectroblotted onto nitrocellulose. Blots were 
probed with either (b) t~-Vpslp affinity-purified polyclonal antibody 
or (c) [ct-32P]GTP. The amount of protein extract loaded per lane 
for the GTP blot was 100 times that loaded for the Western blot. 
An unidentified endogenous. E. Coti GTP-binding protein is pres- 
ent in comparable amounts in both the uninduced and induced cul- 
ture extracts. The arrow indicates the position of Vpstp. 

al., 1985; Huffaker et al., 1988). No mislocalization of CPY 
was detected in either tub2-104 or tub2-401 mutant cells 
when the experiments were performed using conditions that 
result in microtubule depolymerization. In both wild-type 
and tub2 mutant cells, proCPY was efficiently converted to 
mature CPY, indicating that delivery to the vacuole pro- 
ceeded normally. 

A VPSI Temperature-sensitive Mutant Exhibits 
Rapid Onset of  CPY Mislocalization When Shifted 
to the Nonpermissive Temperature 

The experiments described above do not exclude the unlikely 
possibility that an interaction of Vpslp with microtubules is 
necessary for vacuolar sorting, but that the effect of the inter- 
acting is long-lived such that the consequence of microtubute 
depolymerization on CPY sorting would be detected only 
much later than the time course our pulse-chase experiments 
permitted. Such a hypothesis implies that the role of Vpslp 
in sorting is indirect and predicts that a lag would ensue fol- 
lowing Vpslp inactivation and the onset of CPY secretion. To 
determine whether Vpslp is intimately involved in CPY sort- 
ing, we sought to isolate temperature-sensitive mutations in 
VPS/and asked whether any mutations could be found to re- 
sult in a rapid onset phenotype following shift to the nonper- 
missive temperature. Temperature-sensitive mutations in 
VPS1 were obtained by treatment of the wild-type gene car- 
ried on CEN plasmid pCKR19 with hydroxylamine (Schauer 
et al., 1985). Cells carrying the VPS1 disruption allele vpsl- 
A2 (Rothman et al., 1990) were transformed with mutage- 
nized DNA and screened for CPY mislocalization by colony 
blot assays (Rothman et al., 1986) performed on plates of 
cells grown at 33~ versus 22~ The kinetics of onset of 
CPY mislocaiization following shift to the nonpermissive 
temperature was analyzed by pulse-chase CPY imanunopre- 
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Figure 4. Truncated Vpslp binds GTE E. coli cells harboring plas- 
mid vectors for the inducible expression of either a truncated form 
of Vpslp deleted for the terminal 287 amino acids (lane 1) or wild- 
type Vpslp (lane 2) were grown in the absence ( - )  or presence (+) 
of the inducing agent IPTG. Cell protein extracts were electro- 
phoresed on SDS-polyacrylamide gels, blotted onto nitrocellulose, 
and probed with [a-32P]GTP to assess GTP binding capability. 
The arrow indicates the position of Vpslp. The arrowhead denotes 
the position of the truncated form of Vpslp. 

cipitation experiments. We were able to isolate mutations 
that result in a rapid onset of CPY secretion, an example of 
which is shown in Fig. 2. Cultures of JHRY20-2Cvpsl-A2 
cells carrying either VPS1 or the temperature-sensitive allele 
vpsl-lO0 on CEN plasmids were grown overnight at 22~ 
and divided into two portions, which were subsequently 
treated at either 22 ~ or 34~ The cells were preincubated 
for 5 min, pulse labeled with [35S]Met[35S]Cys for 10 min, 
and chased for 30 min; all incubations were carried out at 
either 22 ~ or 34~ CPY was immunoprecipitated from the 
intracellular and extracellular fractions and the samples 
were analyzed by SDS-PAGE and fluorography. Cells carry- 
ing the wild-type gene secreted 10% of their newly synthe- 
sized CPY when treated at either temperature. In contrast, 
cells carrying the vpsl '~ allele (vpsl-lO0) secreted 10% of 
their newly synthesized CPY at 22~ but secreted 60% after 
being incubated briefly at 34~ The rapid onset of CPY mis- 
localization observed upon shift to the nonpermissive tem- 
perature strongly suggests that Vpslp is directly involved in 
vacuolar protein sorting. 

Vpslp Binds GTP 

The predicted amino acid sequence of Vpslp contains the 
three elements and correct spacing definitive of a consensus 
GTP-binding motif (Dever et al., 1987). We tested whether 
Vpslp could bind GTP using a procedure adapted from 
Schmidtt et al. (1986), that requires the renaturation of the 

Figure 5. Immunoprecipitation of Vpslp. Detergent-solubilized 
yeast membrane fractions were prepared from either SF838-1D 
cells harboring the 2# plasmid pCAV30 for the overproduction of 
Vpslp or cells of an isogenic vpslA strain, SF838-1Dvpsl-A2, carry- 
ing the control 2# plasmid pSEY8. Equal amounts of protein from 
the two samples were subjected to native immunoprecipitation 
using c~-Vpslp polyclonal antibody. Aliquots of the washed immuno- 
precipitates were analyzed by SDS-PAGE and Western blotting. (a) 
CBB-stained SDS-polyacrylamide gel of the immunoprecipitates. 
The arrow denotes the position of full-length Vpslp. The arrowhead 
indicates the position of the heavy chain of the c~-Vpslp antibody. 
(b) Companion Western blot probed with a mixture of c~-Vpslp 
mAbs 1FllD1F1 and 8C12E8. The positions of molecular weight 
markers • 10 -3 D are indicated. Lane 1, immunoprecipitation 
sample prepared from the VPS1 § strain; lane 2, control sample 
sham immunoprecipitated from the vpslA strain. 

nucleotide-binding protein on nitrocellulose blots following 
SDS-PAGE. A plasmid vector (pCKR118) for the inducible 
expression of Vpslp was constructed and transformed into E. 
coli. Protein extracts from E. coli cultures, either uninduced 
or induced with IPTG, were subjected to SDS-PAGE and 
electroblotted onto nitrocellulose. Companion blots were 
probed either with ot-Vpslp antibody or with [ot-3:P]GTP. 
As may be seen in the Coomassie brilliant blue (CBB)- 
stained gel shown in Fig. 3 a, IPTG treatment ofE. coli har- 
boring pCKR118 induced the production of a large amount 
of an 80-kD protein. The induced protein was shown to be 
Vpslp by Western blotting using an affinity-purified poly- 
clonal antibody specific for Vpslp (Fig. 3 b). Fig. 3 c shows 
a companion blot probed with [ot-32P]GTP and demon- 
strates that Vpslp is indeed capable of binding the nucleotide. 
Vpslp expressed in yeast is also capable of binding GTP (data 
not shown). 
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Figure Z Schematic diagrams of wild-type and mutant VPSI pro- 
teins. The three elements of the consensus GTP-binding motif are 
drawn to scale and are indicated by shading. (a) Wild-type Vpslp, 
which is 704 amino acids long. Elements I (GSQSSGKS43), II 

rain @ 37~ 
Figure 6. GTPase activity of Vpslp. Portions of the same immuno- 
precipitation samples shown in Fig. 5 were tested for the ability to 
hydrolyze [u-3zp]GTP. Substrate was added at time 0 and aliquots 
of the reaction mixtures were removed after incubation for 0, 10, 
20, 30, or 45 rain at 37~ The reaction products were separated 
by thin-layer chromatography on PEI plates and the distribution of 
radiolabeled GTP and GDP was quantified using an AMBIS radio- 
analytic imaging system, r~, immunoprecipitate from VPS1 + strain; 
*, control immunoprecipitate from vpslA strain; v, buffer only. 

Truncated Vpslp Binds GTP 

Analysis of the VPS1 sequence predicts that the GTP-binding 
domain resides in the amino-terminal half of Vpslp. We 
created a frameshift mutation in VPS1 that resulted in the de- 
letion of the carboxy-terminal 287 amino acids of Vpslp 
while maintaining the consensus GTP-binding motif. We ex- 
pressed the 45-kD truncated protein in E. coli and demon- 
strated that it is capable of binding GTP on nitrocellulose 
blots. An example of these experiments is shown in Fig. 4. 
The positive result is additionally significant in that it indi- 
cates that the amino-terminal domain of Vpslp is capable of 
renaturing to a conformation competent to bind GTP in the 
absence of the carboxy-terminal portion of the protein. 

Hpslp Possesses a GTPase Activity 

Many proteins that contain consensus tripartite GTP-binding 
motifs have been demonstrated to exhibit intrinsic GTPase 
activities in vitro. To test whether Vpslp is capable of 
hydrolyzing GTP, it was necessary to purify the protein. 
Purified ~ s l p  was obtained by immunoprecipitation using 
affinity-purified Vpslp-specific polyclonal antibodies, as de- 
scribed in detail in Materials and Methods. Detergent- 
extracted membrane fractions prepared from homogenized 
yeast spheroplasts were used as the source of crude material 
from which Vpslp was immunoprecipitated. Companion im- 
munoprecipitations were performed from fractions isolated 
from isogenic yeast strains either deleted for VPS/(SF838- 
1Dvpsl-A21pSEYS) or wild-type carrying the VPS1 gene on 
a 2# plasmid (SF838-1D/pCAV30). The purity and concen- 
tration of Vpslp in the immunoprecipitated samples was esti- 
mated by SDS-PAGE. As may be seen in Fig. 5 a, lane 1, 
Vpslp is the only protein, other than antibody, apparent in 
the CBB-stained gel of the sample immunoprecipitated from 
the Vpslp-containlng membrane extract. Vpslp isolated from 
yeast fractions routinely is found to be 30-50% proteolyzed 

(DLPG~s0, and III (TKVD250) of the consensus GTP-binding 
motif are indicated. (b) The locations within Vpslp of dominant- 
negative point mutations are indicated by arrows. The large arrow- 
head indicates the position of the BamHI site at which frameshift 
mutations were introduced into the various VPS1 alleles, resulting 
in the deletion of the carboxy-terminal 287 amino acids of the 
proteins. (c) VpslpAC is truncated at amino acid 356 of the wild- 
type protein. (d) Amino acids 19-356, containing the entire GTP- 
binding domain, are deleted in VpslpAN. 

to a fragment of ~62 kD, despite the inclusion of proteinase 
inhibitors at all stages of Vpslp isolation. The control immu- 
noprecipitate (Fig. 5 a, lane 2) shows only antibody protein. 
A companion Western blot of the same samples probed with 
a-Vpslp mAbs 1FllDIF1 and 8C12E8 is shown in Fig. 5 b. 
The Western blot demonstrates that the major fragment and 
all minor bands are indeed Vpslp degradation products, as 
they are recognized by the Vpslp-specific mAbs (Fig. 5 b, 
lane/). As expected, no Vpslp antigen is present in the con- 
trol immunoprecipitate (Fig. 5 b, lane 2). 

To assay for GTPase activity, portions of the im- 
munoprecipitates were incubated at 37~ in the presence of 
[a-32P]GTP. Aliquots of the reaction mixtures were removed 
after 0, 10, 20, 30, and 45 min. Radiolabeled GTP and GDP 
were separated by thin-layer chromatography on PEI plates 
and the percent hydrolysis was measured. As shown in Fig. 
6, Vpslp is capable of hydrolyzing GTP. Control hmmunopre- 
cipitates routinely contained some GTPase activity, presum- 
ably due to residual contaminating non-Vpslp GTPases. 
Based on CBB staining of SDS-polyacrylamide gels of the 
immunoprecipitates, we estimate the amount of Vpslp in the 
assays to be ~2/~g (,'~3 • 10-" mol), and we calculate an 
approximate turnover number of 0.04 mol GTP hydrolyzed 
per mol Vpslp per min at 37~ Comparable activity was 
measured for Vpslp expressed in E. coli and immunoprecipi- 
tated using similar conditions (data not shown). Thus, as 
predicted from the sequence, Vpslp binds GTP and possesses 
an intrinsic GTPase activity. No stimulation of the GTPase 
activity of Vpslp was observed when the assay was performed 
in the presence of microtubules assembled from bovine tubu- 
lin (data not shown). 

Mutagenesis of  VPS1 Yields Two Classes of  Mutations 

We wanted to identify amino acid residues of critical impor- 
tance to the function of Vpslp in vacuolar protein sorting. 
The VPS] gene, carried on the CEN plasmid pCKRI9, was 
subjected to random in vitro mutagenesis using hydroxyl- 

The Journal of Cell Biology, Volume 119, t992 780 



Table II. Summary of VPS1 Dominant-negative Point Mutations 

Location of % CPYE in E. r Phenotype of 
Designation mutation* wild-type~: expressionw GTP-bindingl[ truncated VPSI�82 

Wild-type - 1 + + + + + + Recessive 
N6 1-90 60 + + + + + + Recessive 
N14 Thr~s3 to Arg 35 - ND Recessive 
N10 Glua9~ to Lys 64 + + + + + Recessive 
N13 Ala219 to Val 34 + + + + + Recessive 
N8 Thr247 to Ile 38 + / -  ND Recessive 
N3, N9 Mete52 to Ile 43 + + + + + + Recessive 
N5 Met252 to Ile 69 + + + + + Recessive 

Asp753 to Asn 
Gly255 to Asn 
Asp257 to Ash 

N12 Thr256 to Ile 35 + + + + + Recessive 
N2 250-300 63 + + + + + + Recessive 
N4 250-300 40 + + + / -  Recessive 
N 15 250-300 48 + + + + / -  Recessive 

Mutations were generated by treatment of VPS1 carded on CEN plasmid pCKR19 with hydroxylamine. 
* Mutations were mapped within 50-100 codons by the recombination technique of Kunes et al. (1987). Specific nucleotide changes were determined for eight 
of the alleles sequenced by the dideoxy chain termination method. 

The degree of missorting caused by expression of the mutant proteins in wild-type cells was quantified by immunoprecipitation of radiolabeled CPY from in- 
tracellular and extracellular fractions and the data expressed as percent extracellular CPY. 
w The mutant alleles were subcloned into E. coli expression vectors and the amount of mutant VSP1 proteins expressed by E. coli was estimated by SDS-PAGE 
and Western blotting. 
II GTP-binding capability was assessed on VSP1 proteins expressed in E. coli using the procedure of Schmitt et al. (1986). Those mutant proteins not expressed 
at sufficient levels to be tested are indicated by ND (not determined). 
�82 Frameshift mutations were created at the Baml-lI sites for each of the hydroxylamine mutants, resulting in the introduction of stop codons and deletion of the 
caboxy-terminal 287 residues of Vpslp. These alleles carried on CEN plasmids were reintroduced into wild-type yeast and, in each case, a truncated 45-kD form 
of Vpslp was expressed at wild-type Vpslp levels. CPY colony blot analysis was used to determine the phenotypes of the truncated mutants. 

amine (Schauer et al., 1985) in order to generate mutations 
that impaired the function of Vpslp in vacuolar protein sort- 
ing. We expected to isolate recessive loss of function muta- 
tions and, by analogy with previously characterized GTP- 
binding proteins, we also anticipated isolating dominant- 
negative loss of function mutations resulting from changes 
in key residues of the GTP-binding domain (Walter et al., 
1986; Schmitt et ai., 1986; Walworth et al., 1989). Mutage- 
nized VPS1 DNA was transformed into both vpsl-A2 and 
wild-type yeast cells. Uricil prototroph (URA +) transfor- 
mants were screened for a Vps- phenotype using the CPY 
colony blot assay (Rothman et al., 1986). In this assay, yeast 
colonies are grown on plates overlaid with nitrocellulose 
filters to which mislocalized extracellular CPY binds and 
can be detected by immunoblotting. 8% of the 1,200 vpsl-A2 
transformants tested were found to secrete CPY and 4% of 
the 7,000 wild-type transformants screened were found to se- 
crete CPY. Based on these results, we infer that approxi- 
mately half of all the loss-of-function mutations isolated 
caused interference in vacuolar protein sorting when the mu- 
tant proteins are expressed in wild-type cells. This surpris- 
ing result prompted us to investigate this phenomenon 
further. 

We wanted to know whether the dominant-negative muta- 
tions were randomly dispersed throughout VPS1 or whether 
they were confined to a specific region of the gene. We chose 
12 of the dominant-negative mutations and mapped them 
using the two-point cross method of Kunes et al. (1987). As 
shown diagrammatically in Fig. 7 b, all of these mutations 
were found to map within the first 300 codons of the VPS1 
ORF, suggesting that this class of mutations is limited to the 
amino-terminal half of the protein. Four of the mutations 
were mapped relative to each other to confirm the accuracy 
of the position assignments. DNA sequencing subsequently 

allowed us to precisely define 8 of these mutations. The posi- 
tions and phenotypes of the dominant-negative mutations we 
characterized are summarized in Table II. Note that only one 
of the amino acid changes isolated, Thr247 to IIe~7 in allele 
N8, is located within an element of the consensus GTP- 
binding motif (element III, T247KXD). 

All 12 of the mapped dominant-negative VPS1 alleles sup- 
ported synthesis in yeast of wild-type levels of full-length 
Vpslp products. These genes were subcloned behind the 
IPTG-inducible tac promoter and transformed into E. coli to 
provide an abundant source of the mutant VPS1 proteins to 
be tested for the ability to bind [ot-32P]GTP. All of the mu- 
tant proteins except those encoded by alleles N14 and N8 
were expressed at adequate levels to be tested. As summa- 
rized in Table II, most of the mutant VPS1 proteins were 
capable of binding GTP. The proteins expressed from alleles 
vpsld-N15 and vpsld-N4 did not bind GTP in this assay. This 
experiment, however, does not allow us to distinguish be- 
tween a protein's inability to bind GTP and its inability to 
renature following denaturation on SDS-PAGE. 

We analyzed the degree of vacuolar protein missorting in 
wild-type cells caused by expression of the mutant Vpsl pro- 
teins; the results are shown in Fig. 8. JHRY20-2C yeast cells 
were transformed with CEN plasmids carrying either wild- 
type VPS1 or the dominant-negative alleles, pulse labeled 
with [35S]Met[35S]Cys for 10 min, and chased for 30 min 
after the addition of excess unlabeled Met and Cys. Intracel- 
lular and extracellular fractions were immunoprecipitated 
with ct-CPY antiserum and the washed immunoprecipitates 
were analyzed by SDS-PAGE and fluorography. Cells carry- 
ing either a control plasmid (pRS316, data not shown) or an 
extra copy of wild-type VPS1 (pCKR19) secreted <1% of 
their total newly synthesized CPY. However, wild-type cells 
carrying plasmids harboring any of the VPS1 amino-terminal 
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Figure 8. CPY mislocalization in 
wild-type cells harboring vpsI d 
alleles. Hydroxylamine-generated 
mutant alleles of VPS1 carried on 
CEN plasmids were transformed 
into JHRY20-2C wild-type yeast 
cells. Wild-type (WT) VPSI car- 
ried on the CEN plasmid pCKR19 
was used as a control. Cells were 
pulse labeled with [3sS]Met[35S]- 
Cys for 10 min and chased for 30 
min after the addition of excess 
unlabeled Met and Cys. CPY was 
immunoprecipitated from intracel- 
lular and extraceUular fractions 
and the extent of CPY mislocal- 
ization assessed by SDS-PAGE 
and fluorography. L intracellular 
CPY; E, extracellular CPY; pro- 
CPY, CPY precursor; mCPY, 
mature CPY. 

point mutations mislocalized significant amounts of CPY, 
with the degree of missorting ranging from 34 % to 69% ex- 
tracellular CPY (Table II). 

40 recessive loss-of-function mutations were analyzed fur- 
ther. In contrast to the dominant-negative mutations, all of 
which mapped to the amino-terminal half of Vpslp and gave 
rise to full-length protein products, all recessive loss-of- 
function mutations gave rise to either unstable or truncated 
protein products. These results suggest that both the amino- 
and carboxy-terminal domains of Vpslp are important for 
function of the protein. To test whether the carboxy-terminal 
half of Vpslp mediates the dominant-negative effects of muta- 
tions in the amino-terminal half of Vpslp, we created 
frameshift mutations at the BamHI site at codon 418 in each 
of the 12 dominant-negative alleles described above. The 
frameshifts introduced stop signals at codon 427 and were 
predicted to result in the expression of truncated VPS1 pro- 
tein products that were missing 287 amino acids from their 
carboxy termini. The mutant alleles carried on CEN plas- 
mids were reintroduced into wild-type yeast cells. In each 
case, a truncated protein product of ,o45 kD was expressed 
at a level comparable to that of the full-length protein. How- 
ever, unlike expression of the full-length products, expres- 
sion of the truncated mutant proteins did not result in CPY 
mislocalization (Table II). Thus, deletion of the carboxy- 
terminal domain of the mutant proteins eliminated dominant 
interference in vacuolar sorting in wild-type cells. 

VpslpA N Causes Interference in Vacuolar 
Protein Sorting 

Based on the results of the hydroxylamine mutagenesis study 
and the observation that the high degree of homology Vpslp 
shares with other proteins lies solely within the amino- 
terminal half of the protein, we began to entertain the possi- 
bility that Vpslp is composed to two functionally distinct do- 
mains, a conserved amino-terminal domain required for 
binding and hydrolyzing GTP and a unique carboxy-terminal 
domain required for mediating Vpslp association with a tar- 
get protein or organdie. 

We constructed two large deletion mutations in the VPS1 
gene, representative of the two classes of hydroxylamine- 

generated point mutations described above, for use in the 
further investigation of Vpslp function. These deletion con- 
structs are depicted schematically in Fig. 7, c and d. vpsl-AC 
truncates the VPS1 gene at codon 356, resulting in the ex- 
pression of the amino-terminal ,'o41 kD of Vpslp. vpsl-AN 
deletes VPS1 codons 19-356, which contain the GTP-bind- 
ing motif, resulting in the expression of a mutant protein of 
,o37 kD. 

We tested the ability of vpsl-AC or vpsl-z~N to complement 
a vpslzl strain or to cause interference with vacuolar sorting 
in a wild-type strain. SF838-1Dvps1-A2 or SF838-1D cells 
containing either single (CEN plasmid) or multiple (2# plas- 
mid) copies of the VPS1 wild-type or mutant alleles were 
tested for CPY secretion by colony blot analysis (Rothman 
et al., 1986). Qualitatively similar results were obtained 
with either CEN or 2# plasmids; the results of the experi- 
ment using 2# plasmids are shown in Fig. 9. Abundant levels 
of both of the mutant VPS1 proteins were expressed in yeast 
cells. Extracts of total cellular protein were analyzed by 
SDS-PAGE and Western blotting using a mixture of a-Vpslp 
mAbs 1FllD1F1 and 8C12E8. SF838-1Dvps1-A2 cells pro- 
vide no intact genomic VPS1 allele from which Vpslp can be 
expressed. In wild-type SF838-1D cells, on the other hand, 
the levels of the mutant proteins expressed off plasmid-borne 
genes can be compared directly with that of wild-type Vpslp 
expressed from the genomic copy of VPS1. Fig. 9 a shows 
a Western blot of protein extracts prepared from ceils har- 
boring the following VPS1 alleles on 2# plasmids: lane 1, 
control plasmids; lane 2, VPS1; lane 3, vpsl-zlC; and lane 4, 
vpsl-AN. 

The colony blot probed with ot-CPY antibody (Fig. 9 b) 
shows that only the wild-type VPS1 gene (2) was capable of 
complementing the CPY secretion phenotype characteristic 
of the ~psl-zl2 strain. Neither vpsl-zaC (Fig. 9 b, 3) nor vpsl- 
AN (4) reduced the extent of CPY mislocalization in vpsl-zl2 
cells, indicating that neither single domain of Vpslp is 
sufficient to provide vacuolar protein sorting function. When 
the same gene constructs were introduced into the isogenic 
wild-type strain, no effect on CPY sorting was seen for wild- 
type VPS1 or vpsl-AC. However, expression of VpslpAN 
resulted in a Vps- phenotype, indicated by a significant in- 
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Figure 9. Effect of expression of VpslpAN on CPY sorting in wild- 
type cells. SF838-1Dvps1-A2 or SF838-1D wild-type cells carrying 
a control 2# plasmid (lane 1 ) or 2t~ plasmids for the expression of 
VPS1 (lane 2), vpsl-AC (lane 3), or vpsl-AN (lane 4), were tested 
for (a) expression of Vpsl proteins and (b) CPY mislocalization. (a) 
Protein extracts were prepared from cells grown to mid-logarithmic 
phase in SD-Ura/50 mM KPO4, pH 6.5, and analyzed by Western 
blotting using a mixture of c~-Vpslp mAbs 1FllD1F1 and 8C12E8. 
(b) Cells were spotted onto SD-Ura plates, overlaid with nitrocellu- 
lose, and incubated for 18 h at 30~ Secreted CPY bound to the 
filter was detected by colony blot analysis using an tx-CPY-specific 
polyclonal antibody. 

crease in the amount of extracellular CPY detected on the 
colony blot. These results demonstrate that vacuolar protein 
sorting in a wild-type strain background can be disrupted 
merely by expression of the carboxy-terminal half of Vpslp; 
expression of an altered GTP-binding or GTP-hydrolyzing 
domain is not required to generate interference. The amino- 
terminal half of Vpslp, on the other hand, can neither substi- 
tute for, nor interfere with, the function of wild-type Vsplp. 

Multiple Copies of  VPS1 Suppress the 
Dominant-negative Phenotype of  the Amino-terminal 
Point Mutations 

We reasoned that the most obvious mechanism by which ei- 
ther the point mutations in the amino-terminal domain of 
VPS1 or the large deletion mutation, vpsl-AN, results in CPY 
mislocalization in a wild-type background is one of competi- 
tion by nonfunctional VPS1 mutant proteins for a Vpslp bind- 
ing site on another component of the protein-sorting ma- 
chinery. If this hypothesis is correct, it should be possible 
to increase the fidelity of protein sorting in the presence of 
a dominant-negative mutation of VPS1 by increasing the 
number of wild-type Vpslp molecules competing for the 
binding site. We performed the following gene dosage ex- 
periment to address this issue. 

One of the hydroxylamine-generated VPS1 mutations was 
integrated into the genome of SF838-1D, resulting in the tan- 
dem integration of single copies each of the wild-type and 
mutant VPS1 alleles. Into this strain, SF838-1DVPS1::vpsl d- 
N5, we transformed either the wild-type VPS1 gene on a 2# 
plasmid (pCAV30) or a control 2# plasmid (pSEYS). SF838- 
1D cells transformed with a control 2# plasmid and SF838- 
1Dvpsl-A2 transformed with either a control CEN plasmid 
or vpsld-N5 carried on a CEN plasmid served as additional 
controls. Cells were pulse labeled with [35S]Met[35S]Cys for 
10 min and chased for 30 min after the addition of excess un- 
labeled Met and Cys. Intracellular and extracellular frac- 
tions were immunoprecipitated with ot-CPY antiserum and 
the washed immunoprecipitates were analyzed by SDS- 
PAGE and fluorography. Companion cultures were labeled 
and immunoprecipitated with c~-Vpslp affinity-purified poly- 
clonal antibody to document the increase in the amount of 
Vpslp present in cells carrying multiple copies of the VPS1 
allele. The results of this experiment, shown in Fig. 10, indi- 
cate that increased expression of wild-type Vpslp is indeed 
correlated with a decrease in mislocalization of CPY. SF838- 
1DVSPI::vspld-N5 cells carrying the control 2/~ plasmid 
secreted 69% of their newly synthesized CPY (Fig. 10 b, 
lanes M and 3E). SF838-1DVPSl::vpsld-N5 cells carrying 
VPS1 on a 2# plasmid, which contained higher levels of 
Vpslp (Fig. 10 a, lane 4), secreted only 25 % of their CPY 
(Fig. 10 b, lanes 41 and 4E). 

Discussion 

It has been proposed that dynamin and its homologs may 
function in vivo as microtubule-based motor proteins (Obar 
et al., 1990; van der Bliek and Meyerowitz, 1991; Yeh et al., 
1991). However, the most recently discovered member of 
this subfamily of GTP-binding proteins, the yeast MGMI 
protein, most likely functions in the mitochondrion where 
microtubules have not been detected (Jones and Fangman, 
1992). The results of our nocodazole studies indicate that 
microtubule disruption has no effect on either the efficiency 
or the kinetics of delivery of CPY to the vacuole. Experi- 
ments performed with/3-tubulin mutants support the conclu- 
sion that microtubules are not required for vacuolar protein 
sorting. Vpslp does not colocalize with microtubules and 
microtubule disruption does not alter the cellular localiza- 
tion of Vpslp. These data suggest that the microtubule associ- 
ation observed for Vpslp in vitro (Yeh et al., 1991) is not rele- 
vant for Vpslp function in vacuolar protein sorting in vivo. 
Given the highly diverse carboxy-terminal regions of Vpslp 
and dynamin, it is easy to imagine the possibility that 
microtubule binding might have physiological relevance for 
dynamin but not for Vpslp. Recent unpublished data indicate 
that papain digestion of dynamin to remove the carboxy- 
terminal end of the protein yields a 90-kD stable fragment 
that fails to bind to microtubules and retains a basal GTPase 
activity that is not stimulated by microtubules (J. Herskovits, 
C. Burgess, and R. Vallee, personal communication). In this 
regard, it also is interesting to note that the basic, proline- 
rich tail present in dynamin and the shibire protein is similar 
to the region of the yeast KAR3 protein that has been shown 
to bind microtubules in vivo (Muluh and Rose, 1990). How- 
ever, the functional relevance of dynamin association with 
microtubules remains to be tested in vivo. 
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Figure 10. Effect of increased ex- 
pression of Vpslp on interference 
in CPY sorting by VpslpaN5. The 
hydroxylamine-generated mutant 
allele vpsld-N5 was integrated 
into the genome of SF838-1D, pro- 
ducing strain SF838-1DVPSl:: 
vpsla-N5 carrying a single inte- 
grated copy each of the wild-type 

and mutant VPS1 alleles. Cells of this strain were transformed with either VPS1 carried on the multicopy 2/~ ptasmid pCAV30 or with 
the control 2tt plasmid pSEY8. Control strains included in the experiment were SF838-1Dvpsl-za2 transformed with either vpsld-N5 on 
a CEN plasmid or the control CEN plasmid pRS316, and SF838-1D transformed with pSEYS. Cells were pulse labeled as described in 
the legend to Fig. 8 and companion cultures were subjected to immunoprecipitation using either (a) c~-Vpslp or (b) c~-CPY antibodies. 
Vpslp was immunoprecipitated from intracellular fractions only. Note that intracellular as well as extracellular CPY are found in the unpro- 
cessed p2 form in this pep4- strain./, intracellular CPY; E, extracellular CPY. Lane 1, SF838-1Dvpsl-za2/CEN control plasmid; lane 2, 
SF838-1Dvps1-zI2/CEN vpsld-5N plasmid; lane 3, SF838-1DVPSl: :vpsla-N5/21z control plasmid; lane 4, SF838-1DVPS1: :vpslaNS/2# VPS1 
plasmid; lane 5. SF838-1D/2# control plasmid. 

The observations that spol5 mutants fail to separate their 
spindle pole bodies and that Spol5p is capable of associating 
with microtubules in vitro (Yeh et al., 1991) remain to be in- 
terpreted in light of the nocodazole experiments described 
here. It is conceivable that Vpslp functions in additional 
pathways distinct from vacuolar protein sorting. It also is 
possible that the observed spindle pole body segregation de- 
fect (Yeh et al., 1991) results only indirectly from mutations 
in SPO15, and more directly from a nearly complete lack of 
vacuolar proteinases. Diploid strains that are homozygous 
for the pep4-3 mutation and thus lack the vacuolar proteinase 
PrA (and therefore, also lack the capability of activating vari- 
ous other vacuolar proteinases) neither undergo meiosis nor 
sporulate (Zubenko and Jones, 1981). It will be interesting 
to determine whether other vps/pep mutants that exhibit 
spornlation defects (Jones, 1983; Herman and Emr, 1990; 
Klionsky et al., 1990) also exhibit specific blocks at various 
stages of meiosis, and, if so, whether the severity of the 
meiotic defect correlates with the extent of mislocalization 
of vacuolar proteinases. 

We have begun a biochemical characterization of Vpslp as 
a first step toward elucidating the in vivo function of the pro- 
tein. The amino terminus of Vpslp contains a characteristic 
GTP-binding motif (Dever et al., 1987), with the specific se- 
quences of the three consensus elements being GSQSSG- 
KS43, DLPG18~, and TKVD2~0 (Rothman et al., 1990). We 
have demonstrated biochemicaUy that Vpslp binds GTE 
Vpslp also contains an intrinsic GTPase activity. We esti- 
mate the turnover number of Vpslp immunoprecipitated 
from yeast membrane fractions to be ,x,0.04 mol GTP hydro- 
lyzed per mol of Vpslp per min at 37~ The GTPase activity 
of Vpslp is substantially greater than activities reported for 
the low molecular weight GTP-binding proteins such as ras 
(0.006, 37~ Gibbs et al., 1984; 0.004, 22~ Bollag and 
McCormick, 1991), ARFp (not detectable, Weiss et al., 
1989; Kahn et al., 1991), YPTlp (0.006, 30~ Wagner et al., 
1987), or SEC4p (0.001, 30~ Kabcenell et al., 1990) mea- 
sured in the absence of GTPase-activation proteins but 
significantly lower than activities reported for the higher mo- 
lecular weight signal-transducing GTP-binding proteins 
such as Gs (1.5, 30~ Brandt and Ross, 1985), N~(0.3, 
37~ Milligan and Klee, 1985), and transduction (1.5, 
25~ Navon and Fung, 1984). The Vpslp homologs Mxl 
and dynamin exhibit potent GTPase activities, estimated to 
be ~6  and ~o13 mol GTP hydrolyzed per mol of protein per 

min at 37~ respectively (Nakayama et al., 1991; Shpetner 
and VaUee, 1992). In the case of dynamin, the GTPase activ- 
ity is stimulated 16-fotd by the presence of microtubules 
(Shpetner and Vallee, 1992). No evidence for microtubule 
stimulation of the GTPase activity of Vpslp has been found 
(C. A. Vater and T. H. Stevens, unpublished observations). 
However, we cannot exclude the possibility that the antibod- 
ies present in the immunoprecipitates of Vpslp might block 
access of microtubules, thereby preventing stimulation of the 
Vpslp GTPase activity. It is possible that the specific activity 
of Vpslp may turn out to be greater than reported here once 
Vpslp purification is achieved by alternative methods and 
conditions have been optimized for retention of its activity. 
Although any number of alternative explanations might be 
proposed for the weaker GTPase activity of Vpslp, one possi- 
bility may be that the longer stretch of amino acids present 
between elements I and II of the GTP-binding motif found 
in Vpslp (Rothman et al., 1990) versus either dynamin (Obar 
et al., 1990) or Mxl (Staeheli et al., 1986) results in a de- 
creased nucleotide hydrolysis rate for Vpslp. 

The most surprising finding to come out of our mutational 
analyses of VPS1 is that single base pair changes or large in- 
frame deletions that map to the amino-terminal half of Vpslp 
cause mislocalization of CPY when the mutant proteins are 
expressed in otherwise wild-type cells. On the other hand, 
stable expression of VpslpAC in a wild-type background 
does not result in a dominant-negative phenotype. Dominant 
loss-of-function mutations have been described for the genes 
encoding the GTP-binding proteins Yptlp (Schmitt et al., 
1986; Wagner et al., 1987) and Sec4p (Walworth et al., 
1989), in which specific substitutions were engineered in the 
third element of the GTP-binding domains. These mutations 
were created to mimic the analogous substitution of isoleu- 
cine for asparagine at position 116 in the prototype H-ms, 
a change that generates an activated, oncogenic allele 
(Waiter et al., 1986). For all three proteins, the isoleucine 
for asparagine substitution in the third element of the GTP- 
binding sequence results in a failure of the mutant species 
to bind GTP detectably. We expected to obtain a similar re- 
sult for Vpslp, and, indeed, one of the hydroxylamine- 
generated point mutations created the analogous substitution 
in Vpslp, changing threonine to isoleucine at position 247, 
and resulted in a dominant-negative phenotype. The surprise 
was that many other single amino acid substitutions scattered 
throughout the amino-terminal half of Vpslp and falling out- 
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side of the GTP-binding elements also proved to be dominant 
mutations. To confirm the apparent lack of importance of 
any specific changes in the GTP-binding elements, we 
created vpsl-AN by deleting codons 19-356. VpslpAN inter- 
fered with CPY sorting in wild-type cells, supporting the no- 
tion that any mutation in the amino-terminal half of Vpslp 
that renders the protein nonfunctional would result in a 
dominant-negative phenotype. 

Our data suggest that VpslpAN and the amino-terminal 
single amino acid-substituted mutant proteins exert domi- 
nance through their carboxy termini by titrating out binding 
sites on a physiologically relevant component, thereby 
blocking association of wild-type Vpslp. We addressed this 
question in two ways. First, we performed an experiment 
analogous to that of Walworth et al. (1989) in which the dom- 
inant lethality of the Sec4p mutant, Sec4-IIe~33p, was re- 
lieved by the removal of the two carboxy-terminal cysteine 
residues required for membrane association of the functional 
protein. Vpslp does not contain a carboxy-terminal cysteine 
residue and is not known to undergo lipid moiety modifica- 
tion. We confirmed the requirement of the carboxy-terminal 
domain of Vpslp in dominance by showing that deletion of 
the carboxy-termina1287 codons of the amino-terminal point 
mutant alleles was sufficient to eliminate interference in 
vacuolar protein sorting. 

Second, we performed a gene dosage experiment in which 
we showed that increased expression of Vpslp from VPS1 
carried on a multicopy plasmid resulted in increased fidelity 
of vacuolar protein sorting in cells containing integrated sin- 
gle copies of both VPS1 and one of the dominant-negative al- 
leles, vpsld-N5. This result suggests a direct competition 
between Vpslp and Vpslp~N5 for a limited number of bind- 
ing sites on a Vpslp-interacting target. Increasing the number 
of wild-type, relative to mutant, Vpsl protein molecules pre- 
sumably allows a greater percentage of productive interac- 
tions with another component of the sorting machinery. 

These data have led us to formulate a hypothesis that Vpslp 
is comprised of two functional domains. The amino-terminal 
domain of Vpslp shares identity with the Mx proteins, 
Mgmlp, dynamin, and the shibire protein, and provides 
these proteins with the ability to bind and hydrolyze GTP. 
The identification of numerous mutant VPS1 proteins con- 
taining single amino acid changes in the amino-terminal do- 
main that retain GTP-binding activity but fail to function in 
vacuolar protein sorting may allow us to identify potentially 
interesting species that bind but do not hydrolyze GTP or 
that fail to exchange GDP for GTP. The unique carboxy- 
terminal domain may mediate Vpslp association with an as 
yet unidentified component of the vacuolar protein-sorting 
machinery. The results presented here are compatible with 
earlier Vpslp immunolocalization data generated using sect 
mutant cells suggesting that Vpslp is capable of associating 
with the Golgi apparatus in vivo (Rothman et al., 1990). Ex- 
periments are in progress to attempt to identify putative 
Vpslp-interacting proteins through isolation of multicopy 
suppressors of dominant-negative vpsl point mutations. We 
are also investigating the equally plausible scenario that 
Vpslp is capable of self-association and that the functional 
unit of Vpslp is a homooligomer. 

We thank Mike Marusich and Beth Prescott of the University of Oregon 
Monoclonal Antibody Facility for preparing the mAbs described in this 
report; Cynthia Bauerle and Antony Cooper for critical reading of the manu- 

script; Richard Vallee, Howard Shpemer, Kerry Bloom, Elaine Yeh, Fer- 
nando Pitossi, and members of the Stevens laboratory for helpful discus- 
sions; Howard Shpetner and Richard Vallee for kindly providing tubulin 
preparations; David Botstein for kindly providing the tubulin mutant strains; 
and Jerry Gleason and Susan Detroy for assistance with microscopy and 
photography. 

This work was supported by Damon Runyon-Walter Winchell Cancer 
Research Fund award DRG 1012 to C. A. Vater, a National Institutes of 
Health predoctoral traineeship to C. K. Raymond, National Institutes of 
Health grant GM-32448 to T. H. Stevens, and an American Cancer Society 
Faculty Research Award to T. H. Stevens. 

Received for publication 4 June 1992 and in revised form 13 August 1992. 

References 

Arnheiter, H., and E. Meier. 1990. Mx proteins: antiviral proteins by chance 
or by necessity? New Biologist. 2:851-857. 

Blake, M. S., K. H. Johnston, G. J. Russell-Jones, and E. C. Gotschlich. 1984. 
A rapid, sensitive method for detection of alkaline phosphatase-conjugated 
c~-antibody on Western blots. Anal. Biochem. 136:175-179. 

Bollag, G., and F. McCormick. 1991. Differential regulation of rasGAP and 
neurofibromatosis gene product activities. Nature (Lond.). 351:576-579. 

Brandt, D. R., and E. M. Ross. 1985. GTPase activity of the stimulatory GTP- 
binding regulatory protein of adenylate cyclase, G~. J. Biol. Chem. 260: 
266-272. 

Chen, M. S., R. A. Obar, C. C. Schroeder, T. W. Austin, C. A. Poodry, S. C. 
Wadsworth, and R. B. Valley. 1991. Multiple forms of dynamin are encoded 
by shibire, a Drosophila gene involved in endocytosis. Nature (Lond.). 351: 
583-586. 

Cheng, Y.-S., C. E. Patterson, and P, Staeheli. 1991. Interferon-induced 
guanylate-binding proteins lack an N(T)KXD consensus motif and bind 
GMP in addition to GDP and GTP. Mol. Cell. Biol. 11:4717-4725. 

Dever, T. E., M. J. Glynias, and W. C. Merrick. 1987. GTP-binding domain: 
three consensus sequence elements with distinct spacing. Proc. Natl. Acad. 
Sci. USA. 84:1814-1818. 

Emr, S. D., A. Vassarotti, J. Garrett, B. L. Geller, M. Takeda, and M. G. 
Douglas. 1986. The amino terminus of the yeast F1-ATPase O-subunit pre- 
cursor functions as a mitochondrial import signal. J. CellBiol. 102:523-533. 

Franzusoff, A., and R. Schekman. 1989. Functional compartments of the yeast 
Golgi apparatus are defined by the sec7mutation. EMBO (Eur. biol. Biol. 
Organ.) J. 8:2695-2702. 

Franzusoff, A., K. Redding, J. Crosby, R. S. Fuller, and R. Schekman. 1991. 
Localization of components involved in protein transport and processing 
through the yeast Golgi apparatus. J. Cell Biol. 112:27-37. 

Gibbs, J. B., I. S. Sigal, M. Poe, and E. M. Scolnick. 1984. Intrinsic GTPase 
activity distinguishes normal and oncogenic ras p21 molecules. Proc. Natl. 
Acad. Sci. USA. 81:5704-5708. 

Herman, P. K., and S. D. Emr. 1990. Characterization of VPS34, a gene re- 
quired for vacuolar protein sorting and vacuole segregation in Saccharo- 
myces cerevisiae. Mol. Cell. Biol. 10:6742-6754. 

Hicke, L., and R. Schekman. 1989. Yeast Sec23p acts in the cytoplasm to pro- 
mote protein transport from the endoplasmic reticulum to the Golgi complex 
in vivo and in vitro. EMBO (Eur. Mol. Biol. Organ.) J. 8:1677-1684. 

Huffaker, T. C., J. H. Thomas, and D. Botstein. 1988. Diverse effects of 
~-tubulin mutants on microtubule formation and function. J. Cell Biol. 107: 
1997-2010. 

Ito, H., Y. Fukuda, K. Murata, and A. Kimura. 1983. Transformation of intact 
yeast cells treated with alkali cations. J. Bacteriol. 153:163-168. 

Jacobs, C. W., A. E. M. Adams, P. J. Szaniszlo, andL R. Pringle. 1988. Func- 
tions of microtubules in the Saccharomyces cerevisiae cell cycle. J. Cell 
Biol. 107:1409-1426. 

Johnson, D. A., J. W. Gantsch, J. R. Sportsman, andJ. H. Elder. 1984. Im- 
proved technique utilizing nonfat dry milk for analysis of proteins and nu- 
cleic acids transferred to nitrocellulose. Gene Anal Tech. 1:3-8. 

Johnson, L. M,, V. A. Bankaitis, and S. E. Emr. 1987. Distinct sequence deter- 
minants direct intracellular sorting and modification of a yeast vacuolar pro- 
teinase. Cell. 48:875-885. 

Jones, B. A., and W. L. Fangman. 1992. Mitochondrial DNA maintenance in 
yeast requires a protein containing region related to the GTP-binding domain 
of dynamin. Genes Dev. 6:380-389. 

Jones, E. W. 1983. Genetic approaches to the study of prntease function and 
proteolysis in Saccharomyces cerevisiae. In Yeast Genetics. Fundamental 
and Applied Aspects. J. F. T. Spencer, D. M. Spencer, and A. R. W. Smith, 
editors. Springer-Verlag, New York. 167-204. 

Kabcenell, A. K., B. Goud, J. K. Northup, and P. J. Novick. 1990. Binding 
and hydrolysis of guanine nucleotides by Sec4p, a yeast protein involved in 
the regulation of vesicular traffic. J. Biol. Chem. 265:9366-9372. 

Kahn, R. A., F. G. Kern, J. Clark, E. P. Gelmarm, and C. Rulka. 1991. Human 
ADP-ribosylation factors. A functionally conserved family of GTP-binding 
proteins. J. Biol. Chem. 266:2602-2614. 

Kilmartin, J. V., and E. M. Adams, 1984. Structural rearrangement of tubulin 

Vater et al. Vpslp Is a GTPase with Two Functional Domains 785 



and actin during the cell cycle of the yeast Saccharomyces cerevisiae. J. Cell 
Biol. 98:922~933. 

Klionsky, D. J., P. K, Herman, and S. D. Emr. 1990. The fungal vacuole: com- 
position, function, and biogenesis. MicrobioL Rev. 54:266-292. 

Kosaka, T., and K. Ikeda. 1983. Reversible blockage of membrane retrieval 
and endocytosis in the garland cell of the temperature-sensitive mutant of 
Drosophila melanogaster, shibire '~i. J. Cell Biol. 97:499-507. 

Kunes, S., H. Ma, K. Overbye, M. S. Fox, and D. Botstein. 1987. Fine struc- 
ture recombinational analysis of cloned genes using yeast transformation. 
Genetics. 115:73-81. 

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of 
the head of bacteriophage T4. Nature (Land.). 227:680-685. 

Marusich, M. F. 1988. Efficient hybridoma production using previously frozen 
splenocytes. J. ImmunoL Methods. 114:155-159. 

Miiligan, G., and W. A. Klee. 1985. The inhibitory guanine nucleotide-binding 
protein (N~) purified from bovine brain is a high affinity GTPase. J. Biol. 
Chem. 260:2057-2063. 

Muchmore, D. C., L. P. Mclntosh, C. B. Russell, D. E. Anderson, and F. W. 
Dahlquist. 1989. Expression and nitrogen-15 labeling of proteins for proton 
and nitrogen-15 nuclear magnetic resonance. Methods Enzymol. 177:44-73. 

Muluh, P. B., and M. D. Rose. 1990. KAR3, a kinesin-related gene required 
for yeast nuclear fusion. Cell. 60:1029-1041. 

Nakayama, M., K. Nagata, A. Kato, and A. Ishihama. 1991. Interferon- 
inducible mouse Mxt protein that confers resistance to influenza virus is 
GTPase. J. Cell Biol. 266:21404-21408. 

Nasmyth, K. A., and S. I. Reed. 1980. Isolation of genes by complementation 
in yeast: molecular cloning of a ceil-cycle gene. Proc. Natl. Acad. Sci. USA. 
77:2119-2123. 

Navon, S. E., and B. K.-K. Fung. 1984. Characterization of transducin from 
bovine retinal rod outer segments. Mechanism and effects of cholera 
toxin-catalyzed ADP-ribosylation. J. Biol. Chem. 259:6686-6693. 

Novick, P., S. Ferro, and R. Schekman. 1981. Order of events in the yeast 
secretory pathway. Cell. 25:461-469. 

Obar, R. A., C. C. Collins, 1. A. Hammarback, H. S. Shpetner, and R. B. 
Vailee. 1990. Molecular cloning of the microtubule-associated rnechano- 
chemical enzyme dynamin reveals homology with a new family of GTP- 
binding proteins. Nature (Lord.). 347:256-261. 

Pavlovic, J., T. Zurcher, O. Hailer, and P. Staeheli. 1990. Resistance to 
influenza virus and vesicular stumatitis virus conferred by expression of hu- 
man MxA protein. J. Virol. 64:3370-3375. 

Poodry, C. A., and L. Edgar. 1979. Reversible alterations in the neuromuscular 
junctions of Drosophila melanogaster bearing a temperature-sensitive muta- 
tion, shibire. J. Cell Biol. 81:520-527. 

Pringle, J. R., R. A. Preston, A. E. M. Adams, T. Stearns, D. G, Drubin, 
B. K. Haarer, and E. W. Jones. 1989. Fluorescence microscopy methods 
for yeast. Methods Cell Biol. 31:357-435. 

Raymond, C. K., P. J. O'Hara, G. Eichinger, J. H. Rothman, and T. H. 
Stevens. 1990. Molecular analysis of the yeast VPS3 gene and the role of 
its product in vacuolar protein sorting and vacuolar segregation during the 
cell cycle. J, Cell Biol. 111:877-892. 

Raymond, C. K., C. J, Roberts, K. E. Moore, I. Howaid-Stevenson, and T. H. 
Stevens. 1992. Biogenesis of the vacuole in Saccharomyces cerevisiae. Int. 
Rev. CytoL 139:59-120. 

Redding, K., C. Holcomb, and R. S. Fuller. 1991. Immnnolocalization of Kex2 
protease identifies a putative late Golgi compartment in the yeast Sac- 
charomyces cerevisiae. J. Cell Biol. t13:527-538. 

Roberts, C. J., C. K. Raymond, C. T. Yamashiro, and T. H, Stevens. 1990. 
Methods for the study of the yeast vacuole~ Methods EnzymoL 194:644-661. 

Robinson, J. S., D. J. Klionsky, L. M. Bantu, and S. D. Emr. 1988. Protein 
sorting in Saccharomyces cerevisiae: isolation of mutants defective in the 
delivery and processing of multiple vacuolar hydrolases. MoL Cell. Biol. 
8:4936-4948. 

Rothblatt, J., and D. 1. Meyer. 1986. Secretion in yeast: reconstitution of the 
translocation and glyeosylatlon of c~-factor and invertase in a homologous 
cell-free system. Cell. 44:619-628. 

Rothman, J. H., and T. H. Stevens. 1986. Protein sorting in yeast: mutants 
defective in vacuole biogenesis misloeaiize vacuolar proteins into the late 
secretory pathway. Cell. 47:1041-1051. 

Rothman, J. H., C. P. Hunter, L. A. Vails, and T. H. Stevens. 1986. 
Overproduction-induced mislocalization of a yeast vacuolar protein allows 
isolation of its structural gene. Proc. NatL Acad. Sci. USA. 83:3248-3252. 

Rothman, J. H., I. Howald, and T. H. Stevens. 1989. Characterization of genes 
required for protein sorting and vacuolar function in the yeast Sac- 
charomyces cerevisiae. EMBO (Eur. Idol. Biol. Organ.) Z 8:2057-2065. 

Rothman, J. H., C. K. Raymond, T. Gilbert, P. J. O'Hara, and T. H. Stevens. 

1990. A putative GTP binding protein homologous to interferon-inducible 
Mx proteins performs an essential function in yeast protein sorting. Cell. 
61:1063-1074. 

Sambrook, J., E. F. Fritsch, and T. Maniafis. 1989. Molecular Cloning: A Lab- 
oratory Manual. Cold Spring Harbor Laboratory, Cold Spring Harbor, New 
York. 

Senile, R., and R. L. Margolis. 1990. Biochemical and immonocl~mical analy- 
sis of rat brain dynamin interaction with micrombules and organelles in vivo 
and in vitro. J. Cell Biol. 111:3023-3033. 

Schauer, I., S. Emr, C. Gross, and R. Scbekman. 1985. Invertase signal and 
mature sequence substitutions that delay intercompartmental transport of ac- 
tive enzyme. J. Cell Biol. 100:1664-1675. 

Schmitt, H. D., P. Wagner, E. Pfaff, and D. Gallwitz. 1986. The ras-related 
YPT1 gene product in yeast: a GTP-binding protein that might be involved 
in microtubule organization. Cell. 47:401--412. 

Segev, N., J. Mulholland, and D. Botstein. 1988. The yeast GTP-binding YPTI 
protein and a mammalian counterpart are associated with the secretion ma- 
chinery. Cell. 52:915-924. 

Sherman, F., G. R. Fink, and L B. Hicks. 1982. Methods in Yeast Genetics. 
Cold Spring Harbor Laboratory, Cold Spring Harbor, New York. 120 pp. 

Shpetner, H. S., and R. B. Vallee. 1989. Identification of dynamin, a novel 
mechanochemical enzyme that mediates interactions between microtubules. 
Cell. 59:421-432. 

Shpetner, H. S., and R. B. Vallee. 1992. Dynamin is a OTPase stimulated to 
high levels of activity by microtubules. Nature (Land.). 355:733-735. 

Sikorski, R. S., and P. Hieter. 1989. A system of shuttle vectors and yeast host 
strains designed for efficient manipulation of DNA in Saccharomyces 
cerevisiae. Genetics. 122:19-27. 

Smith, P. K., R. I. Krohn, G. T. Hermanson, A. K. Mailia, F. H. Gartner, 
M. D. Proveazano, E. K. Fujimoto, N. M. Goeke, B. J. Olson, and D. C. 
Klenk. 1985. Measurement of protein using bicinchoninic acid. Anal. BiG- 
chem. 150:76-85. 

Staebeli, P., O. Hailer, W. Boll, J. Lindenmann, and C. Weissman. 1986. Mx 
protein: constitutive expression in 3T3 cells transformed with cloned Mx 
eDNA confers selective resistance to influenza virus. Cell. 44:147-158. 

Stevens, T. H., J. H. Rothman, G. S. Payne, and R. Schekman. 1986. Geae 
dosage-dependent secretion of yeast vacuolar carboxypeptidase Y. Cell. 
102:1551-1557. 

Strauss, W. M. 1987. Hybridization with radioactive probes. In Current Pro- 
tocols in Molecular Biology. F. M. Ausnbel, editor. John Wiley and Sons, 
New York. 6.3.1.-6.3.6. 

Thomas, J. H., N. F. Neff, and D. Botstein. 1985. Isolation and characteriza- 
tion of mutations in the B-tubulin gene of Saccharomyces cerevisiae. 
Genetics. 112:715-734. 

Towbin, H., T. Staehelin, and J. Gordon. 1979. Electropboretic transfer of pro- 
teins from polyacrylamide gels to nitrocellulose sheets: procedure and some 
applications. Proc. Natl. Acad. Sci. USA. 76:4350--4354. 

Vails, L. A., C. P. Hunter, J. H. Rothman, and T. H. Stevens. 1987. Protein 
sorting in yeast: the localization determinant of yeast vacuolar carboxypepti- 
dase Y resides in the propeptide. Cell. 48:887-897. 

Vails, L. A., J. R. Winther, and T. H. Stevens. 1990. Yeast carboxypeptidase 
Y vacuolar targeting signal is defined by four propeptide amino acids. J. Celt 
Biol. 111:361-368. 

van der Bliek, A. M., and E. M. Meyerowitz. 1991. Dynamin-like protein en- 
coded by the Drosophila shibire gene associated with vesicular traffic. Na- 
ture (Lond. ). 351:411-414. 

Wagner, P., C. M. T, Molenaar, A. J. G. Rauh, R. Brokel, H. D. Sehrnitt, 
and D. Gallwitz. 1987. Biochemical properties of the re, s-related YPT pro- 
tein in yeast: a mutational analysis. EMBO (Eur. Mol. Biol. Organ.) J. 
6:2373-2379. 

Walter, M., S. G. Clark, and A. D. Levinson. 1986. The oncogenic activation 
of human p21 '~' by a novel mechanism. Science (Wash. DC). 233:649-652. 

Waiworth, N. C., B. Good, A. K. Kabcenell, and P. J. Novick. 1989. Muta- 
tional analysis of SEC4 suggests a cyclical mechanism for the regulation of 
vesicular traffic. EMBO (Eur. Mol. Biol. Organ.) J. 8:1685-1693. 

Weiss, O., J. Holden, C. Rulka, and R. A. Kahn. 1989. Nucleotide binding 
and eofactor activities of partied bovine brain and bacterially expressed 
ADP-ribosylation factor. J, Biol. Chem. 264:21066-21072. 

Yeh, E., R. Driscoll, M. Coltrera, A. Olins, and K. Bloom. 1991. A dynamin- 
like protein encoded by the yeast spornlation gene SP015. Nature (Lond.). 
349:713-715. 

Zubenko, G., and E. Jones. t981. Protein degradation, meiosis and sporulation 
in proteinase deficient mutants of Saccharomyces cerevisiae. Genetics. 
97:45-64. 

The Journal of  Cell Biology, Volume 1 t9, 1992 786 


