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ABSTRACT 

Using a selection for spontaneous mutants that mislocalize a vacuolar CPY-Inv 

fusion protein to the cell surface, 505 Saccharomyces cerevisiae mutants with defects in 

protein sorting were identified. Seventeen of these mutants were dominant; the others 

defined 25 new vps (for vacuolar protein sorting) complementation groups. Alleles of 

each vps complementation group exhibit defects in the targeting and fmal processing of 

soluble vacuolar enzymes (CPY, PrA and PrB). Two of the genes, VPS17 and VPS15, 

map to ChXV and Chll, respectively. The vpsll, vps16, vpslB and vps33 mutants 

exhibit morphological defects, their cells containing debris of a membranous nature and 

highly abnormal vacuole remnants. Intercrosses with other vacuole function-defective 

mutants (vpl, pep, sip and end), revealed genetic overlaps. It is evident that more than 

50 gene products are involved in biogenesis and maintenance of the yeast vacuole. 

Alleles of 7 of the vps complementation groups are temperature-sensitive for vegetative 

cell growth at 37"C, and this recessive, Ts phenotype cosegregated with the vps defect 

in each case. This easily complemented phenotype has facilitated cloning of six of the 

genes. 

The VPSIB gene was chosen for further studies. A plasmid complementing the 

Ts growth defect of vpslB-l was isolated and shown by integrative mapping to carry 

DNA from the VPSIBlocus. Yeast strains with a deletion of the entire VPSIB coding 

region (L1vpslB), are viable and exhibit the same phenotypes as vpslB-l. L1vpslB, a 

strains have smaller a-factor halos on sst2,a lawns than do VPSIB, a strains. 

Immunoprecipitation of a-factor indicated that it is secreted from the L1vpslB mutant in 

precursor form. Several of the other severely defective vps mutants also show this a

factor processing defect. DNA sequencing of VPslB showed an open reading frame 

encoding a 918aa protein, hydrophilic in nature. The protein sequence revealed a zinc 
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finger like, cysteine-rich motif in its C-terminal region. A synthetic mutant with a 

cysteine to serine alteration has a temperature-conditional CPY sorting defect with very 

rapid onset. Therefore, Vps18p may be a zinc-binding protein, directly necessary for 

correct vacuolar protein sorting and proper functioning of the Golgi compartment that 

contains Kex2p. 
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Biosynthesis, sorting and delivery of vacuolar and extracellular proteins 

by the secretion pathway. 
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SUMMARY 

Yeast cells, like those of other eukaryotes, possess a series of membrane

enclosed organelles through which secreted proteins pass on their way to the cell 

surface. These secretory proteins receive precise modifications characteristically 

accomplished in certain of the organelles through which they pass. For example, signal 

sequence cleavage and core glycosylation take place in the endoplasmic reticulum (ER), 

while oligosaccharide side chain elongations take place in the cisternae of the Golgi 

apparatus. These specific modifications therefore provide diagnostic markers for 

whether the secretory protein examined has reached and been modified in a particular 

organelle of the pathway. Many of the proteins secreted by yeast cells have been 

characterized in some detail and are useful for studying this transport pathway. A large 

number of mutants with defects in the secretion of such proteins has been identified. 

These sec mutants block transport at various stages along the secretion pathway, 

allowing the accumulation of specific organelles and blocking the procession of 

secretory enzymes at certain defined stages. 

Several proteins found in the yeast vacuole have also been thoroughly 

characterized. The transport of these vacuolar hydrolases is defective in the sec mutants 

blocked at early (ER and Golgi) stages of the secretion pathway, but occurs normally in 

sec mutants blocked at later, plasma membrane delivery stages of the pathway. This 

indicates that delivery of soluble hydrolases to the vacuole occurs via the first half of 

the secretion pathway. Many mutants in which correct vacuolar localization fails to 

occur have been isolated. These do not genetically overlap with the sec mutants. 

Studies of these vps (vacuolar protein sorting) mutants indicated that vacuolar delivery 

is a complex process requiring more than 50 gene products. 

At each organelle along the secretion pathway, resident proteins remain to carry 

out their functions in that organelle, whereas secretory proteins must efficiently pass 

through that compartment on their journey to the plasma membrane or to other 
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destinations. The favored model is that secreted proteins move forward passively by 

bulk flow, whereas organelle-specific proteins possess retention signals of some sort. 

In addition to the retention versus flowthrough decision taken at every point along the 

secretion pathway, there is a branch point in the pathway where proteins destined for 

the vacuole are sorted away from the secretory traffic bound for the plasma membrane. 

This sorting event is thought to take place at a late, or trans, compartment of the Golgi 

apparatus. The plasma membrane-directed branch appears to be the default pathway, so 

it is most probable that the sorting of vacuolar proteins is an active event. Some of the 

VPS gene products may be directly involved in carrying out this sorting process. 

I: Genetics of protein localization via the secretion pathway 

i. Outline 

Genetic studies of the secretion pathway in the yeast Saccharomyces cerevisiae 

have permitted this pathway to be subdivided into sections for the purposes of study. 

Each section is demarcated by one or more mutations that cause the arrest of transport 

through the pathway at this point. For example, sec12 blocks the exit of proteins from 

the endoplasmic reticulum (ER) and causes ER-like structures to accumulate within the 

cells. Secretory proteins, many of which undergo sequential modifications as they pass 

through the pathway, are frozen in a characteristic ER-modified form in the see12 

mutant. Likewise, see7 blocks the transport pathway at a later stage, causing the 

accumulation of Golgi-like organelles and Golgi-modified proteins, and so on. 

It is clear that in order to study secretory transport, proteins that are 

biosynthesized by this pathway must be familiar to the investigator. Our knowledge 

about secreted proteins has come from both biochemical and genetic studies in yeast. 

Information about the modifying enzymes and proteins resident along the route that 
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secreted proteins travel has also played a major role in defining this pathway. Mutants 

with defects in asparagine-linked glycosylation and cell wall mannoprotein synthesis 

have been important in defining the glycosylation events that take place in the ER and 

Golgi, respectively. Likewise, mutants defective in the proteolytic maturation of the 

soluble, secreted proteins a.-factor and killer toxin have defmed the proteases present at 

late stages of the Golgi apparatus. 

ii. Secreted proteins 

The yeast cell localizes many proteins to the plasma membrane and beyond: to 

the periplasmic space, the cell wall and the extracellular growth medium. These proteins 

have diverse functions and include structural components of the cell wall, mating 

pheremones, mating pheremone receptors and enzymes for the extracellular breakdown 

of unassimilable nutrient sources. The most useful markers for studies of the secretion 

pathway in yeast have been invertase and a.-factor. Other proteins secreted through the 

pathway are briefly described; as more becomes known about them, they should also 

add to our understanding of this biosynthetic pathway. 

A) Plasma membrane proteins: Proteins found attached to the yeast 

plasma membrane include Fusl, plasma membrane ATPase, uracil permease, chitin 

synthetase and mating pheremone receptors. Such cell surface proteins are synthesized 

in the rough ER, transit the Golgi apparatus and enter secretory vesicles that fuse with 

the plasma membrane, externalizing their contents and interior membrane faces. 

A pheremone-induced surface protein, Fusl,the product of the FUSI gene, is 

required for efficient cell fusion during conjugation. This 80 kDa protein spans the 

plasma membrane and is modified with O-linked mannose oligosaccharides in the 

secretion pathway. The short periplasmic amino terminus is the only region of the 

protein that is glycosylated. The addition of man nose is completely abolished in the 

early secretion defective mutant see53, attenuated in the late ER-blocked seclB, and 
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unaffected in sec7, which is blocked late in the Golgi phase of secretion. These data 

indicate that Fus1 progresses through the secretion pathway (Trueheart and Fink 1989). 

Two plasma membrane proteins are known that apparently do not undergo 

glycosylation or proteolytic processing, yet appear to transit through the secretory 

pathway. Plasma membrane ATPase (PM ATPase) functions in the generation of an 

electrochemical proton gradient across the membrane, and probably in the control of 

intracellular pH (Bowman and Bowman 1986). Yeast PM ATPase is synthesised as a 

106 kDa polypeptide that is not noticeably modified by glycosylation or proteolysis 

during transit to the plasma membrane. However, export of this protein requires the 

secretory pathway, and it has been demonstrated that it is transported in the same 

secretory vesicles as the soluble secreted enzyme, acid phosphatase (Brad a and 

Schekman 1988; Holcomb et al. 1988). Uracil permease is a 633aa protein containing 

12 potential membrane-spanning segments, which functions in the uptake of uracil by 

the yeast cell. It undergoes neither N-linked glycosylation nor proteolytic processing, 

but experiments with gene fusions suggest that the protein enters and transits the 

secretion pathway (Silve et al. 1991). 

Some additional plasma membrane proteins that probably also transit the 

secretory pathway are as follows. The purine-cytosine transport protein of S. 

cerevisiae, which functions in the uptake of purine and pyrimidine bases into the cell, 

has been identified and shown to be a glycoprotein (Schmidt et al. 1984). As yeast 

glycoproteins are biosynthesised in the secretion pathway (Kukuruzinska et al. 1987), 

this is the most probable route for membrane delivery of the purine-cytosine 

transporter. Chitin synthase is present on the cell surface at sites of chitin deposition. It 

is also found within the cell in the same fraction (probably secretory vesicles) as the 

soluble, secreted protein, acid phosphatase; thus it probably transits through the 

secretory pathway (Schekman and Brawley 1979). The mating pheremone receptor, 

Ste2, is a 49 kDa protein containing seven hydrophobic segments, which resides in the 
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plasma membrane. It is responsible for the ligand recognition function of the yeast a

factor receptor (Blumer et al. 1988). It remains to be determined whether this protein is 

delivered to the plasma membrane by the secretion pathway. 

Several otherwise uncharacterized plasma membrane proteins have been shown 

to be exported by the secretory pathway; this was done by specifically tagging cell 

surface proteins (Novick and Schekman 1983). 

B) Cell wall components: The main structural components of the yeast cell 

wall are glucan, mannoprotein and chitin. The glue an has not been well characterized, 

but a number of mutants defective in mannoprotein biosynthesis (mnn) have been 

isolated and studied (Ballou 1982). 

The most thououghly investigated cell wall mannoprotein with respect to its 

transport through the secretory pathway is the 33 kDa cell wall protein (Sanz et al. 

1987). This abundant 33 kDa protein consists of a single oligomannose chain N

glycosidically linked to a 30.5 kDa peptide moiety, and has been purified from the cell 

walls of S. cerevisiae. Antisera raised against the purified protein were used to study 

the passage of this protein through various secretion blocked mutants. These studies 

indicated that the 33 kDa protein travels through the secretion pathway and receives its 

only sugar modification in the ER. Before being incorporated into the cell wall, this 

protein spends a short time in soluble form in the periplasmic space. The secretion of an 

unrelated, and otherwise uncharacterized, 120 kDa mannoprotein was also blocked in 

the sec mutants (Sanz et al. 1987). 

C) Soluble proteins of the peri plasmic space and growth medium: 

The two most characterised of the external, soluble proteins of the yeast cell are 

invertase and acid phosphatase; these proteins are found largely in the periplasmic 

space. In addition, MATa cells secrete a-factor, MAT a cells secrete a-factor and barrier 

protein (Barl), and killer virus infected cells secrete killer toxin. These four proteins are 
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secreted into the growth medium beyond the cell wall; the fIrst three are small peptides, 

but barrier protein is rather large. 

Invertase (B-D-fructofuranoside fructohydrolase) functions to cleave 

extracellular sucrose to fructose and glucose; unlike sucrose, these are sugars that yeast 

can import. Secreted invertase consists of a homo-octomer of 60 kDa polypeptide 

chains, which are extensively glycosylated during their transit through the secretory 

pathway. Glycosylation and octamer formation are thought to function in the retention 

of invertase in the periplasmic space behind the cell wall (Esmon et al. 1987). It is 

interesting that oligomerization of invertase takes place in the ER as this is also the case 

for most oligomeric secretory proteins of mammalian cells (Rose and Doms 1988). The 

same SUC2 gene encodes two forms of invertase: the secreted, glycosylated form 

described above, the synthesis of which is regulated by glucose repression, and an 

intracellular, nonglycosylated enzyme that is produced constitutively (Carlson and 

Botstein 1982). 

Acid phosphatase (onhophosphoric monoester phosphohydrolase) is secreted 

by the yeast cell in response to conditions of low phosphate and is found mainly in the 

periplasmic space (Van-Rijn et al. 1972). The PHOS gene has been shown to encode 

this repressible acid phosphatase, and antisera have been raised against the purifIed 

protein. The protein undergoes proteolytic cleavage of a 17 amino acid signal peptide, 

core glycosylation and outer chain glycosylation during its transit through the secretory 

pathway (Haguenauer-Tsapis and Hinnen 1984). By staining for the enzyme activity in 

growing cells that have been recently repressed or derepressed, it has been found that 

secretion of acid phosphatase takes place in the newly growing portion of the bud 

(Field and Schekman 1980). 

The mating pheremone, a-factor, is released form MATa cells and interacts in a 

receptor mediated process with cells of the opposite mating type to arrest cells in late 

Gland initiate conjugation with the eventual formation of diploid zygotes (Bussey 
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1988). The initial a-factor precursor contains 165aa residues, of which an amino 

tenninal signal is cleaved off in the ER. A 60aa pro region is glycosylated in the ER and 

cleaved off after passage through the Golgi, leaving a COOH-terminal section 

containing four repeats of the mature a-factor. These are released by further proteolytic 

cleavage before reaching the cell surface (Julius et al. 1984b). 

Barrier protein, Barl, is produced and released into the growth medium by 

MATa cells and probably functions as a pepsinlike protease to cleave a-factor. The 

primary translation product deduced from the gene sequence has a putative signal 

peptide of 24aa and nine potential asparagine-linked glycosylation sites, features that 

are consistent with the export of the polypeptide through the secretory pathway 

(MacKay et al. 1988). MATa cells also produce a mating pheremone, a-factor, but this 

protein is unusual in that it reaches the cell surface by a route alternative to the secretory 

pathway (Kuchler et al. 1989; Mcgrath and Varshavsky 1989; Powers et al. 1986). 

Killer toxin is secreted by yeast strains harboring killer virus. These strains kill 

sensitive yeast strains by secreting a protein toxin, and they express a killer immunity 

component on their own plasma membrane that is derived from the same peptide 

precursor as the toxin. The 316aa precursor has a 26 residue signal sequence that is 

cleaved by signal peptidase in the ER. Glycosylation is completed by exit from the ER 

(Le., before secl8 block); further proteolytic processing does not occur until late or 

post Golgi organelles have been reached (Bussey 1988; Lolle and Bussey 1986). The 

immunity is thought to be conferred by killer toxin precursor that escapes processing 

and ends up attached to the plasma membrane at the cell surface (Bussey 1988). 

iii. Modifying enzymes resident in the secretion pathway 

A) Enzymes responsible for proteolytic cleavage: Soon after soluble 

secretory proteins are translocated into the endoplasmic reticulum, their signal 

sequences are removed. A signal peptidase has been purified from dog pancreas 
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microsomes; it is part of a complex of six small subunits, two of which are 

glycoproteins (Evans et al. 1986). 

Since amino acid substitutions at the signal peptide cleavage site of yeast 

invertase result in accumulation of core glycosylated precursor fonns of the enzyme 

within the lumen of the ER (Schauer et al. 1985), one might expect to find a signal 

peptidase mutant among the collection of early sec mutants. The SECII gene is the best 

candidate for the signal peptide cleavage function of the ER as sec11 is unique among 

these mutants in that signal peptide cleavage (from both invertase and acid phosphatase) 

is not carried out. In addition, it it the only one of the original sec mutants that does not 

accumulate amounts of secretory organelles of some sort upon incubation at restrictive 

temperature (Novick et al. 1980). The gene has been sequenced and the predicted 

Sec 11 protein resembles canine and hen signal peptidases in several respects (Bohni et 

al. 1988). 

The enzymes responsible for the final maturation of a-factor and killer toxin 

that are located in the trans Golgi or a compartment immediately distal to this, have been 

better characterized than the signal peptidases. This is mainly because mutants with 

defects in such functions (kexl, kex2, stel3) were isolated a long time ago. The kex 

(for killer expression) mutants are defective in the production of active killer toxin and 

stel3 is a MATa-specific sterile mutant (Wickner 1974); Rine, cited in (Herskowitz 

and Oshima 1981). These genes were subsequently shown to encode enzymes that 

function in a-factor and killer toxin processing (Julius et al. 1984a); reviewed in 

(Bussey 1988). In both a-factor and killer toxin, the mature enzyme repeats are flanked 

by basic residues; two cleavages are necessary to remove these; a dibasic endoprotease 

activity, Kex2, and a carboyxpeptidase B like activity, Kexl. The a-factor additionally 

needs to be matured at the N-terminus; this is done by the dipeptidyl amino peptidase 

(DPAP A or Ste13p) encoded by the STE13 gene. The well characterized periplasrnic 

and cell wall proteins secreted from yeast do not appear to undergo any of the late Golgi 
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proteolytic modifications described above, but certain otherwise uncharacterized 

secreted glycoproteins have altered sizes in the kex2 mutant as opposed to wild-type 

cells (Rogers et al. 1979). An additional phenotype of kex2 mutants is that 

homozygous kex2 diploids fail to sporulate (Leibowitz and Wiclmer 1976). As it has 

been found that sporulating yeast cells release proteolytic activities into the growth 

medium (Chen and Miller 1968), it is possible that Kex2 activity is also required for the 

final processing of such secreted proteases. 

B) Glycosylation and deglycosylation activities in the secretion 

pathway: Most secreted proteins receive carbohydrate modifications as they transit 

through the pathway. These carbohydrate chains are linked to proteins at specific amino 

acid residues; asparagine in the case of N-linked oligosaccharides, and serine or 

threonine for O-linked species. In general, the cell wall mannoproteins receive long, N

linked carbohydrate chains (l00-200 mannose), although for the 33 kDa CWP 

described above, this is not the case; some of them also get short, O-linked chains. The 

periplasmic space proteins such as invertase receive intermediate-sized N-linked chains 

(50 mannose), and vacuolar glycoproteins (see below) get short, mannose chains 

(Kukuruzinska et al. 1987). Some plasma membrane proteins such as Fus 1 appear to 

be only O-glycosylated (Trueheart and Fink 1989). The functional significance of the 

various carbohydrate attachments received by different proteins biosynthesised in the 

secretory pathway is unclear at present. Secretory and vacuolar proteins appear to be 

correctly localized even when they have been incorrectly glycosylated. The mannose 

found on many cell wall proteins may have a structural role, and the hyperglycosylation 

of periplasmic proteins like invertase may serve to keep them from diffusing quickly 

out of the cytoplasm and being lost to the cell in the growth substrate. 

In the ER, oligosaccharides consisting of 14 monosaccharides 

(GlcNAc2Man9Glc3) are assembled on a carrier that is embedded in the membrane of 

the ER. The complex pathway of lipid-linked assembly is defined by the aig 
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(asparagine-linked, glycosylation defective) mutants that were isolated in an elegant 

mannose suicide selection scheme (Huffaker and Robbins 1982) and was reviewed 

recently (Kukuruzinska et al. 1987). Transfer of the lipid-linked oligosaccharide to the 

appropriate asparagine on the polypeptide is catalyzed by oligosaccharyltransferase. 

Such an activity has been identified and partially characterized in yeast (Sharma et al. 

1981). From studies with the sec mutants it is known that this transfer is accomplished 

in the ER; in mammalian systems it even occurs as the nascent polypeptide is entering 

the ER lumen. 

Mutations in the SEC53 gene interfere with secretory protein folding and 

glycosylation in the ER lumen but do not affect protein translocation or signal peptide 

processing (Feldman et al. 1987). This gene encodes a protein that is probably the 

phosphomannomutase of yeast (Kepes and Schekman 1988). The asparagine-linked, 

glycosylation defective mutant, alg4, is allelic to sec53 and shows a general defect in 

the assembly of oligosaccharides on the dolichol carrier (Huffaker and Robbins 1983). 

SEC59 is another gene encoding a product required for core glycosylation in the ER. It 

is a membrane protein apparently involved in the transfer of mannose to dolichol-linked 

oligosaccharide (Bernstein et al. 1989). Many of the ALG genes are also implicated in 

this ER oligosaccharide assembly process (Kukuruzinska et al. 1987). 

After attachment to the protein, the oligosaccharide is trimmed, one mannose 

and three glucose residues being removed. Two glucosidases and one mannosidase are 

involved. There is a mutant defective in a1,2 glucosidase activity, glsl, that fails to 

remove the three glucose residues. Even in the absence of this step the mannose can 

still be removed and outer chain elongation can take place. There is no mannosidase 

mutant available yet, and there is some disagreement about whether the removal of the 

terminal mannose is essential for initiation of outer-chain synthesis (Kukuruzinska et al. 

1987). The function of these trimming events is unclear. 
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Outer-chain formation takes place in the Golgi compartments in a stepwise 

manner. Several mutants (mnn) blocked at various stages of outer-chain elongation 

were initially isolated because of their defects in cell wall carbohydrate synthesis. This 

was possible because mannose is the major cell wall antigen of yeast; antibodies against 

such antigens agglutinate wild-type yeast but not mutant cells in which specific 

determinants are missing. In this manner a mutagenized yeast culture could be enriched 

for mutants with antigenically altered cell walls. Nine genes were identified and have 

been reviewed in Ballou (1982). Briefly, the mnn9 mutant is defective in the formation 

of al-6Iinkages; the mnn2 and mnnS mutants are defective in the formation of al-2 

linkages; the mnn4 and mnn6 mutants fail to transfer mannosylphosphate to mannoses 

of the outer chain; and mnnl mutants are defective in the formation of the final al-3 

linked mannose. 

Several of these genes encode mannosyltransferases specific to distinct Golgi 

compartments. Biochemical analysis has revealed that the product of the MNN 1 gene, 

mannosyltransferase I, responsible for the formation of al-3 linkages, is localized in 

the Golgi in a compartment distinct from that in which the Kex2 protease resides 

(Cunningham and Wickner 1989). Recent studies of secretion defective mutants, that 

made use of antisera against the al-6 and al-3 mannose linkages, have indicated that 

from cis to trans the Golgi compartments sequentially contain al- 6 

mannosyltransferase activity, al-2 mannosyltransferase activity and finally, al-3 

mannosyltransferase activity (Franzusoff and Schekman 1989; Graham and Emr 1991). 

Studies of HDEL-tagged a-factor (see below), confirm that the al-6 mannosyl

transferase is the first such activity encountered in the Golgi (Dean and Pelham 1990). 

As the al-2linkages have not been directly examined in these studies, the assignment 

of this transferase to a distinct medial Golgi compartment may be premature. 

O-linked glycosylation has been less well characterized but follows the same 

general progression as described above. The first man nose is transferred to serine or 
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threonine residues of the protein substrate in the ER. Subsequently, up to four 

additional O-linked mannose residues are added in the Golgi apparatus (Kukuruzinska 

et al. 1987). Fatty acylation of certain proteins also takes place in the secretory 

pathway; this activity has been localized to the ER by examining fatty acylation in see 

mutants blocked at different stages (Wen and Schlesinger 1984). 

iv. Secretion defective mutants 

A) Isolation and initial characterization: The first of the secretion 

defective mutants of yeast (secl and see2) were isolated in a screen for temperature

sensitive (Ts) mutants blocked in the secretion of repressible acid phosphatase (Novick 

and Schekman 1979). Ts mutants were screened as it was reasoned that the cessation 

of secretion and presumably plasma membrane expansion would be lethal to the cell. 

By electron microscopic examination, the two mutants were found to accumulate large 

numbers of membrane-bound vesicles at the restrictive temperature. The observation 

that the cells become dense after incubation at the nonpermissive temperature allowed 

the selection of additional secretory mutants. Dense cells, separated from normal cells 

on a density gradient, were screened for conditional growth and secretion phenotypes 

(Novick et al. 1980). This approach permitted the identification of an additional twenty

one complementation groups, all of which accumulate secretory proteins inside the cell 

at the restrictive growth temperature. All except one of the complementation groups also 

accumulated excess amounts of secretory organelles at 37° , as determined by electron 

microscopy. The exception was seell; the SEell gene was subsequently found to 

encode a protein that is probably a signal peptidase (Bohni et al. 1988), (see below). 

The other see mutants accumulated either ER, ER and small vesicles, Berkeley bodies 

(Golgi), vesicles, or some combination of the above (Novick et al. 1980). The 

distribution of the alleles identified in this screen suggested that complementation 

groups existed for which no mutant had been found. More recently, the [3H]-mannose 
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suicide selection, previously used for isolating the alg mutants (above), has been used 

to isolate a further two complemention groups, betl and bet2, blocked at the ER stage 

of the secretion pathway (Newman and Ferro-Novick 1987). 

A requirement of the initial screen for sec mutants was that secretory proteins 

such as invertase be accumulated inside the cell in enzymatically active form; this was to 

eliminate mutants defective in the expression of, for example, the SUC2 gene for 

invertase. Among the collection of mutants that failed to secrete invertase and acid 

phosphatase, there were several that had wild-type protein synthesis levels but 

accumulated inactive, incompletely glycosylated invertase within the cell (Ferro-Novick 

et al. 1984b). These genes, SECS3 and SEC59, are required at early stages of secretory 

protein biosynthesis in the ER (Ferro-Novick et al. 1984a). 

An elegant approach was used in two different laboratories to obtain Ts mutants 

defective in protein translocation into the ER. Such mutants were selected in his4 or 

trpl yeast on the basis of their ability to retain a fusion protein in the cytoplasm. The 

fusion protein comprised the prepro region of ex-factor, fused N-terminal to His4 or 

Trpl, respectively. In wild-type cells the fusions, and thus the His or Trp activities, are 

sequestered in the secretory pathway, and it requires translocation incompetent mutants 

or signal sequence alterations to retain the marker activities in the cytoplasm where they 

are of use to the cell (Deshaies and Schekman 1987; Rothblatt et al. 1989; Toyn et al. 

1988). 

By examining haploid double mutants with different phenotypes in which each 

member of the pair represents a distinct morphological block, the order of organelles 

transited in the yeast secretion pathway was determined to be ER~small 

vesicles~Golgi~vesicles~Cell surface. Secretory proteins enter the ER, where initial 

glycosylation steps occur. Nine or more SEC gene products are required to transfer 

material from the ER to the Golgi apparatus where further glycosylation events take 

place. Two or more gene products are necessary for exit from this Golgi organelle into 
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secretory vesicles. The secretory vesicles require ten more gene products to reach and 

fuse with the plasma membrane (Novick et al. 1981). A more recent study of sec 

mutants that are blocked at the ER to Golgi stage has made use of the observation that 

some of these mutants accumulate small vesicles as well as ER at the restrictive 

temperature. Vesicle accumulation in these mutants is blocked by other ER

accumulating mutations as shown by analysis of double mutants (Kaiser and Schekman 

1990). Thus, the gene products that act in transport between the ER and Golgi can be 

divided into the three responsible for vesicle formation and four others that function in 

vesicle consumption. 

B) Endoplasmic reticulum: Mechanisms must exist in the cell to ensure 

that proteins are targeted to and subsequently translocated across the ER membrane and 

not some other membrane accessible to the cell cytoplasm such as the plasma 

membrane or vacuolar membrane. It is possible that some or all of the translocation Sec 

proteins (Sec61, Sec62, Sec63) function in the recruitment or adherence of secretory 

precursors to the ER membrane (Rothblatt et al. 1989). The SRP (signal recognition 

particle) is a soluble factor required in mammalian cells for targeting nascent secretory 

proteins to the ER. A yeast homologue 47% identical to one of the mammalian SRP 

subunits (SRP54) has been isolated, and gene disruption shows that it is essential for 

growth (Hann et al. 1989). The function of this SRP-related protein in yeast is not 

known at present. Studies with hybrid proteins have indicated that a signal peptide will 

suffice to direct some cytoplasmic proteins into the ER (Emr et al. 1984). 

Most secreted and vacuolar proteins, as well as the proteins destined to reside at 

various organelles along the secretory pathway, are translocated into the ER while they 

are being translated from the messenger RNA, or immediately after they have been 

translated. The sec61, sec62 and sec63 mutants all accumulate unglycosylated 

precursor forms of several different secretory and vacuolar proteins; in the case of 

invertase and a-factor, translocation is blocked before the signal peptide cleavage stage. 
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The secretory proteins were found to be membrane-bound but accessible to proteases, 

suggesting that they had not yet been fully inserted into the lumen of the ER. Two 

additional alleles ptll and nlpl of see63 were also isolated. Surprisingly, the nlp1 

mutant was obtained from a selection for mutants with defects in import into the 

nucleus (Sadler et al. 1989). NLP 1 (SEC63) encodes a protein with homology to DnaJ, 

an E. coli heat shock protein. Other heat shock proteins have also been implicated in the 

translocation of precursor peptides into the ER (Chirico et al. 1988; Deshaies et al. 

1988). SEC62 encodes a 32 kDa protein with potential membrane-spanning regions 

(Deshaies and Schekman 1989). The SEC62 gene sequence has not yet been 

detennined. These three mutants show some synthetic growth defects in double mutant 

combinations, possibly suggesting interactions between them. 

Three other SEC genes, defined as ER-specific in early studies, have been 

found to encode proteins that are probably modifying enzymes of the ER. These are 

SEC 11, SEC53 and SEC59 and were described in Section I iii of this review. 

C) Vesicle production and consumption: Exit from the endoplasmic 

reticulum require a large number of gene products. It was found that the exit from the 

ER and transit to the Golgi body requires at least two steps: the formation of small 

transport vesicles (blocked by the see12, sec13, sec16, and see23 mutants at restrictive 

temperature) and the consumption of these vesicles, which is blocked in sec17, sec18 

and see22 at restrictive temperature (Kaiser and Schekman 1990). 

The SEC 12 gene, defined above as one of those necessary for vesicle 

production, has been sequenced. It encodes an integral membrane glycoprotein that 

faces the cytoplasm where it functions to promote protein transport to the Golgi 

apparatus and perhaps beyond (Nakano et al. 1988). A GTP-binding protein, Sarlp, 

was isolated as a multicopy suppressor of the sec12 mutant; gene disruption showed 

that it is essential for cell growth. With the SARI gene under GALl promoter control, 

ER precursor forms of secretory proteins are seen to accumulate upon shutoff of 
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expression in glucose medium (Nakano and Muramatsu 1989). Thus, it is thought that 

Sarlp and Sec12p cooperate in directing ER to Golgi protein transport, probably at the 

point of transport vesicle production. 

The SEC23 gene encodes an 84 kDa unglycosylated protein that resides in the 

cytoplasm as part of a large membranous or cytoskeletal structure (Hicke and 

Schekman 1989). One sec23 allele has a rapid onset of the Ts defect, allowing the 

observation that Sec23p acts at an ER proximal compartment in which al-6 linked 

mannose is added to secretory proteins such as a-factor. Using the sec23 mutant, it has 

been observed that intercompartmental protein transport events within the Golgi 

complex and beyond can occur efficiently in the absence of ER to Golgi transport 

(Graham and Emr 1991). 

As mentioned above, secl8 is thought to act at the vesicle-consumption stage of 

ER to Golgi transport. Recent studies have implicated the Sec18 protein in transport 

events through the Golgi apparatus from one stack to the next and in plasma membrane 

delivery, as well as in the transit from ER to Golgi (Graham and Emr 1991). These 

observations were possible because the Ts vps18-1 allele shows remarkably rapid onset 

of the sorting defect upon shift to 37°C. Thus, radioactively labeled protein could be 

dispersed throughout the secretory pathway and (upon temperature shift) frozen in 

place wherever the VP S 18 gene product was necessary for further transport. The 

SEC18 gene encodes a protein (Eakle et al. 1988), very similar in sequence to the 

mammalian NSF (N-ethylmaleimide-seJ'isitive factor) required for vesicle fusion during 

intercistemal Golgi transport in in vitro systems (Wilson et al. 1989). 

It is probable that several of the other sec mutants originally defined as being 

necessary for transport from the ER to the Golgi function in the formation and 

consumption of vesicles for later transport steps as well. In particular, the SNAP 

components purified from bovine brain cytosol appear to interact with NSF in 

mammalian in vitro systems; the yeast secl7 mutant is deficient in an activity that can be 
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replaced with mammalian a-SNAP (Clary et al. 1990). Thus, it is likely that the SECJ8 

and SECl7 gene products will interact in yeast, perhaps to promote transport steps 

throughout the pathway. 

D) Golgi apparatus, transit and exit: As discussed above, several SEC 

gene products appear to function at multiple transport steps along the pathway. This 

may account for the dearth of see mutants specifically affecting the Golgi apparatus in 

the original screen (Novick et al. 1980). The only two mutants specifically affecting the 

Golgi were sec7 and see14. These mutants accumulate Golgi-like structures and Golgi

modified secretory proteins upon incubation at the restrictive temperature. 

The SEC7 gene encodes a 230 kDa hydrophillic protein that may be peripherally 

assosiated with the cytoplasmic surface of Golgi membranes (Achstetter et al. 1988; 

Franzusoff and Schekman 1989). The protein contains an unusual, highly charged 

acidic domain of 125 amino acids. It is thought that the Sec7p facilitates transport 

between distinct cisternae of the Golgi apparatus, as at least two stages in Golgi

specific, N-linked glycoprotein maturation depend on SEC7 (Franzusoff and 

Schekman 1989). 

The SECl4 gene has been sequenced and found to encode a 37 kDa cytosolic 

factor (Bankaitis et al. 1989). This has been recently shown to be a 

phosphatidylinositoVphosphatidylcholine transfer protein in yeast (Bankaitis et al. 

1990). A genetic screen for suppressors of the secJ4-l ts allele yielded mutations in the 

CDP-choline pathway for phospholipid biosynthesis. One of these suppressor genes 

was the structural gene for the choline kinase of yeast, disruption of which suppressed 

the secJ4-l Ts growth defect (Cleves et al. 1991). These findings are consistent with a 

phospholipid equilibration function for Sec 14p. 

The screen for extragenic suppressors of secJ4-Ps also identified alleles of the 

SACl gene capable of suppressing the secJ4 growth defect (Cleves et al. 1989). sacJ 

mutants were originally identified as suppressors of the yeast actl-Jtsmutant. 
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Curiously, the sacl suppressor properties also extend to sec6 and sec9 defects, 

although this suppression is not as efficient, being effective only at temperatures lower 

than 37". The sec6 and sec9 mutants act late in the pathway, accumulating secretory 

vesicles at restrictive temperature (Novick et al. 1980). These data imply a relationship 

between Secl4p, Sec6p, Sec9p and actin function in the yeast cell. sad mutants appear 

to exhibit negative genetic interactions with some other yeast secretory defects that act at 

the vesicle production/consumption stage described above, the most severe effect being 

on secl3-] (Cleves et al. 1989). The SAC] gene was sequenced but no known 

functional domains were identified; it would be very interesting to know more details of 

Sac 1 p action and function. 

The YPT] gene of S. cerevisiae encodes a GTP-binding protein that appears to 

be located at the Golgi apparatus (Segev et al. 1988). From studies of the accumulated 

secretory proteins in two different alleles of ypt], it has been suggested that Yptl p is 

required for transport from an early stage to a later stage of the Golgi apparatus (Bacon 

et al. 1989). 

Some of the VPS (vacuolar protein sorting) gene products (see below) may 

also act in the Golgi apparatus, thought to be the site of vacuolar or lysosomal protein 

sorting in the secretion pathway (Graham and Emr 1991; Griffiths and Simons 1986). 

E) Plasma membrane delivery: Ten SEC gene products have been 

implicated in the final stages of the yeast secretory pathway, blocking transport at the 

post Golgi stage (Novick et al. 1980). Since all vesicular transport events seem to share 

the same basic mechanism, some secretory components may be required for all these 

vesicle transport events; the SEC]8 gene product appears to be such a component 

(Graham and Emr 1991; Wilson et al. 1989). The nature of the phenotype of the late 

sec mutants precludes them from functioning at earlier stages of the transport pathway, 

so they are candidates for specific events such as vesicle target recognition. 
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One of the SEC gene products specific for the post-Golgi vesicle transport 

stage, is the GTP-binding protein, Sec4 (Salminen and Novick 1987). This protein has 

a cycle of attachment to, and detachment from, the cytoplasmic surface of secretory 

vesicles that may be coupled to the hydrolysis of GTP (Bourne 1988; Goud et al. 

1988). Sec4 shows homology to Ypt1, which is thought to act in the Golgi (see 

above). Duplication of the SEC4 gene suppresses post-Golgi blocked mutations in 

three other SEC genes; these are sec15, and more weakly, see2 and see8. In addition, 

double mutant combinations of see4 with seven other late acting sec mutants, including 

sec15, see2 and see8, resulted in growth defects or synthetic lethality (Salminen and 

Novick 1987). 

GTP-binding proteins often carry out their function by regulating an effector 

protein. In view of the genetic studies discussed above, Sec15 was a possible candidate 

for this effector. The SEC15 gene was sequenced and found to encode a protein of 116 

kDa that has pH-dependent association with yeast microsomal fractions (Salminen and 

Novick 1989). Interestingly, overproduction of Sec15p interferes with the secretion 

pathway, resulting in the formation of a cluster of secretory vesicles and a patch of 

Sec15p as seen by immunofluorescence. The see2 and see4 mutations prevent 

formation of this protein patch. 

The SEC2 gene has also been sequenced and found to encode a 759aa protein 

with an a-helical amino terminal region. This protein is present in the cell in a soluble, 

high molecular mass complex (Nair et al. 1990). The components of this large complex 

are not yet known. 

II. Biogenesis and maintenance of Saccharomyces cerevisiae vacuoles; 

delivery of components via the secretion pathway. 
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i. Outline 

The process of vacuolar protein delivery is allied to that of secretion in that most 

of the known vacuolar proteins are biosynthesised in the secretion pathway and transit 

together with the secreted proteins through the first half of the pathway. At some point, 

probably in or just after the trans-Golgi compartment, the pathways diverge into two, 

one for vacuole delivery and one for plasma membrane delivery. 

The vacuole of Saccharomyces cerevisiae is a membrane-enclosed organelle that 

contains a variety of hydrolases and other proteins with diverse functions. In addition, 

the yeast vacuole is the compartment in which metabolites are stored. It also appears to 

sequester toxic compounds, such as heavy metals and drugs, that have been 

accumulated by the cell. The yeast vacuole is analogous, but not identical, to the 

mammalian lysosome. The reader is referred to (Klionsky et al. 1990) for a detailed 

review of the composition and functions of fungal vacuoles. 

Vacuolar constituents can be delivered to this organelle via at least two separate 

routes. The major and most studied route is the secretory pathway and a branch of this, 

sometimes referred to as the vacuolar protein targeting or localization pathway. Several 

soluble vacuolar hydrolases such as CPY and PrA are known to travel via this 

pathway. Many mutants affecting this branch pathway have been identified. These 

mutants are collectively known as the vps, or vacuolar protein sorting mutants. Some 

other vacuolar components enter the compartment directly from the cytoplasm. 

Vacuolar proteins such as a-mannosidase and ATPase in addition to toxic compounds 

and amino acids should probably be included in this group. It is thought that there is a 

third route of entry to the vacuole from the cell surface via endocytic vesicles. 

ii Vacuolar hydrolases 

A) Soluble: Many soluble vacuolar hydrolases have been identified. 

Surprisingly, there appears to be no major shared characteristic that would tell how they 
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are transported, recognized and sorted from secretory proteins. The more extensively 

studied of these proteins include Carboxypeptidase Y (CPY), Proteinase A (PRA) and 

Proteinase B (PrB), reviewed in (Klionsky and Emr 1990). These are all hydrolytic 

enzymes and presumably aid the vacuole in carrying out its general degredative 

functions in the cell. Proteinase A is responsible for the activation of a number of 

vacuolar hydrolases by proteolytic ally removing the prosegment of their precursors 

(Zubenko et al. 1983). Some of these vacuolar proteases also function in the process of 

sporulation (Zubenko and Jones 1981). 

These luminal vacuolar proteins pass through the secretory pathway, receiving a 

series of modifications along the way. Like the secretory proteins, they are translocated 

into the ER while they are being synthesised from the mRNA, or immediately upon 

completion of this process. Their NH2-terminal hydrophobic signal sequence of 18-30 

amino acids is similar to that of secreted proteins and functions as a sorting signal for 

ER targeting and translocation; it is cleaved off within the ER (Blachly-Dyson and 

Stevens 1987; Johnson et al. 1987; von Heijne 1986). The proteins receive core 

oligosaccharides in the ER and then pass on through the compartments of the Golgi 

apparatus where they recieve a series of outer-chain oligosaccharide additions. Upon 

arrival at the vacuole, the pro segment is cleaved off, releasing the active enzyme. The 

characteristic precursor forms of the proteins have been useful as markers for secretory 

pathway and clathrin function, for example (Payne et al. 1988; Stevens et al. 1982). 

The details of the biosynthesis of these proteins as they pass through the secretory 

pathway are given in Figure I. 

B) Membrane associated: The membrane-associated vacuolar proteins have 

been less well studied but include Dipeptidyl aminopeptidase B (DPAP B) and Alkaline 

phosphatase (ALP). 

DBAP B is a dipeptidyl aminopeptidase associated with the vacuolar membrane 

and encoded by the DAP2 gene (Roberts et al. 1989); it is distinct from the Golgi 
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localized OPAP A that is encoded by the STE13 gene. OPAP B is prevented from 

entering the vacuole in secJ 8 and sec7 cells but not in secJ cells, indicating that it is 

transported to the vacuole via the same portions of the secretion pathway followed by 

soluble vacuolar hydrolases. OP AP B is 120 kDa glycoprotein that does not appear to 

undergo proteolytic cleavage upon delivery to the vacuole, The short, NH2-tenninal 

cytoplasmic tail and transmembrane region of OP AP B are sufficient to target invertase 

reporter activity to the vacuole (Roberts and Stevens 1990). The vps mutants apear to 

have little effect on the vacuolar delivery ofOPAP B (Roberts et al. 1989). 

The repressible alkaline phosphatase (ALP) of yeast is the product of the PH08 

gene (Kaneko et al. 1987). It appears to be an integral membrane protein that is 

anchored by a hydrophobic domain near its NH2-tenninus. ALP transits through the 

early stages of the secretory pathway and is activated upon delivery to the vacuole in a 

PEP4-dependent manner. This is achieved by cleavage of the eOOH-terminal 

propeptide (Klionsky and Emr 1989). Gene fusion studies with invertase have 

indicated that a 52 amino acid NH2-terminal portion of the ALP protein, that includes 

the transmembrane domain, is necessary and sufficient for vacuolar localization 

(Klionsky and Emr 1990). The vacuolar localization of ALP appears to be defective in 

some of the vps mutants, though not to the same extent as the soluble enzymes whose 

vacuolar delivery was measured in the same alleles. 
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iii. Genetic screens and selections that have yielded vacuole defective 

mutants 

A large number of different mutant selection approaches has yielded a 

genetically overlapping set of yeast mutants that affect vacuole biogenesis or vacuolar 

enzyme biosynthesis and function. Many of the selection schemes have made use of 

our knowledge about the soluble hydrolytic enzymes discussed above, and their 

activities. 

An early screen at a time when not much was known about the secretion 

pathway for vacuole biogenesis in yeast, made use of the Carboxypeptidase Y activity. 

Mutants with decreased cellular peptidase (CPY) activity were identified. The screen 

was for strains with reduced ability to cleave the chymotrypsin substrate N-acetyl-DL

phenylalanine B-naphthyl ester (APE), and was thus a screen for decreased peptidase 

activity. EMS mutagenesis was carried out. This screen yielded the structural genes for 

two vacuolar hydrolases; the P RC J gene encodes CPY and P EP4 encodes PrA. 

Fourteen additional mutants with reduced levels of vacuolar hydrolases and some other 

vacuole defects (pepJ to pepJ5) were isolated (Jones 1977). 

More recent selection schemes demanded the secretion of vacuolar proteases 

from the cell. The reasoning was that if passive bulk flow was to the cell surface and 

vacuolar targeting was by an active process, perturbations in this active sorting process 

should result in the passive secretion of vacuolar proteins. The first involved a CPY

Inv fusion protein. The selection was for invertase activity of the fusion protein at the 

cell surface, on the basis of the inaccesibility of uncleaved sucrose to the cell. All the 

mutants were spontaneous isolates. The original gene designations were vptl to vpt33 , 

later altered to vpsl to vps35 to accommodate the overlaps with the vpl mutants (Table 

1; Bankaitis et al. 1986; Robinson et al. 1988; Chapter Two). 

The other approach involved the selection for CPY activity at the cell surface of 

pep4 cells on the basis of the ability of external CPY to cleave the N-blocked dipeptide 



27 

CBZ-pheleu and to release leucine that can be taken up by the cell, allowing leu minus 

auxotrophs to grow. The cells were subjected to EMS mutagenesis to 50% killing for 

the isolation of vpIJ to vpZ8, whereas vpZ9 to vpIJ9 were spontaneous isolates 

(Rothman and Stevens 1986; Rothman et al. 1989). 

Several other screens for vacuole defective mutants concentrated on the storage 

or sequestering activities of the vacuole. Mutants with small amino acid pools were 

selected on the basis of sensitivity to high concentrations of lysine and screened for 

small lysine pools by amino acid analysis. The slpl mutant was identified (Kitamoto et 

al. 1988). Calcium sensitive mutants were also isolated and found to have vacuole 

associated defects. 

In an attempt to study endocytosis in yeast, a collection of Ts mutants isolated 

after EMS mutagenesis to 50% survival was screened for defects in the accumulation of 

lucifer yellow in the vacuole). The endl and end2 mutants were identified (Chvatchko 

et al. 1986), but these were subsequently found to have their primary defect in vacuole 

biogenesis, rather than in endocytosis (Dulie and Riezman 1989). 

Screens for mutants with altered vacuolar pH yielded a set of mutants that 

overlapped with the pep and vps mutants. These were termed the vph mutants (Preston 

et al. 1989). Genes encoding subunits of the vacuolar ATPase have also been 

identified, mutations in which lead to a soluble vacuolar protein sorting defect. The 

subject of vacuole acidification and its relation to sorting has been recently reviewed in 

(Klionsky et al. 1990). 

It has transpired that two mutants originally identified as being sporulation 

defective, also have a vps defect. This is not surprising, given the inability of pep4 

mutants that lack PrA to sporulate. These sporulation defective mutants were spoT7 and 

spol5 (Woolford et al. 1990; Yeh et al. 1991), and references therein. 

The genetic overlaps between these different sets of mutants are given in Table 

1. The vpt and vpl sets of mutants were combined and renamed as the vps mutants; 
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they were assigned new numbers where necessary to avoid overlaps. The new vps 

gene designation is also shown in Table 1. 

iv. Phenotypic studies of the vps and related mutants 

Initial phenotypic analysis of the vps mutants from this lab indicated that the 

mutants could be divided into several categories, given their morphological appearance. 

The most severely defective of the mutants (vpsll, vpsl6, vpsl8 and vps33) were 

termed class C and lacked the large, central vacuole that in wild-type cells can be 

stained with diagnostic, fluorescent markers. Upon examination by electron 

microscopy, these mutant cells were seen to accumulate various forms of membranous 

debris, including probable lipid droplets. 

Three other complementation groups (vpsl, vps5 and vpsl7) showed 

fragmented vacuoles; this phenotype was termed Class B morphology. The remaining 

complementation groups appeared to contain normal, wild-type vacuoles (Class A) in 

spite of the fact that some of the more defective mutants secrete up to 95% of the 

soluble vacuolar hydrolase, CPY. 

The mutants could be further subdivided on the basis of growth characteristics 

and on the severity of their vacuolar protein sorting defect. These studies showed that 

all the Class C mutants were Ts for growth, even though they were already severely 

defective in vacuolar protein sorting when grown at low temperatures. Two of the 

complementation groups that had wild-type vacuolar appearance were also Ts for 

growth (vpsl5 and vps34). These mutants showed multiple vacuole-associated defects 

and were >95% defective in the vacuolar targeting and processing of soluble 

hydrolases. 

The remaining non Ts mutants of wild-type vacuolar appearance could be 

divided into profoundly defective (e.g., vps35) and weakly defective (e.g., vps28) 
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categories, given the extent of their sorting defect for the soluble vacuolar protein, 

CPY. 

All the above-mentioned properties of the vps mutants are described and 

documented in greater detail in Chapters Two and Three of this thesis. Recently, many 

of the vps mutants have been sequenced and studied in some detail. One such analysis 

of a Class C complementation group, vps18, is the subject of Chapter Four. A brief 

discription of recent investigations on vps genes and their products, and a discussion of 

the possible modes of action for some of these gene products is presented in Section III 

iii B of this Chapter. 

III: Protein sorting in the secretion pathway 

i. Outline 

At every organelle along the secretion pathway, certain proteins must be retained 

to carry out their functions in that organelle. Other proteins destined for retention in 

later stages of the pathway or for eventual secretion must pass through the organelle 

efficiently, lingering only long enough to receive the appropriate modifications. When 

one considers the complexity of the pathway and the variety of its traffic, described in 

the preceeding sections of this review, it becomes apparent that this is a complicated 

problem. In addition to this retention versus flow-through decision taken at every point 

along the secretion pathway, there is a branch point in the pathway. This is the place at 

which the secretion pathway diverges into two pathways, one for vacuolar protein 

delivery to the vacuole and the other for secretory protein delivery to the plasma 

membrane and beyond. The sorting of proteins into these alternate pathways probably 

takes place in the last or "trans" compartment of the Golgi apparatus or immediately 

after exit from this compartment. As several pieces of evidence suggest that the plasma 

membrane-directed branch is the default pathway, it is probable that the sorting of 
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vacuolar proteins is an active event. The research described in this thesis has been 

directed toward furthering our knowledge of the vacuole delivery section of the 

secretion pathway, with the eventual aim of discovering how proteins are sorted into 

this pathway away from the plasma membrane-delivery pathway. 

ii. Retention versus nowthrough 

A) Endoplasmic reticulum. Numbers of secretory proteins pass rapidly 

through the ER on their way to destinations such as the cell surface. However, another 

set of proteins, translocated into the ER in the same manner, does not continue through 

the later stages of the secretory pathway. Several observations on yeast and mammalian 

systems have lent support to the hypothesis that the passage of soluble proteins through 

the secretory pathway is passive and is probably achieved by bulk flow (see Rothman 

1987 for a brief review). If this is indeed the case, there must be some active method by 

which the cell retains specific proteins in the lumen of the ER. Work with mammalian 

cells has revealed that certain abundant ER localized proteins such as GRP78 (which is 

a member of the HSP70 heat shock protein family and is also known as BiP) have a 

short, conserved sequence at their C-terminus (Munro and Pelham 1987). It has been 

postulated that this C-terminal KDEL sequence is the retention signal and that proteins 

with this signal are recycled into the ER from a later compartment such as the cis-Golgi 

rather than held in place in the ER (pelham 1988). 

To determine whether this was also the case in yeast, and to establish a genetic 

system for the study of ER retention, the C-terminal sequence of the yeast homologue 

of GRP78 was studied. This protein has the C-terminal sequence HDEL instead of 

KDEL (Rose et al. 1989). Experiments with complicated gene fusions from 

heterologous systems, with yeast invertase as the reporter activity, suggested that the 

lIDEL (rather than KDEL) sequence plus some more amino acids (from mammalian 

GRP78) functioned in the ER retention of this manmade protein in yeast (Pelham et al. 
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1988). The fusion protein was used to select for mutants that released invertase activity 

into the growth medium, instead of retaining it in the ER, allowing the cells to grow on 

sucrose as their sole carbon source (Pelham et al. 1988). Two complementation 

groups, erdl and erd2 (for ER retention defective) were identified. 

The ERD 1 gene encodes a nonessential integral membrane protein of 362 amino 

acids that appears to enter the secretory pathway (Hardwick et al. 1990). The erdl 

mutant cells show a serious disruption of the ER retention system. In addition, they 

show defects in the Golgi-dependent modification of glycoproteins. The precise 

function of Erd 1 is unknown, but it has been suggested to facilitate the interaction of 

the HDEL sequence and its receptor in the cis-Golgi. 

The ERD2 gene is also required for ER retention of HDEL-containing proteins. It 

encodes a 26 kDa integral membrane protein. Deletion of the ERD2 gene results in 

lethality, and ER-like membranes accumulate in ERD2-depleted cells. The vacuolar 

hydrolase CPY is accumulated in the p2 (Golgi-associated) form in the mutant cells, 

suggesting an additional function in Golgi transport for the Erd2 protein (Semenza et al. 

1990). The expression level of ERD2 in the cell determines the capacity of the HDEL 

retention system, and therefore Erd2 has been proposed to be the receptor for HDEL. 

Experiments with the homologue of ERD2 from Kluyveromyces lactis support this 

hypothesis (Lewis et al. 1990). 

The glycosylation patterns of two different secretory proteins of yeast tagged with 

HDEL were examined. These were the tagged invertase described above and a 

construct that encodes prepro a-factor attached to a C-terminal HDEL sequence; neither 

is secreted from the cell. Both the proteins are partially modified by Golgi-specific 

mannosyltransferases. The a-factor construct receives al-6 mannose linkages in a 

SEC18-dependent manner and receives no detectable al-3 additions, suggesting that it 

penetrates no further than an early compartment of the Golgi. Cell fractionation 

indicated that the Golgi-modified form of a-factor was in the ER fraction, suggesting 
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that it had been recycled to the ER from the comparttnent in which it received the al-6 

modification (Dean and Pelham 1990). A flaw of this experiment is that both the 

proteins tagged with HDEL were originally secreted proteins, and might have had some 

characteristic encouraging their forward movement through the secretory pathway. 

Antisera raised against a short peptide containing the HDEL sequence, recognise 

only a few protein species in yeast (Hardwick et al. 1990). This indicates that additional 

ER proteins probably have other ways of staying in the ER. For example, it has been 

suggested that many ER membrane proteins remain in the ER by aggregating to form 

large complexes that cannot exit from this organelle (Pelham 1989). 

B) Golgi: The problem of retaining proteins in the Golgi is conceptually the 

same as that for ER resident proteins. Aspects of the problem have been discussed in 

(Pfeffer and Rothman 1987); the authors favor the model in which Golgi-retained 

proteins are aggregated into moderate-sized patches in the membrane bilayer. These 

aggregates or immobile phases would be too large to become incorporated into exiting 

secretory vesicles. As there are several Golgi compartments, each compartment would 

need its own immobile phase specifically able to accept resident proteins of that 

particular compartment. Clearly, this is a problem of great complexity, and our 

knowledge on this topic is not very advanced at present. 

In mammalian cells, clathrin has been implicated in the concentration and sorting 

of various receptors in Golgi and post-Golgi membranes, including the plasma 

membrane. It appears to be involved in the processes of mannose-6-phosphate 

receptor-mediated transport of lysosomal enzymes and in the formation of hormone

containing secretory granules. In addition, clathrin appears to increase the efficiency of 

receptor-mediated endocytosis. It is probably not involved in the export of membrane 

and constitutively secreted proteins (reviewed in Brodsky 1988). 

In contrast, the role of clathrin in yeast, as determined by the examination of 

strains in which the clathrin heavy chain homologue had been deleted (Payne et al. 
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1987), appears to be somewhat different. The main function attributed to c1athrin in 

yeast has been that of keeping the late Golgi protein Kex2 resident at its correct 

location. In chc1 (c1athrin heavy chain-deleted) cells, the Kex2 protein is inefficient at 

perfonning its normal function of a-factor processing. This is not surprising, as Kex2p 

is found at the plasma membrane in chc1 mutant cells, whereas it remains intracellular 

in wild-type cells (Payne and Schekman 1989). In chcl cells, secretion of Invertase 

occurs normally, indicating that the constitutive secretion pathway of yeast does not 

require c1athrin (payne and Schekman 1985). Protein transport to the vacuole in c1athrin 

heavy chain deficient yeast also appears normal, as assessed by pulse-chase 

examination ofthe soluble vacuolar hydrolases CPY and PrA (Payne et al. 1988). 

On the basis of this information, several models have been proposed for the 

action of c1athrin in yeast cells (payne and Schekman 1989). The feature common to all 

of these models is that c1athrin functions in some manner to retain the membrane

associated Kex2 endoprotease in the organelle where it is active, probably the last, or 

trans, cisterna of the Golgi apparatus (Cunningham and Wickner 1989; Graham and 

Emr 1991). 

The retention of other resident Golgi proteins of yeast has not yet been 

investigated in any depth. At present the gene fusion approach is being applied to study 

the retention of the MNNl gene product, al-3 mannosyltransferase, in the Golgi 

apparatus and to select mutants defective in the Golgi retention of this protein (T. 

Graham, personal communication). As discussed above, this protein appears to reside 

in a Golgi compartment distinct from that occupied by the Kex2 protein (Cunningham 

and Wickner 1989; Graham and Emr 1991). 

iii. Vacuolar protein sorting 

A) Sorting signals of vacuolar proteins. In mammalian cells the process 

of protein sorting to the lysosome seems relatively orderly and logical. The main step of 
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the sorting process is the generation of phosphomannosyl residues on soluble proteins 

destined for the lysosome. This is achieved by a phosphorylating enzyme that must 

recognise a protein determinant shared by lysosomal enzymes. Thus far, the exact 

nature of this protein domain is not known (Lang et al. 1984; Valls et aL 1990). A 

further modification provides the proteins destined for the lysosome with the 

characteristic mannose-6-phosphate marker (Pfeffer and Rothman 1987). The marked 

proteins are efficiently separated from secreted proteins by high-affinity binding to the 

mannose-6-phosphate receptors and exit the Golgi via clathrin coated vesicles from 

which they are delivered to the lysosome (Dahms et al. 1989). Membrane-bound 

lysosomal proteins appear to be sorted by a different mechanism, as none of those 

examined possess mannose-6-phosphate additions (von Figura and Hasilik 1986). 

In contrast, the sorting of proteins to the vacuole of yeast does not rely on tagging 

with mannose-6-phosphate. Cpy that has been deprived of its carbohydrate still arrives 

in the vacuole, suggesting that no carbohydrate modifications of any kind playa part in 

yeast vacuolar protein sorting (Schwaiger et al. 1982). 

It has not yet been possible to identify any distinctive protein sequence or 

structure, common to the known vacuolar proteins, that might act as a sorting and 

targeting signal specific for the vacuole. This is in spite of the fact that this problem has 

been intensively studied, reviewed in (Klionsky et al. 1990). For example, recent 

mutational studies of the PRe] gene that encodes CPY have demonstrated that four 

contiguous amino acids of the propeptide define the vacuolar targeting signal for this 

particular protein (Valls et al. 1990). From the lack of an identifiably conserved sorting 

signal, it is tempting to imagine that each vacuolar protein may have its own sorting 

receptor. If it were the case, one might have expected at least one of the vps mutants to 

be defective in the sorting of CPY, but not of other vacuolar hydrolases. However, 

there is no clear-cut example of this phenotype; instead, many of the vps mutants have 

their most severe defect in the localization of CPY and are slightly less defective, but 
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not wild-type, in their PrA localization phenotype. This difference appears most marked 

in the vps35 mutant (Paravicini, submitted). 

The idea that vacuolar membrane proteins are sorted in a manner that is different 

from the sorting of soluble vacuolar components, or that they transit to the vacuole in 

separate transport vesicles or structures is regarded as a possibility. This is based on the 

following observations. 1) Most vps mutants possess a vacuolelike compartment 

enclosed by a membrane (Banta et a1. 1988), in which DPAP B can be seen by 

immunofluorescence (C. Roberts, personal communication), while they mislocalize 

soluble vacuolar proteins such as CPY to the cell surface. 2) ALP is apparently not 

mislocalized to as great an extent as CPY in most of the vps mutants. 3) Modifications 

in the acidification state of vacuolar and possibly prevacuolar compartments, either by 

mutation of particular genes or by incubation with certain chemicals, result in the 

missorting of soluble vacuolar hydrolases but not of the membrane-bound ALP and 

DPAP B, reviewed in (Klionsky et a1. 1990). 4) Overproduction of the soluble 

vacuolar protein CPY results in its secretion, possibly because of the saturation of some 

component of the sorting apparatus (Stevens et a1. 1986). In contrast, 20 fold 

overproduction of the membrane protein, DPAP B, does not result in surface activity of 

this enzyme (Roberts et a1. 1989). At this level of expression, however, DP AP B does 

process a-factor in a stel3 mutant, suggesting that the DPAP B is mislocalized into the 

trans Golgi or a later compartment of the secretory pathway and substitutes there for the 

DPAP A activity that is absent in the ste13 mutant 

This last point may indicate a difference in the default pathways for soluble versus 

membrane protein transport (Roberts and Stevens 1990), rather than a difference in the 

vacuolar protein-targeting pathways. But as little is known about the recycling of 

membrane and membrane proteins from the plasma membrane of yeast into the interior 

of the cell, it seems premature to speculate on this point. For example, by analogy to 

the apparent recycling of HDEL signal-containing ER proteins from the Golgi, Goigi 
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resident proteins could well have a signal that allows them to be salvaged from the 

plasma membrane. As DP AP B is closely related to the DP AP A protein (DP AP A is 

probably a resident of the trans Golgi (Bussey 1988», DPAP B may be recognized by 

this Golgi protein-specific salvage mechanism if the mislocalized vacuolar membrane 

protein were to reach the cell surface (in a vps mutant or after being overproduced). 

This may account for the different behavior of the two vacuolar membrane proteins 

ALP and DPAP B in the vps mutants (Klionsky and Emr 1989; Roberts et aI. 1989), in 

that no known relative of the ALP protein nOImally resides in the Golgi apparatus. 

B) Components (Vps proteins) necessary for transport and sorting 

of vacuolar proteins. In an effort to begin to understand the mechanism of vacuolar 

protein sorting, most of the more phenotypically interesting vps mutants that were 

isolated in our screen (Chapter Two) have been cloned and sequenced. These are as 

follows. Class C, VPSll (=PEP5=ENDl) (Dulic and Riezman 1989; Woolford et al. 

1990); VPS16 (Horazdovsky and Emr, unpublished); VPS18 (=PEP3)(Robinson, 

Chapter Four; Preston and Jones, unpublished); VPS33 (=SLP 1) (Banta et al. 1990; 

Wada et al. 1990). Class B, VPS1 (=SP015) (Rothman et al. 1990; Yeh et al. 1991); 

VPS5 (Horazdovsky and Emr, unpublished); VPS17 (Koorer and Emr, unpublished). 

Class A and Ts, VPS15 (Hennan et aI. 1991); VPS34 (Hennan and Emr 1990). Class 

A, VPS3 (Raymond et al. 1990); VPS35 (Paravicini and Emr, submitted for 

publication). It is interesting to note that in no case does disruption of these genes lead 

to cell inviability under optimal growth conditions. However, in several cases a Ts 

growth defect has been observed, this may indicate that the vacuole is essential to the 

cell only under suboptimal growth conditions. This subject is discussed in Chapter 

Four. 

On the basis of the phenotypes observed for the vps mutants, the various VPS 

gene products are expected to act in the secretion pathway, the vacuolar targeting 

pathway and the branch point of these routes .. A brief description of the known 
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properties of some of the VPS genes and gene products is given below. On the basis of 

these data, a speculative model for the mode and place of action of each of these gene 

products is given in Figure 2. This model should be regarded as a provocation for 

discussion and future experiments, rather than as a cautious and sober interpretation of 

the data available at present. 

The vps8 and vps9 mutants were seen to accumulate and secrete some pI CPY 

(Chapter Two; Robinson, unpublished observations). pI CPY is normally converted to 

p2 CPY in a cis or medial Golgi compartment (see Figure 1), so this mutant phenotype 

suggests an early site of action for the VPS8 and VPS9 gene products. On the basis of 

this information, Vps8 and Vps9 are proposed to have a general sorting and retention 

function as indicated in the model shown in Figure 2. They could function in 

retention/sorting at all compartments of the Golgi, either directly or indirectly, maybe 

by altering the local environment in the Golgi; alternatively, they may promote secretion 

to the cell surface from an earlier compartment of the Golgi than is normal. These 

potentially interesting genes have not been studied further. 

The vps16 mutants display pleiotropic phenotypes that include greatly reduced or 

absent vacuoles (Banta et al. 1988) and a defect in the processing of a-factor 

(Robinson and Graham, unpublished observations). The VPS16 gene encodes a 

hydrophillic, nonglycosylated protein of 92 kDa. Fractionation studies indicate that the 

VPS16 protein is associated with a non-membranous proteinaceous or cytoskeletal 

complex in the cell cytoplasm (Horazdovsky, personal communication). Thus, it 

appears that Vps16 may function at the trans Golgi compartment where vacuolar protein 

sorting takes place. Because of its association with a large nonmembranous component 

of the cell, the Vps16 protein has been given the role of an anchor or address for the 

trans Golgi compartment in the model presented in Figure 2. Without Vps16 one might 

speculate that the trans Golgi compartment would not form correctly, and protein 

sorting that was supposed to take place in this compartment would not happen. 
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The vpsJ8 and vps33 mutants display pleiotropic phenotypes identical to those 

ofvpsJ6, described above. The predicted protein encoded by the VPSJ81PEP3 gene is 

918 amino acids in size and hydrophillic in nature. It has a COOH-tenninal domain 

with a cysteine-rich repeat that has been shown by site-directed mutagenesis to be 

functional in vacuolar protein sorting. The loss of the Vps18 function not only affects 

vacuolar protein targeting and biogenesis but also leads to a partial defect in a-factor 

processing by Kex2. This suggests that Vps18 is required to maintain the functional 

organization or integrity of a trans Golgi compartment containing the Kex2 protease 

(Chapter Four). The VPS331SLP J gene encodes a protein of 75 kDa that behaves as a 

cytosolic protein in cell fractionation studies (Banta et al. 1990; Wada et al. 1990). The 

sequence of Vps33 shows a region of similarity with A TP-binding proteins (Banta et 

al. 1990). However, site-directed mutagenesis of an amino acid in this motif does not 

lead to a vps defect (Banta, personal communication). Based on these observations, the 

Vps18 and Vps33 proteins are shown next to the trans Golgi in the model in Figure 2 to 

indicate that they may function in maintaining the integrity or the organization of this 

organelle. Maybe in the absence of these gene products, the trans Golgi becomes 

disorganised such that transport vesicles bud from the wrong places and at the wrong 

times leading to all the pleiotripic phenotypes displayed by these mutants. 

vps35 mutants have a vacuole of wild-type appearance. They secrete all of their 

CPY, but only 50% of another soluble vacuolar hydrolase, PrA. TheVPS35 gene 

codes for a protein 110 kDa in size, most of which associates with a particulate cell 

fraction that, similar to the complex that Vps16 associates with, is not composed of 

membranes (Paravicini et al., submitted for publication). Thus it is possible that the 

Vps35 protein is a signal or receptor for efficient sorting of particular soluble 

hydrolases away from the cell surface and towards the vacuolar protein packaging 

apparatus (Figure 2). In the absence of VPS35 function the filling and transport of 

vacuole directed vesicles would occur nonna1ly, but these vesicles would lack certain 
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soluble vacuolar proteins that were not removed from the bulk flow pathway, and were 

thus transported efficiently to the cell surface. 

The vpsJ5 and vps34 mutants display interesting common phenotypes unique 

to these two complementation groups. They are severely defective in the localization of 

many soluble vacuolar hydrolases to the vacuole and display genetically linked Ts and 

as growth defects (Robinson et al. 1988). In spite of these severe defects, the vacuole 

of these mutants has a normal, wild-type appearance (Banta et al. 1988). VPSJ5 

encodes a nonglycosylated 170 kDa protein with homology to protein kinases; 

mutations within the Vps15 kinase domain result in the secretion of vacuolar 

hydrolases. Fractionation studies indicate that the Vps15 protein is associated with the 

cytoplasmic face of a membranous compartment, either Golgi or vesicles, possibly by 

NH2-terminal myristate. It has been proposed that protein phosphorylation involving 

Vps15p may playa role in vacuolar protein sorting (Herman et al. 1991). A protein of 

95 kDa is encoded by the VPS34 gene, and like vpsl6, it is associated with a 

particulate fraction of yeast cells (Herman and Emr 1990). The Vps34p may interact 

with Vps15p as determined by both genetic and biochemical studies (Stack, personal 

communication). It is possible that this Vps15Nps34 protein complex is a central 

component that carries out the function of packaging or filling vacuolar transport 

vesicles with soluble proteins (Figure 2). 

Several of the vpsJ alleles have a very interesting morphological phenotype in 

that they contain many small fragmented vacuole like structures and do not display a 

large central vacuole upon entry into stationary phase, in contrast to wild-type cells 

(Banta et aI. 1988). The VPSIISPOJ5 gene encodes a GTP-binding protein of 85 kDa 

with sequence similarity to Mx proteins of mammals (Rothman et al. 1990) and to 

dynamin (Yeh et al. 1991). Antisera against Vpslp label punctate cytoplasmic 

structures that condense to larger structures in the Golgi-accumulating sec7 mutant 

(Rothman et aI. 1990). It is possible that the cytoplasmic structures with which Vpsl is 
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associated are cytoskeletal in nature (Yeh et al. 1991). On the basis of these 

observations, it is proposed that Vpsl is responsible for the correct movement of 

vacuolar transport vesicles along a cytoskeletal "track" to the vacuole (Figure 2). 

Because Vpsl is an abundant protein compared to most of the other Vps proteins 

described here, a structural function for Vps 1 in anchoring transport vesicles to a 

cytoskeletal track seems to be an attractive hypothesis. 

Two other complementation groups had alleles with vacuolar morphologies the 

same as vps] mutants. These were vps5 and vpsl7. On the basis of this vacuole 

morphology, the model presented in Figure 2 suggests that these two proteins have a 

role in the coalesence of the vacuole; i.e., not only are they necessary for the coalesence 

of the small vacuole fragments to form a large central vacuole, but also for the fusion of 

transport vesicles with the vacuolar compartment(s). Unpublished observations on the 

Vps5 and Vps17 proteins indicate that they are both of relatively high abundance in the 

cell (Horazdovsky and Kohrer, personal communication). Again, they could have some 

structural role, perhaps in seeding of anchoring the nascent vacuole and thus inducing 

the formation of a single central vacuole. 

vps3 mutants appear to have a defect in vacuole acidification and mislocalize 

>90% of their newly synthesised CPY. They may also have a defect in the panioning 

of vacuoles into the newly growing bud. The Vps3p is a cytoplasmic protein of 110 

kDa (Raymond et al. 1990). In addition, perturbations of the function of vacuolar 

ATPase and proteolipid appear also to cause vacuolar protein sorting defects. These 

proteins are probably localized at the vacuole surface. It is unclear why the acidification 

state of the vacuole would affect the sorting step that takes place at an earlier stage in the 

pathway. It is possible that vacuole directed vesicles cannot fuse efficiently with an 

incorrectly acidified vacuolar compartment and are thus shunted to the cell surface. 

Alternatively, the proteins responsible for the correct acidification of the vacuole may 

also involved in the maintenance of correct pH throughout the secretory pathway or, at 
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least, in the trans Golgi compartment. If the trans Golgi pH were perturbed, it is 

possible that sufficient disorganization would result to account for the incorrect sorting 

of some vacuolar proteins and their delivery to the cell surface. 

The vpsll mutants showed the same vacuole negative phenotype as the vpsJ6, 

vpsJ8 and vps33 mutants discussed above. The VPSll/PEP5/ENDJ gene encodes a 

hydrophillic protein of 107-118 kDa. The predicted protein sequence shows a short 

region of similarity to the A TP-binding sites shared by A TPases (Dulic and Riezman 

1989). The COOH-terminal region of the protein sequence shows a cysteine-rich 

repeat (Chapter Four). This protein was detected in extracts from logarithmically 

growing cells, but not from stationary phase cells. Cell fractionation studies indicate 

that it may be peripherally attached to the vacuolar membrane (Woolford et al. 1990). 

Therefore, the Vps 11 protein is proposed to function at the vacuole to promote 

recycling of important sorting components to the trans Golgi compartment (Figure 2). 

With the depletion of these components a serious disruption in the organization and 

sorting capabilities of the sorting compartment may occur. As it is not yet known if 

recycling of proteins from the vacuole to the Golgi apparatus takes place in yeast this 

model is speculative, but it is the most straightforward way of reconciling the vacuole 

localization of the Vpsllp with the Golgi defective phenotype observed in the vpsJJ 

mutants. 
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FIGURE 1 Biosynthesis of soluble vacuolar hydrolases 

Biosynthesis of the soluble vacuolar hydrolases CPY, PrA and PrB during transit 

through the secretory pathway and delivery to the vacuole. The proteins are represented 

by arrows, the parts remaining after the final processing step are black, the signal 

sequences are white and the other portions removed by proteolytic cleavage are shown 

in grey. N-linked oligosaccharide additions are represented by: core = black dot on 

stick, elongated chain = hatched line attached to this. O-linked oligosaccharides are 

represented by: core = open circle, outer chain = slanted line attached to this. The 

progressive proteolytic cleavages are indicated by trimming in the appropriate places. 

The data were taken from the following sources, CPY (Deshaies et al. 1989; Hasilik 

and Tanner 1978; Hemmings et al. 1981; Johnson et al. 1987; Stevens et al. 1982); 

PrA (Deshaies et al. 1989; Hasilik and Tanner 1978; Hemmings et al. 1981; Johnson et 

al. 1987; Stevens et al. 1982); and Prb (Klionsky et al. 1990; Kominami et al. 1981; 

Mechler et al. 1988; Mechler et al. 1982; Moehle et al. 1987a; Moehle et al. 1989; 

Moehle et al. 1987b). 
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TABLE 1 Genetic overlaps among the vacuole defective mutants 

Genetic overlaps among the vacuole defective mutants of yeast (Klionsky et aI. 1990; 

Robinson et aI. 1988; Rothman et aI. 1989). 
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FIGURE 2 Speculative model for vacuolar protein sorting 

A very speculative model for vacuolar protein sorting in the secretion pathway of yeast 

based on the currently available data. The figure is labeled with letters within grey 

circles to represent the following proposed fuctions that might be carried out by the Vps 

proteins as indicated on the figure. (A) General retention and sorting function in the 

Golgi apparatus, not necessary for the integrity of the organelle, just for the 

sorting/retention step. (B) A specific label on the structural element that anchors the 

trans Golgi compartment, without it the transport vesicles arriving from the medial 

Golgi do not have an address to accumulate in, leading to a profound disruption in trans 

Golgi function and default secretion of many proteins. (C) Additional elements that 

direct the functional integrity of the trans Golgi compartment by sorting, retaining and 

organizing membrane associated and soluble proteins at this organelle. (D) Signal or 

receptor for efficient sorting of particular soluble vacuolar hydrolases, especially CPY, 

away from the cell surface directed bulk flow and towards the packaging apparatus. 

(E) Protein complex involved in packaging soluble vacuolar hydrolases that have 

already been "labeled" and sorted from the secretory bulk flow. May function by 

phosphorylating the "label" or some element of the transport vesicle, to promote 

packaging or departure of this vesicle to its vacuolar destination. With this function 

impaired, empty vesicles go to the vacuole. (F) Correct tracking of vacuolar transport 

vesicles along a cytoskeletal element towards the vacuole. (G) Coalescence of vesicles 

to form vacuole. (H) Maintanance of correct vacuolar environment. (I) Maintains 

integrity of vacuole and pre-vacuolar compartments; maybe by promoting the recycling 

of sorting components to the Golgi; without this function a profound breakdown in 

Golgi organization/sorting may occur as a secondary result of a defect in sorting back 

from the vacuole. 
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Chapter 2 

Protein sorting in Saccharomyces cerevisiae: Isolation of mutants 

defective in the delivery and processing of multiple vacuolar hydrolases. 
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Using a selection for spontaneous mutants that mislocalize a vacuolar carboxypeptidase Y (CPY)-inverlase 
fusion protein to the cell surface, we identified vacuolar protein targeting (vpt) mutants in 2S new vpt 
complementation groups. Additional alleles in each of the eight previously identified vpt complementation 
groups (vptl through vpt8) were also obtained. Representative alleles from each of the 33 vpt complementation 
groups (vptl through vptJ3) were shown to exhibit defects in the sorting and processing of several native 
vacuolar proteins, including the soluble hydrolases CPY, proteinase A, and proteinase B. Of the 33 
complementation groups, 19 were found to contain mutant alleles that led to extreme defects. In these mutants, 
CPY accumulated in its Golgi complex-modified precursor form which was secreted by the mutant cells. 
Normal protein secretion appeared to be unaffected in the vpt mutants. The lack of significant leakage of 
cytosolic markers from the vpt mutant cells indicated that the vacuolar protein-sorting defects associated with 
these mutants do not result from cell lysis. In addition, the observation that the precursor rather than the 
mature forms ofCPY, proteinase A, proteinase B were secreted from the vpt mutants was consistent with the 
fact that mislocalization occurred at a stage after Golgi complex-specific modification, but before final vacuolar 
sorting of these enzymes. Vacuolar membrane protein sorting appeared to be unaffected in the majority of the 
vpl mutants. However, a subset of the vpl mutants (vplll, vptl6, vptlS, and vpt33) was found to exhibit defects 
in the sorting of a vacuolar membrane marker enzyme, a-mannosidase. Up to 50% of the a-mannosidase 
enzyme activity was found to be mislocalized to the cell surface in these vpt mutants. Seven of the vpl 
complementation groups (vptJ, vplll, vpl/S, vptl6, vptlS, vpt29. and vptJ3) contained alleles that led to a 
conditional lethal phenotype; the mutants were temperature sensitive for vegetative cell growth. This 
temperature-sensitive phenotype has been shown to be recessive and to cosegregate with the vacuolar 
protein-sorting defect in each case. Tetrad analysis showed that vptJ mapped to the right arm of chromosome 
XV and that vptlS mapped to the right arm of chromosome II. Intercrosses with other mutants that exhibited 
defects in vacuolar protein sorting or function (vpl, sec, pep, and end mutants) revealed several overlaps among 
these different sets of genes. Together. these data indicate that more than 50 gene products are in,·olved. 
directly or indirectly. in the process of vacuolar protein sorting. 

A basic and fundamental question in biology is that of how 
a cell is constructed spatially from the information encoded 
by its genes and from maternally inherited cues and struc
tures . This spatially segregated cellular organization is crit
ical for normal cell functioning . To unders tand the process , 
it is important to know not only how the cytoskeletal 
elements fit together and define the overall shape and struc
ture of the cell but also how proteins, structural and other
wise. find their way to appropriate locations within the cell. 
An analysis of the assembly and maintenance of each 
organelle ind iv idually could provide a vie w of the mecha
nism underlying the cellular construction process . 

Protein sorting to ma mmalian Iysosomes represents one of 
the best-characterized protein delivery pathways (I9, 37). 
Much is known about the route that is followed by lysosomal 
enzymes. and a few components of the sorting machinery 
have been char.tcterized at the biochemical and molecular 
levels . However. this is a complex process and we still lack 
a detailed understanding of the molecular mechanisms un
derlying thi s sorting pathway . We chose to work on protein 
sorting to the yeast equivalent of the mammalian lysosome, 
the vacuok . The yeast S(l(,( -!"'ft}I11.1'ce.'· cel'('l'i.l'illl' is the 

organism of choice because we wished to take a genetic 
approach to solving the vacuolar protein targeting problem . 
The vacuole is an acidic compartment that is involved in 
amino acid and inorganic ion storage. as well as various 
degradative and nutrient recycling function s. especially un
der starvation conditions (20, 43). It contains a variety of 
hydrolytic enzymes, including the soluble glycoproteins 
carboxypeptidase Y (CPY), proteinase A (PrA), and protein
ase B (PrB), and several membrane-bound enzymes, includ
ing an (l-mannosidase, a proton-translocating ATPase, di 
peptidylaminopeptidase B, and several permeases (43, 44) . 

Vacuolar proteins transit along with proteins destined fo r 
secretion through the early stages of the secretory pathway 
(3S) . The tmnsport of the luminal enzymes CPY and PrA has 
been studied in the greatest detail (l8. 18a . 35a) . Each of 
these enzymes is synthesized initially as an inac tive pre
proenzyme that is translocated into the lumen of the endo
plasmic reticulum, where the transient N· terminal signal 
peptide is removed and the proteins a re modified with an 
N-linked core oligosaccharide (12) . These intermediate pre 
cursor forms a rc referred to as plCPY and piPrA. The pI 
forms are then delivered to the Gol!;i compkx. where further 
glycosyl modifications convert them to brgcr p2 forms. At 
this stage, it is presumed that protc ins on their way to the 
vacuole arc sortcd from other secretory prote ins destined ror 
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secretion or assembly into the plasma membrane (9, 11 , 38). 
Vesicular carriers are presumed to mediate Golgi complex
vacuole transfer of these enzymes. At present there is no 
evidence concerning the existence of an intermediate com
partment between the Golgi complex and the vacuole in S. 
cere!';";,,e analogous to the endosomal compartment de
tected in mammalian cells. Just prior to , or more likely upon , 
arrival in the vacuole, the p2 forms of CPY and PrA are 
proteolytically cleaved to their mature forms (22, 23). This 
proteolytic maturation is dependent on the presence of 
active vacuolar PrA, and involves the removal ofN-terminal 
prosegments from each protein (13). Similarly, other vacuo
lar enzymes such as PrB also appear to be made and 
transported in their precursor forms and to undergo Pr A
dependent proteolytic maturation in the vacuole (21, 22; C. 
Moehle. C . K. Dickxon, and E. Jones, I. Cell BioI., in 
press). 

The observations that mutations in the CPY vacuole 
sorting signal or high gene dosage-induced overproduction of 
CPY and PrA lead to missorting and secretion of these 
proteins indicate that a failure to sort vacuolar proteins 
results in their delivery to the cell surface (15, 39, 41) . This 
rationale was used by Rothman and Stevens (35) to identify 
mutants that were defective in vacuolar protein sorting by 
isolating yeast strains that secreted CPY. Through this 
approach, they identified mutants that were assigned to eight 
complementation groups (referred to as vpl, for vacuolar 
protein localization-defective mutants). Independently, we 
used a gene fusion-based selection scheme to isolate mutants 
defective in vacuolar protein targeting (vp/) (2) . By this 
approach, mutants defective in the vacuolar sorting of a 
CPY-invertase (Inv) hybrid protein (CPY-Inv433) (15) were 
selected. Eight vpl complementation groups were identified 
and shown to missort and secrete the CPY-Inv hybrid 
protein as well as the wild-type CPY protein (2). The 
advantages of the Inv fusion approach include the following. 
(i) The identification of mutants is not dependent on their 
secretion of active CPY; (ii) the gene fusion approach , in 
theory. could be applied to any vacuolar protein whether its 
biochemical activity was known or not; and (iii) the absence 
or presence of external Inv activity can be easily assayed, 
and powerful genetic selection procedures have been devel
oped that demand the presence of external Inv activity. 

In this study we greatly extended the gene fusion approach 
to isolate and biochemically characterize some 500 new vpl 
mutants. Here we describe the genetic and biochemical 
analysis of these vacuolar protein-targeting mutants. Our 
results indicate that many different gene functions partici
pate in the events associated with normal vacuolar protein 
sorting. This process is likely to involve several distinct 
steps. including the selective recognition of vacuolar pro
teins. their packaging into transport vesicles, delivery of 
these vesicles to the correct target organelle. recognition and 
fusion with the target, release of the vacuolar proteins, and 
recycling of transport components for additional rounds of 
protein sorting. 

MATERIALS AND METHODS 

Yeast strains. S. cerevisiae SEY6210 (MA7o. 11'112·3 .112 
Ilra3 -52 his3-a200 Irpl-11901 lys2-801 .\'IIc2-119 GAL) and 
SEY6"11 (MATa 11'112-3.112 IIra3-52 hi.d-a200 Irpl-11901 
ade2- IOI .<II{'2-119 GAL) were constructed by standard ge
netic methods (36). Both strains contained a complete dele
tion (.Il1c2 - ~9) of the chromosomal copy of SUC2 and 
contained no other unlinked Inv structural genes (7). 
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SEY6210 and SEY6211 were transformed 10 uracil indepen
dence with either of two CPY -Inv fusion-encoding plasmids, 
pCYI-50 and pCYI-433 (15). vpl mutant alleles vpll-I 
through vpl8-1 (2) in the SEY2101 (MATa ura3-52IeIl2-3 .112 
slIc2-119 ade2-101) (7) strain background were used for 
complementation tests with new vpl mutants isolated in 
strain SEY6210 (this study). They were also crossed with 
strain SEY6210 to give MATa lys2-801 vpll-I through vpl8-1 
strains for crossing with new vpl mutants isolated from 
SEY6211. 

Media and genetic methods. YPD medium, minimal yeast 
medium , sporulation medium, and bromocresol purple indi
cator plates were prepared as described previously (36). The 
bromocresol purple plates contained 2% sucrose as the sole 
carbon source and were spread with 0.2 mg of antimycin A 
in 95% ethanol just before use (2) . The minimal medium of 
Wickerham (42), which was modified as described previ
ously (15), was used for cell growth before and during 
labeling with Na35SO. (ICN Radiochemicals). Standard ge
netic methods (36) were used throughout this study. Replica 
plating to test phenotypes of segregants was done with a 
48-pronged replicator by using dilution in sterile 96-well 
microtiter dishes (24). Rapid complementation analysis was 
carried out by using the pronged replicator to transfer arrays 
of 48 new vpl mutants to microtiter dishes containing vpl 
tester strains of the opposite mating type suspended in liquid 
YPD medium. Mating and diploid growth were allowed to 
occur in the wells for 2 days at 26°C. Replicas were then 
made onto minimal medium, which was supplemented to 
select for diploid strains. The resulting patches of diploid 
strains were transferred without dilution to YP fructose and 
assayed for external Inv activity by using a rapid filter 
replica assay method (15, 18) to score complementation. 

Enzyme assays. The procedures and unit definitions used 
for assays of invertase and a-glucosidase (15) . CPY (39), PrA 
0), a-mannosidase (28), and glyceraldehyde-3-phosphate 
dehydrogenase (Worthington Enzyme Manual ; Worthington 
Diagnostic, Freehold, N .J.) (3) have been described previ
ously. 

Labeling, fractionation, and immunoprecipitation. Sphero
plasts were prepared and labeled by a modification of a 
previously described method (32). Cells were grown to the 
mid-log phase in the minimal medium of Wickerham (42) that 
was supplemented with 0.2% yeast extract. Four unit s of 
cells at an optical density at 600 nm were then centrifuged 
and suspended in 0.1 M Tris sulfate (pH 9.4)-10 mM 
dithiothreitol and incubated at 30°C for 5 min, centrifuged 
again, and suspended in the minimal medium of Wickerham 
(42) that was adjusted to pH 7.4 and that contained 1.3 M 
sorbitol. Lyticase was added to a final activity of 30 U per 
optical density unit at 600 nm, and the cultures were incu
bated at 30°C for 20 min to remove the cell wall. Sphero
plasts were pelleted. suspended in the minimal medium of 
Wickerham (42) containing 1.3 M sorbitol. and labeled with 
Tran"S label (0.2 mCi/ml) for 20 min at 30°C. Chase was 
initiated by the addition of methionine (final concentration. 
50 fLglml). The labeled culture was separated into sphero
plast (intrace llular) and medium (extracellularl fractions. To 
examine proteins in the medium fraction. cells were grown 
and labeled as described previously (15). The whole cells 
were then separated from the medium fraction by centrifu
gation, precipitated with 5% trichloroacetic acid, suspended 
in loading buffer. and run on sodium dodecylsulfate-10% 
polyacrylamide gels. Antise ra to PrA. CPY . and Inv were 
prepared as described previously (18a). 

Materials. Lyticase was obtained from Enzogenetics, 
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Tran35S label was from ICN Radiochemicals and all other 
chemicals were from Sigma Chemical Co. (SI. Louis, Mo.). 
Antiserum to PrB was a gift from C. Moehle and E. Jones. 

RESULTS 

Isolation or 25 new vpl complementation groups. Previ
ously, we observed that short amino-terminal domains of the 
CPY sequence, when fused to mature enzymatically active 
Inv , can quantitatively divert delivery of this normally 
secreted enzyme to the yeast vacuole (15). Yeast cells 
require external Inv activity to grow on sucrose as a sole 
fermentable carbon source, so we could exploit the sorting 
behavior of the CPY-Inv hybrid protein to select mutants 
that missort and secrete the fusion protein. Yeast strains 
deleted for all endogenous genes encoding invertase (6.suc) 
but containing a low-copy-number (CENIV, ARSf) plasmid 
encoding an appropriate CPY-Inv hybrid protein as their 
only source of Inv activity could not grow on sucrose, 
because all the Inv activity was sequestered in the vacuole 
(Fig. 1) . Suc + derivatives of such cells can be isolated simply 
by selecting for growth on sucrose-containing medium. 
Based on earlier results, many of these mutants were ex
pected to mislocalize the native vacuolar enzyme CPY as 
well, because targeting of the fusion proteins to the vacuole 
is dependent on the presence of the CPY vacuolar sorting 
signal at the amino-terminal end of the CPY-Inv hybrid 
proteins (15). In the present study, we decided to select such 
mutants using two different CPY-Inv hybrid proteins: CPY
Inv50 (encoded by plasmid pCYI-50) and CPY-lnv433 (en
coded by plasmid pCYI-433) (Fig. 1). These gene fusions 
were composed of the coding sequence for the N-terminal 50 
and 433 amino acids of proCPY, respectively, which were 
fused in-frame to a truncated form of the SUC2 gene carried 
on the Escherichia coli-S. cereV/SIlIe shuttle vector 
pSEYC306 (15). This modified SUC2 gcne lacked it s 5'
regulatory sequences and the coding sequence for its amino
terminal signal peptide (15) (Fig. 1). 

Suc" mutant strains were isolated from the 6.suc2 strains 
SEY6210 and SEY6211 harboring either pCYI-50 or pCYI-
433. To select Suc + mutants, single colonies of the four 
parenta l strains were plated onto Y P medium with sucrose as 
the sole carbon source, antimycin A as an inhibitor of 
respiration. and bromocresol purple as a pH indicator; 
bromocresol purple turns yellow when sucrose is being 
fermented. Only one spontaneous mutant derived from each 
parental colony was picked, to ensure that each mutation 
event was independent. A total of 505 Suc' mutants were 
obtained and characterized: 241 MATa Suc' I'pl mutants 
(isolated from SEY6211) and 264 MATa Suc· "pI mutants 
(isola ted from SEY621O). We confirmed that these I'pl mu
tants secreted the CPY -Inv hybrid protein by carrying out a 
rapid filler assay for external Inv activity. This assay in
volved patching the mutants onto YI' plates containing 
fructose. incubating the plates at 26°C for 24 to 36 h, and 
then making replicas onto What man no. I filler papers 
(Whatman. Inc., Clifton; N .J.) that were presoaked in an Inv 
assay solution (15, 18). External Inv reacted with the assay 
mixture to produce a red spot at the position of the appro
priat<! cell patch. The presence of internal Inv activity was 
confirmed by exposing the cell patches to chloroform vapor, 
which Iys<!s the yeast cells. prior to transfer onto the assay 
filter . Thi s simple method permitted us to get an initial 
indication of the extent of the mislocalization defect for each 
new Ipl mutan\. All of the I'pl mutants were found to express 
external In\' activity by this assay. In the parental control 
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FIG. I. Selection scheme for vpl mutants. (A) PRC/-SUC2 gene 
fusions encoding CPY-Inv hybrid proteins. At the top is a schematic 
representation of the gene encoding CPY (pRC/). The signal se
quence is indicated by a solid black box , the prosegment is indicated 
by hatched lines, and the mature sequences are indicated by dolS 
(15). The positions of the oligosaccharide addition sites are indicated 
by tadpole-shaped forms . The two fusions of PRC / sequences to 
S UC2 used to select I'pl mutants are shown below. The 50-ami no
acid fusion received extensive glycosyl modification. whereas the 
433-amino-acid fusion did not become hyperglycosylated. (13) The 
gene encoding PrA (PEP4) and a representation of the PEP4-SUC2 
gene fusion tested for its localization in the 1'1'/ mutants (Table 1). 
(C) A simple diagram showing the vacuolar protein delivery route 
followed by the CPY-Inv hybrid protein (C-I) . The 'pI mutants were 
selected for their mislocalization of some or all of this CPY -Inv 
hybrid protein to the cell surface. For some of the "pl mutants, 
secretion of the mislocalized CPY -Inv was shown 10 be dependent 
on SEC/ gene function. indicating that delivery 10 the surface is 
mediated by secretory vesicles (2). ER, Endoplasmic reticulum; aa. 
amino acid; PM . plasma membrane. 

strains, all of the Inv activity was internal, as determined by 
the assay. 

The Inv filter assay was also used to determine whether 
the "pI mutations were dominant or recessive in diploid 
strains derived by backcrossing each of the 1'1'/ mutants to 
the appropriate parental strain (SEY6210 or SEY6211). 
Recessive vpl mutants were then intercrossed_ diploid 
strains were isolated, and the filter assay was used to assign 
the MA Ta 1'/,1 x MA To. I'pl strains to complementation 
groups (Fig. 2) . Complementing pairs of recessive "pI mu
tants exhibited no external Inv activity (white patch on Inv 
filler assays) , whereas noncomplcmenting pairs of "pI mu
tants !:avc ri sc to red patches on the fillers corresponding to 
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FIG. 2. Com plementation analysis of "pI mutants. Secreted In v 
activity of intact cells. Diplo id s were constructed by crossing \'f}r 

MATa /n] with "pI MATa adel mutant s and se lecting Ade+ Lys· 
diploid strains on minima l med ium . These diploid strains we re 
patched in a n array onto Y P medium containing fructose and 
scree ned by the ln v filter assay. Noncomplementation was see n as 
a rcd spot. indicating sec retion of the CPY-Inv hybrid protein, while 
compkmenta tion was obse rved as no reaction (wh ite). 

the secret io n o f In v activity. In ge neral, th e assay gave 
unambiguous results, as s hown in Fig. 2. Of th e 505 new , 'p i 
mutants. 17 were found to conta in mutation s that led to a 
dominant Sue' pheno ty pe. Of s ix of these dominant mutants 
tested. on ly o ne was found to harbor a mutation linked to th e 
fus ion plasm id. The other muta nt s apparen tl y cont a ined 
dominant chromosoma l mutations. These have no t yet been 
charactcriLcd furth e r . The remaining 488 muta nt s contained 
recessive mutations. Of these, 184 (84 MA Ta a nd 100 MATa) 
cou ld be 'bs ig ned to th e previously ident ified "pI comple
mentation groups (1'1'1' through ,,/,(8) (2). The remaining 
MA 1'a 'pI mutant s we re systema ti ca ll y crossed with new 
MA To. 'pI mutants until they could be assigned to new 
complementa tion groups (arbitrarily defined as containing 
o ne AlA Ta a nd one MA To. allele). Twenty-fivc new ''/'' 
compleme ntat ion groups were ide ntified ("1'19 th rough ,,/,(33) 
Crable II. Mutant ,dl eles in each of the 33 complementation 
groups iden tifi ed were obtained with both the pCYI-50 and 
the pCY I-·B3 fu s ion plasm ids. A total of 21 recessive MA 'fa 
"pI mutants a nd 3() recessive MA Ta "pI mutants were 
cro"cd \\ ith a t least o ne allele from each of th e 33 "1'1 
complemcntatio n groups and, in addit ion, were c rossed with 
a ll thc rcma ining unass ig ned "1'1 mutant s of th e opposite 
mating t\·pc. All 21 unassigned MATa mutant s comple
mentcd c;lCh of the remaining '36 unassigned MA To. "pI 
mutants . We did no t co nstruc t MATa a nd MA 7" a lldes of 
each of these 57 unass igned "/" mutants a nd continu e th e 
co mpicme ntation analysis furth er. 

BCGtu ... C' the \ ·1'1 mut an ts wcre "elected as spontancou" 
events. \\e expec ted that they would correspond to s ingle
site mutati\)f1s. T o obta in funher "'pport o f thi s. many of th e 
'pI mUl<lnts ("/>13, "/>14, ,,/,,7, '1'19. ,,/,,1/ . "/" /4. ''1>1/5. 
' '1'1/6. ',/,1/8. "/1129. and "/>(33) were crossed w ith r ;\I'c nt:t! 
\ ' / 'T ... trai lh and "uhjec tcd to tetrad ana ly" i". For each 
nHII"nt tL·stL·d. the ''1>1 defect and all the other Ill;!rkers 
.... corL'd J(l rhL' cro ............ cgrcg;tkd with the expected :!:~ Men-
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del ian inhe ritance patte rn of s imple s ingle- locus mutations. 
This confirmed tha t these "pI mutant s represent s ing le-si te 
c hanges a nd furth er indicated that the genetic defec ts asso
c iated with these mutants do not re sult in a ny gross mati ng 
or chromosomal abnormalities. In the course of these a na l
yses, we noticed th a t two of the VI" mutant s appeared to be 
linked to auxotrophic markers that were he terozygous in the 
crosses. The segregation data for 1'1'13 and ade2 (17 pare nt a l 
ditype: l tetratype:O nonparent,.1 ditype) indicated th a t "1'13 
was linked to ade2. The approximate ma p distance (calcu
la ted as described prev ious ly [36]) betwee n ade2 and "1'13 
was - 2.8 eentimorga ns. Thi s loca te s the VPTJ loc us o n the 
ri ght a rm of chromosome XV, where ADE2 has been 
mapped (25). Another of the VI'I mutants , VI" /5. appeared to 
be linked to /ys2 (17 parental ditype:5 te tratype :O nonpa
rent a l ditype), in this case less tig htly (- 11.4 centimorga ns). 
The L YS2 gene has been ma pped to th e right arm of 
chromosome II (25). 

Mislocalization of vacuolar enzymes in the vpl mutants. At 
least o ne mutant from each of the 33 VI" compleme nt a tion 
groups was subjected to a se ries of e nzy me assays to 
quantitate th e extent of the mis localization defec t and to test 
w het he r mislocalization of the C ry -Inv fu sion prote in was 
due to ce ll lysi s. 

The ex tent of mi sloca li za tion of the Cry -Inv hybrid 
pro te in was de termined for several a lleles of each comple
me ntatio n group by assaying exte rnal Inv (in whole ce ll s) as 
well as total Inv (in lysed cells) a nd th e n calculating the 
perce ntage of Inv activ it y that was secreted (1 5). The result s 
obtained for a representative .. pI muta nt a ll e le from each 
complementation group are presented in Table 1. In most 
cases ot he r a ll e les from the same complementation group 
sec re ted th e CPY-Inv hybrid prote in to a s imilar ex te nt. Two 
to fi ve a lleles from each "pI compleme nt a ti o n g roup were 
assayed. The alleles for which assay data arc show n in Table 
I we re used in a ll su bseque nt a na lyses. 

The most obvious unre late d defect th a t might lead to the 
apparent secretion of vacuolar proteins is cell lysis. For thi s 
reason , assays of a cy toplasmic marker e nzy me. g lycera l
de h Yde-3- phos pha te d e hydroge nase. were ca rri ed out to 
de te rmine whether any of the I'l'l muta nt s e:<. hibit ed signifi 
cant leve ls of external glyce raldehyde-3-phospha tc dehydro
genase ac tivity. In no case was there evidence o f s ignifi cant 
leakage of thi s cy toplasmic marker enzyme into an ex trace l
lular fraction. Furthermore. th e leve l of ce ll -assoc iated gly
ce rald e h Yde-3- phosphate de hydroge nase ac ti vi ty detected 
a ft e r detergent lys is of "pI muta nt cells wa, s imilar to that 
de tec ted in the pare ntal s tra ins (SEY6210 a nd SEY(2 11 ) 
Crable 1) . In addition. the mutants were tested for th e 
presence of external o.-g lucos idase. a nother cy topl asm ic 
e nzyme . Again. no ev idence for lys is was f,lUnd (data not 
shown ). As di sc ussed below, the ''I'' mutants secreted 
precursor form s of the vacuo lar protein s rather than the 
mature form s. as wo uld have been expected if cell lys is were 
respo nsible for th e observed secret ion . 

As a n initial crud e t(:st to determine whether th e new ''I'I 
muta nt s also secrete C I'Y . we assayed C PY cnzyme activity 
in eac h mutant. Since C PY is normall y pr\)(esscd frolll the 
inactive: p2 zymogen to th e mature. active form in "i idc the 
vac uol e . it is ex pec te d that if C I'Y is m,ss"rted into the 
media. it will not become activated or \\ ill be act ivated 
p(lorly OX. 3')). Thu s. the more ext reme th e 'PI mi s loca li /a 
ti(ll1 ddec!. th" lower th e ce ll -aS\ociateJ C I'Y activity is 
expec ted (0 he re lati ve.! to the ac ti v it ies of t hL' r~\rc nl ;t l .... t r~tin .... 
S I, Y(,210a nd SEY(,2 11 . C I'Y activity level, ranged froIll2 ',/, 
o f parel1tal 'IC ti vi t y ill "/115 up t(l X2''/' ill ',/,1_' .1 tT"ble 1) . ('I'Y 
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TABLE 1. "PI complementation groups and enzyme assay data" 

Complcmcnt31iun Tolal no . No. of % CPY-Inv ~ of parent % PrA -lnv % External % External 
groups of alleles Is alleles secreted CPYactivity secreted GJPDH a-mannosidasc 

l'/)(/ 46 85 10 45 5 <5 
"pI] 29 25 65 NO NO NO 
"pr3 11 80 10 75 <5 <5 
"1)/4 15 75 5 65 <5 <5 
l 'IJl5 9 100 <5 65 <5 5 
l'(J16 6 70 5 45 <5 <5 
vl'17 32 90 30 55 < 5 10 

"1'18 33 65 25 65 <5 <5 
1'1'/9 20 65 35 55 <5 <5 
1'1' /10 29 50 30 35 <5 20 
"pIlI 8 90 10 60 <5 25 
"1'112 3 65 70 55 <5 <5 
VI'I 13 26 100 25 110 <5 10 

"1'114 8 50 45 35 <5 15 
1'1'/ 15 14 8 80 25 65 5 20 
1'1'/16 5 2 75 10 60 < 5 30 
I'pl ll 40 80 20 65 <5 <5 
1'1'/18 8 100 30 90 <5 30 
1'1'/ 19 16 80 20 100 <5 <5 
1'1' /20 5 35 75 30 5 5 
1'1'/2 / 2 85 45 105 <5 5 
I'pln 4 35 50 25 <5 <5 
"p12J 4 25 80 30 <5 <5 
1'1'/24 8 40 50 50 <5 10 
1'1'/25 4 35 50 30 5 <5 
1'1'/26 4 95 15 70 <5 15 
l'pl2l 9 40 40 40 <5 20 
1'1'/28 7 35 65 40 <5 5 
1'1'/29 8 70 15 90 <5 10 
"1'130 4 60 40 70 <5 5 
l'plJI 2 15 65 30 <5 5 
l 'IJlJ] 5 35 55 35 <5 5 
I'P IJ] 7 90 10 85 <5 20 
VPT- 5 100 5 <5 <5 

"The lIn mutants were assigned to 33 complementation groups on thl.: ha"i ... of ,>tandard compicmentation analysis. Also shown is the numhc r of 
Icmrcraturc- .. cn~ilivc Vpl mutant:-. in each of the seven complementation group' that had Ts alleles. Inv 'Issays were performed on sc\'eral alleles of c.leh 
complementation group. Whole ccll~ were a..,saycd for external Inv activity. and I y~ed cclb were a" .... aycd for total Inv activity. The percentage of cxtcrnallnv 
activity WLt' calcu lated for CitCh mutant allcle. A strongly defectivc allele (high ex tracellular percentage of Illv) was choscn for further anal~ 'I~. Levels of olher 
enzyme aCII\ iti~ .... '\ccreted by. or a~~ociated with. thc~e representativc ,dlelcs arc presented. Ahbreviations: G3PDI-t, glyceraldehyde-3-pho .... ph3Ic dehydrogenase; 
ND. not determined. 

activities were inversely proportional to the level of the 
CPY-In'· hybrid protein secreted from most of the vpl 
mutant s (Table 2). For example, some mutants such as l'pl5 
and l'p133 were very defective by both criteria, whereas 
others, including vpl2 and l'pI20, did not show major defects 
by either assay. This result indicates that the behavior of the 
CPY -1m· hybrid protein in the 1'1'1 mutants accurately re
flect s the clrect that these mutations have on Cry activity 
and, presumably, on its localization. 

The a,·ailability of PrA-lnv hybrid proteins that were 
efllcientl, targeted to the vacuole (Fig. 1) (18, Ilia) offered a 

simple way for us to test the effect of "pI mutations on the 
localization of another protein that is found in the vacuole in 
wild-type yeast. To this end, the representative VI'I alleles 
were cured of the plasm ids encoding CPY -lnv fusions and 
retransfonned with a vector (pP41-404) encoding a fusion 
protein, PrA-lnv404, consisting of the N-tcrminal 404 amino 
acids of PrA fused to mature active Inv. The hybrid protein 
expressed by pP4l-404 is delivered efllcientl, to the vacuole 
in s. ('Cf('I'isil/(' VPT strains (l8a). Inv assay> showed that in 
most of the 1'1" mulants significant amounts of PrA-Inv 
hybrid protein were secreted instead of being targeted to the 

TABLE 2. Grouping of I 'p l nlutanh h;l' .. ed on CPY and CPY-Inv locali/.ation" 

'if llr CI') ·Im 
;tctivlI~ ,c.:rctcd 

5,26,33 

I. 3, 4, 6, II. 16 

1'(1/ ctHnpIcmcntalion gl'llliP With Ihc rllIh)wing el'Y ;t( ti v itic ~ (0* of parcntl: 

1-'-3<1'X > 50% 

7, IJ, tX 

15 , 17, 19 , 29 21 

X, III 9,3<1, 14. 24 ' 12 

27 2, 2() . 2~ . ~3, 25, lX. 31. 32 

"(j'\IUrln~ ,If ,"/'I Illllianh h;"t:d 011 ,cvcrltv of('PY and CI'Y · lllv flhllHl riok'ill 111(,111/,1111111 dck(h rll c pcrL't:l1t:q . .:c ()fCPY cr17yllll' ,1\.;:\ Il~ \\'a .... hrokcn Inlo 
!til" I!:\l"! ... ,!, \\,1 ... thc pc'l..·cnt,lj.!.c 1If' ('I'Y - II1 \ h}hlld rrotelll .... cuclcd I hc ,~ '/11 \,,'tullpkmcnl,dHHl ).!I'OIlP IHllnhr..:r' :HC .... tHl\~1l III thl' .Ir:"""r lldt c 'r;u.:c, . ''1'( 
I1l1l1dl1" 11'-,1: ,h'l\~cd .... C\CIC nll,ln.::lll/aI1l1ll dl'lc(t,. IHO.:r..:'''il,!.! llef":':I,. 01 hnlh I\P~" IIllkkl.t till hoth { ' py and 1'1'\ . ,I ' ,1111\\11 b\ ~~I fr.u.:tlllll:tllllll and 
II1Hll!lIl\IJ~r~·~H .. ' I1.III\If1 ortilc'c prllTClll' jhg ll. ;111; )..!1\":1I1n hilldt.tn:: 
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FIG. 3. Immunoprecipitation of Cry and rrA in wild-type (SEY6210 and SEY6211) and vI'I mutant yeast strains. Spheroplasts were 
labeled (as described in the text) and chased for the indicated times (in minutes) . The spheroplast peliet made up the internal (I) fraction and 
the supernatant constituted the external (E) fraction in each case. Immunoprecipitations were carried out with Cry or rrA antisera. 
Densitometer tracings were used to calculate the approximate percentages of Cry and rrA in the internal and external fractio ns for each 
mutant shown. The VI'I mutants with simi lar phenotypes to those shown are listed. Distribution pallerns of Cry and rrA for Ipll. vpIJ . vpl4. 
1'1'16 . 1'1'17. and vplJO ranged between those shown for 1'1'15 and "1'117. The migration positions of precursor and mature forms of Cry (mCry) 
and PrA (mPrA) and their approximate molecular sizes (in kilodallons Ikd]) are indicated. For many of the mutants a protein form intermediate 
in size between p2CPY and mature CPY was immunoprecipitated by anti-CrY antisera. This band migrated at approximately the same 
position as plCPY on our gels. The pi and 1'2 forms of PrA cou ld not be resolved under the gel conditions used . 

vacuole (Table 1). The most defective Vpl mutants. as 
estimated by the reduction in CPY activity leve ls and 
secretion of the CPY -Inv hybrid proteins. were also the 
mutants that exh ibited the largest defect s in PrA-Inv sorting 
(Table 1). It is possible that both PrA and CPY usc a 
common delivery pathway. 

We were also interested in determining whether. in add i
tion to the so rting of soluble vacuolar hydrolases. sorting of 
vacuolar membrane proteins was alfected in any of the I'pl 

mutants . One vacuolar membrane enzyme that has been well 
characterized is a-mannosidase. Thi s enzyme is not depen
dent on PrA processing for its activation (17) . and thus 
would be expected to remain active even when it was 
mislocali zed (to the cell surface. for example). The vpl 
mutants were tested for the presence of cell surface a
mannosidase activity by assayi ng w hole. as well as deter
gent-lysed. ce ll s. In all of the Vp l mutants . total a-man no
sidase activity leve ls were comparable to that of the wild 
type (Vpn. The only I'pl mutants that showed significant 
level s of external cell-associated a-mannosidase activity 
were l 'pIIO. ,·plll. I'p1 15 . vP116. I'p118. \'pI27. and vpl33 
(Table II. It is interesting that these mutants. with the 
exception of ''PIIO and vp127. were severe ly defective by 
several other criteria. including CPY and PrA mislocaliza
tion (Fig . 3>. and the possession of additional phenotypes 
such as temperature sensitivity Crable I) and abnormal 
vacuolar morphology (L. M. Banta. J. S. Robinson. D. J. 
Klionsky. and S. D. Emr. J. Cell. BioI.. in press). All of the 
representative ''PI alleles shown in Table 1 were non-tem
peraturc-,e nsitive alleles. To further address the a-manno
sidase localization defect. we also assayed the potentially 
more seve re temperature-sensitive (Ts) alleles of each com
plementation group for which they were available (1'1'/// . 
1'1'//5. ''1'116. 1'1'//8. and 1'1'/33). Int l:resting ly. Wl: observl:d 
as much a, 40 to 50% of the (X-mannosidasc activity at the 
ce ll '>urf,tee in some Ts alklcs of 1'/1111. "/1116. 1'1'118. and 
1'1'1.13. e\ en when the cells were grown at the permissive 
growth t~mperaturc (25°C). No evidence for cell lys is of thc 
'1\ ,dick, \\ a\ obtained. 

We suspected that some of the vpl mutants might secrete 
an altered spectrum of proteins compared with that of 
wild-type S. cerevis;ae for two reasons. First. since secre
tory a nd vacuolar proteins transit toget her th rough portions 
of the secretory pathway (38). some gene products affecting 
the delivery of molecules to the vacuole might a lso affect the 
transport of other molecules destined for secretion. Thus , if 
the I'l'l mutations affected the secret ion pathway . some 
extracellular proteins might be missing or reduced in the 
medium isola ted from certain of the I'pl mutant strains. 
Second . and conversely. additional protein species may 
accumu late in the growth medium. since the I'pl mutants 
were se lected for their ability to secrete vacuolar contents. 
To address these questions. we examined the secretion of 
radioactively labe led proteins by some I'pl mutants into the 
growth medium. Cells were labeled with ~'SO. for 20 min 
and then chased for 20 min in the presence of excess 
unlabeled SO •. Media proteins were precipitated in tri
ch loroacet ic acid. resolved by sodium dodecyl sulfate-poly
acry lamide gel electrophores is. and examined by autoradi
ography (Fig. 4). No striking differences between the media 
fractions isolated from wild-type or I'pl mutant cells were 
observed. Comparable amounts of a similar set of proteins 
were obse rved in extracts from both wild-type and vpl 
mutant cell s. Two of the mutants (l 'pI7 and Ipl//) exhibited 
an ex tra protein band. in addition 10 the sct observed in VPT 
S. cNevis;tle (Fig . 4). We did not dctermine whether either 
of these new bands corresponded 10 a known vacuolar 
protein. Based on the ir apparent molecular \\eights. these 
proteins were not CPY or PrA. Because \\e anal yzed the 
medium from pulse-labeled cells. we abo inferred that the 
rate of normal rrotein secre tion was not gro"ly a ltered in 
thc I'pl Illutants. The lack of new proteins corresponding to 
CPY or I'rA in the mediulll was probahly due to the 
instability of these mislocalized proteins t2. -'~I. as we ll as to 
thl:ir relativdy low abu ndance comrared \\ ith that of the 
rrotcin:-. in the mediulll observed under thc"c experimenta l 
conditions. 

In addition. man y of the mutan" were tr:JIl,rllrml:d with 
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FIG. 4 . Proteins secreted from wild -type and I 'l'l mutant strains. 
Strains were labeled with " SO, for 20 min and chased for 20 min 
with (NH,),SO, (l mM). Cells were removed by centrifugation. The 
supernatant (medium) proteins were precipitated with trichloroace
tic ac id and run on a 10% polyac rylamide ge l. Size standards (in 
kilodaltons IkdJ) are as indicated . 

an Inv-encoding plasmid (pRB58) a nd tested for normal Inv 
sec retion (assay and calculations were as desc ribed pre
viously [27]) . The vpl mutants were found to secrete Inv at 
the same levels as wide-type S . cerevisiae. This provides 
furthe r evidence that the Vpl mutant s carry out secretion 
no rmally . 

vpl mutants exhibit defects in the sorting and processing of 
several vacuolar proteins. To assess directly the extent of the 
sorting defect in the various vpl mutant s, we labeled and 
fractionated I'pl mutant cells. Anti se ra directed aga ins t CPY, 
PrA. and PrB were used to detect the amount and form of 
these different vacuolar proteins in each cell fraction . Ini 
tially . ce ll s were labeled and fractio nated into medium . 
peri plasm. and spheroplast fraction s. with suhsequent im
munoprecipitation by anti-CPY and a nti - l'rA a nti sera. These 
data (not shown) allowed us to categorize the I'l'l muta nt s 
based on the severity of the ir CPY and PrA localization and 
processing defects . However, we noticed tha t during the 
fractionation. presumably because of the incubation time 
requ ired to remove the cell wall enzymatically, some frac
tion of these proteins was being degraded or modified. To 
avo id thi s. we converted the mutant cells to spheroplasts 
before they were labeled and fractiona ted . In this way we 
were able to look at mislocalization by isolating spheroplast 
(pellet) and medium fraction s by centrifugation. The medium 
fraction corresponded to all material sec reted from the cells. 
including those proteins that are normall y re tained in the 
periplasm. A further advantage of labeli ng spheroplast s is 
that because lysed spheroplasts do not incorporate the label. 
it reduces the background of labeled vacuolar proteins in the 
medium resulting from cell lys is during spheroplast prepara
tion. To confirm that the spheroplast-Iaheling technique did 
not a lter normal protein secretion or protein so rting to the 
vacuole. we initially analyzed the modification and process
ing of the secreted enzyme (Inv) and the vacuolar proteins 
(CPY and PrA) in spheroplasts pre pared from a wild -type 
strai n . Both protein secretion and vacuolar protein sorting 
a nd proce'>sing appeared to be normal (Fig. 3 and 5). Indeed . 
we obsen 'ed that the level of protein ex press ion and the 
kinetics of protein modification and delivery appeared to he 
normal b\· the spheroplast- label ing technique (X , 15. IX. 35b). 
This a rgues that secretory protein tranic occurs normall y in 
yeast spheroplast s. 

Wild-t\ pc and I'l'l mutant sphe roplasts were laheled with 
I "Slmcthlc>ni ne for 20 min and c hased with co ld methionine 

MO!. (,,,, I . Illol.. 

Chase: 

Fraction: 

Mature [ . ] 120-160kd 

E.R. c::- -- ] 78-84kd 

FIG. 5. Immunoprecipitation of lnv from labeled spheroplasts. 
VI'T S. ('('revisiae (SEY6211) containing the Inv-encoding plasmid 
pRB58 was dereprcssed by growth in 0.1 % glucose for 30 min, 
converted to spheroplasts, and labeled for 5 min with I"S lmethio
nine . Chase with cold methionine was for O. 3. or 7 min , as 
indica ted . Spheroplasts were separated into pell et (I) and superna
tant (E) fract ions by centrifugation and immunoprec ipitated with In v 
anti sera. The core glycosylated Inv found in the endoplasmic 
reticulum (E.R.) migrated as a set of bands that were converted to a 
heterogeneous mixture of highly glycosylated molec ules in the Golgi 
complex prior to sec retion from the cell. kd , Kilodaltons. 

for 30 min . Supernatant (external) and pellet (internal) frac
tions were immunoprecipitated with anti-CPY antisera. We 
observed two s ignificant effects of the Vpl muta nts on the 
biogenesi s of the vacuolar protein CPY (Fig. 3). First, 
processing was a ltered ; 14 of the mutant s exhibited no 
ma ture CPY at all (1'1'11, vP13. vpl4, vpl5. ,'pI6. I'p17. I'plll, 
1'1'115 , I'pl16, 1'1'1 17, I'pIIS, vpl29, vp130. IpI33 ). and an 
additional 5 vpl mutants processed less than 30'70 of C PY to 
the ma ture forms (l'plS, vpl9 , vP113 . I'p119. IpI26). Second. 
missorting and secretion of CPY were observed. Two of the 
I'p l mutants (l'p115 and I'p129) secreted mo re than 95% of 
C PY into the periplasmic and medium fraction. An addi 
tional 12 I'pl mutants (I'pll. "pI3, 1'1'14. Iprj . 1·/Jl6 . 1'1'17, 
I'/Jl II . 1'1'116. vl'rl7. l'pIIS. 1'1'130 , ,'/Jl33) were almost as 
defective; they secreted between 60 and 80'/( of C PY (Fig. 
3). The se 14 most defective mutant s exhibited a complete 
defect in maturation of the small amount of C PY that 
remained assoc iated with the spheroplast frac tion. as di s
cussed above, indicating that the accumu lated proC PY was 
not sorted to the vacuole or. possibly, tha t the vacuole of 
these mutants was so defective that it was not compe te nt for 
the process ing of proCPY. Many of the remaining I'l'l 
mutants exhibited less severe defect s in the sorting of the 
C PY protein . In these mutants. a substantial portio n o f C PY 
remained associated with the spheroplast and was processed 
to the mature active enzyme , indicating that some of the 
proC PY was sorted correctly to the vacuole (Fig. 3). 

To determine whether thi s protein-sorting defect is spe
c ifi c for C PY or extends to other vacuolar proteins. we 
examined sorting and processing of two additional vacuolar 
protein s. PrA and PrB. in the I'pl mutant s. Relat ive to C I'Y . 
lower leve ls of hath PrA and PrS were sec reted by the I'l'l 
mutants. However. we noted that the extent of the defect in 
maturation of these proteins paralleled that ohserved for 
C I'Y in each of the I'l'l mutants (Fig . 3 and 61. The ahsence 
of CI'Y in the vacuole cannot explain the acc ulllulatio n of 
prec ursor forms of PrA and PrB. as maturation of these 
proteases is not dependent on CPY fun ctio n. This suggests 
that the defec t in vacuolar sorting of I'rA and Prll may he 
si milar to that ohserved for C PY . hut tha t 'ccre ti o n of the 
mi sso rt ed PrA and PrU is hlocked . We rca'oned that the 
reduced Icvel of proPrA and proPrB in the med ia fra c tion 
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FIG. 6. Immunoprecipitation of PI'S in wild-type (SEY6210 and SEY6211) and I'pl mutant yeast strains. SpheroplaslS were laheled as 
described in the text and chased for the indicated times (in minutes). I, Internal (spheroplast pellet) fraction; E. external (supernatant) 
fraction. PrB antiserum was used for the immunoprccipitations. The migration positions of precursor (proPrB) and mature (mPrB) forms of 
PrS and their approximate molecular sizes (in kilodallons [kd]) are indicated. Note the extra band at 0 min; presumably. it was an intermediate 
in PrB maturation. 

might be due to a reduced rate in secretion of these missort
ed proteins. To address this possibility. we extended the 
length of the chase period from 30 to 90 min and otherwise 
performed the fractionation and immunoprecipitation proce
dures as described above. When this experiment was carried 
out on IPI5, "pI II, and "pI 15, no increases in the levels of 
proPrA or proPrB were observed in the medium after this 
extended chase period (data not shown) . In this experiment 
we also observed that no additional processing of the proPrA 
and proPrB occurred during the chase. 

An alternative explanation is that the lack of these pro
teins in the medium fraction might not be due to a block in 
secretion of the mislocalized zymogens, but rather to the 
specific or nonspecific association of these proteins with the 
spheroplast membrane surface . To test this possibility, we 
treated the labeled spheroplasts with 500 f.Lg of proteinase K 
per 011 f,)r 30 min at O°C to determine whether any of the 
cell-associated proPrA and proPrB was accessible to the 
exogenously added protease. Several I'pl mutants (l'pI5, 
I'p117. and l'pI26) were analyzed in this way, and in each 
case. PrA and PrB were unaffected by the addition of 
proteinase K. As expected. secreted CPY W<lS degraded 
under these conditions. Both PrA and PrB were, however. 
subject to degradation if the detergent Triton X-IOO 0%) was 
added prior to protease <lddition. Taken together. these 
experiments indicate that proPrA and proPrB <lccumulatc in 
some intracellular compartment. The present data do not 
rule out the vacuole as the site in which these proteins 
reside; however, the lack of processing of the accumulated 
proteins suggests that this may not be case. This lack of 
processing docs not eliminate the vacuole as the site of 
accumulation of PrA and PrB. because of the observation 
that in missense PrA mutants, CPY activity is normal but 
PrA acti,ity is decreased (23). 

Several "pl mUlants arc temperature sensitive for growth. It 
is not clear whether vacuolar protein sorting is essential for 
yeast cell growth. The 1'('1'4 mutants (45) arc defective in 
enzyme activities of many soluble vacuolar hydrolases. yet 
they gn"" normally at all temperatures. We selected our 
mutanh at 26°C to a llow us to score for potential tempera 
ture-conditi,,"al phenotypes. Thlls. after the mutants were 
selected fur their ahility to grow on sllcrose-containing 
medium .It 26°C. they were tested for their ahility to grow at 
37"C on YI'D Illcdilll11. Of the SOS I11l1tanh isolated. 23 
laprw\lnutciy Y/r) were Ts for growth at 37°C (i.e .. they did 
not form "':llionic:-. at 37°(,). Thl':-'c Ts Illllt<lnh helonged to six 
I '{J/ Ctl nlt1k'fllcllt:&tioll gr()lIp~ (\'/)(11, \'/,115. 1'/)//0, 1'/11/8. 

1'1'/29, and "1'133). In addition, one allele of Ip13 had a partial 
Ts phenotype (very small colonies at 37°C). Genetic crosses 
and tetrad analysis were used to confirm that in each case the 
Ts phenotype cosegregated with the I'l'l protein sorting 
defect. One Ts allele from each complementation group was 
crossed to the parent strain (SEY6210 or SEY6211). sporu
lated, and subjected to tetrad dissection. Ten or more tetrads 
were examined for each cross (an example of the cosegre
gating phenotypes is shown in Fig. 7). The remaining Ts 
alle les in a given complementation group were inferred to be 
linked to the appropriate "pI locus by complementation 
testing at 37°C. It is interesting that of the Ipl complemen
tation groups that contained Ts alleles (not including l'pI3), 
22 of 50 total alleles (i.e .. 44%) in these complementation 
groups were Ts. Thus. the Ts alle les are not scattered at 

FIG, 7. DCllloll'\traliol1 that the Ts growth phCrhJtypc and the l'fJl 

Illislocali/;(tinn phenotype cosegn.:galt: in four rl.'rr~'1('ntative tetrads 
from a (1"0 ....... of a Ts allck of \'{Jlln with strain SEY6~1(). The filter 
a'\say oflhc Iy..,cd .... cgrcganl ra1cill"s showed th;!1 (,' :1>:h :-.porc had Illv 
activit y . Below. the Inv filter i1",ay of intact 'q!rcgant patchc .... 
showed that the ahility to ,,('crete Inv activity tJ L~ " the CPY -Inv 
hyhrid rrotl.'in) "cgrq.!all.'d ::!:2, Similar t:o"l.'g.rl.'~il tl \)n of the T" and 
"I" lkkch W;t" 'CCIl for ''1'/3. "1,'11, '"I'rI5, 1"1'//"' , ~ 'I'll<; , and 1"1'133 , 
At k:t"t 10 tetrad" wcre :tllid Y/cd in l.':tch ca"L' , 
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random throughout the total set of vI'I complementation 
groups. In addition, the complementation groups which 
possess Ts alleles all tend to exhibit more severe defects by 
several criteria. These defects include missorting of vacuolar 
proteins , sensitivity to high osmotic pressure, and inability 
to assemble morphologically normal vacuoles (Banta et aI., 
in press). 

As described above, the Ts vI'I mutants exhibited a 
vacuolar protein-sorting defect at the permissive growth 
temperature. We examined the Ts alleles at the restrictive 
temperature to see whether the transport defect was exag
gerated further and thereby might explain their inviability at 
37°C. The mutants were preincubated for 60 min at 37°C and 
then labeled for 20 min with "S04 and chased for 20 min, 
both at 37°C. Immunoprecipitation with CPY antibody 
showed that there was no apparent difference in CPY 
processing or secretion at the restrictive temperature (data 
not shown), but it should be noted that all of these Ts vI'I 
mutants exhibited extreme defects in vacuolar protein sort
ing , even at the permissive temperature. Since the Ts "pI 
mutants secreted lnv at 37"C, secretion apparently is not 
blocked at this temperature (see below). Because the defect 
in CPY sorting and processing was nearly complete even at 
the permissive growth temperature, the absence of growth at 
the nonpermissive temperature may be explained by the 
appearance of a more complete sorting defect at the high 
temperature, which alters the sorting of additional vacuolar 
proteins and possibly also affects secreted proteins that are 
essential for growth. Alternately, it may be that the com
bined stress of growth at a high temperature together with a 
defect in vacuolar protein sorting may, in an additive fash
ion, prevent cell growth at 37"C. For example, it is possible 
that a loss of vacuole protein localization at a high temper
ature may result in a block in secretion or endocytosis, or 
both, since these defects have been shown to be lethal (27 , 
34). To address these questions, the Ts vI'I mutants were 
tested in several ways for possible secretory or endocytic 
defects. First, the Ts vI'I mutants were transformed with a 
plasmid (pRB58) carrying the entire wild-type structural 
gene and regulatory sequences of SUC2 and tested for Inv 
secretion at restrictive and permissive temperatures. For the 
experiment at the restrictive temperature, cells were shifted 
to 37°C for 60 or 120 min prior to the assay. Activities in 
whole and lysed cells were measured and compared to 
determine the percentage of Inv secreted (27). The mutants 
that were tested were not found to be significantly different 
from the parental strain SEY6210 harboring the same SUC2 
plasmid (data not shown). This implies that the Ts VI'I 
mutants do not exhibit an Inv secretion defect at 37"C. 
Second. the Ts VI'I mutants were tested for genetic overlap 
with the Ts secretion-defective mutants seci-Sl'c23 (27) and 
sec53 (101. The sec mutants are defective for the secretion of 
Inv at 3T C and are blocked for transport at various stages of 
the secretory pathway in S. cerev;s;{/(' (26). sec x VI'I diploid 
strains \\ere selected and tested for complementation of the 
temperature sensitivity at 37°C. In each case complementa
tion was ohserved, implying that there is no genetic overlap 
between these two sets of mutants . The Ts VI'I mutants were 
also cro,sed with the Ts endocytosis-defective mutant elldl 
('il. Dirloid strains were again tested for Ts growth defects. 
It was found that Iptll did not complement ell"', implying 
that the'c two mutants are allelic to one another. In addition, 
the LA'f)1 g<:ne (a gift from H. Riczman) was found to rescuc 
the T, defect of the l'lilll allele tested (I'. Herman, unpuh
lish'''l Gala!. This genetic overlar rai"" the possihility that 
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some of the VI'I mutants may have a defect in endocytosis, 
possibly at the restrictive temperature, as discussed above. 

Overlap between the vpt and vpl mutants. Independent of 
our vpl mutant screen, Rothman and Stevens (35) have also 
isolated mutants that are defective in vacuolar protein local
ization, VI'II through vplS. Recently, they extended this 
work and selected new vpl mutants and assigned them to 11 
new VI'I complementation groups (T. Stevens, personal 
communication). Intercrosses of the VI'I mutants with all the 
VI'I mutants allowed us to determine the overlap between 
these two sets of presumably related mutants. Each of the 
VI'I mutants (VI'II through 1'1'119) was crossed with our Suc 
parental strain, diploid strains were selected and sporulated, 
and Suc - VI'I segregants were identified. These c,.SIIC vpl 
mutants were then crossed to representative VI'I mutant 
alleles from each complementation group, which harbored 
the CPY -lnv433 hybrid protein-encoding plasmid. Misloca
lization of the hybrid protein from the diploid strains was 
scored by lnv filter assays. The results of these complemen
tation studies are shown in Table 3. We observed that 12 of 
the 33 VI'I mutants overlapped with VI'I complementation 
groups. This overlap was confined in most cases to VI'I 
complementation groups with the less severe vacuolar pro
tein localization defects (Table 1 and 3) . At present, we do 
not have an explanation for this observation. Differences in 
the selection schemes used or in the starting strains may 
have affected in part the final set of mutants obtained . J. H . 
Rothman and T. H. Stevens (unpublished data) have used 
another complementation assay technique and have inde
pendently confirmed each of these results. To avoid future 
confusion regarding these two classes of mutants, we have 
decided to use the general term VI'S for vacuolar protein 
sorting to describe both classes of mutants (Table 3). 

Some differences were seen between VI'I and ''PI mutants 
in terms of the levels of missorting of vacuolar proteins. For 
example, "1'15 and 1'1'15 were in the same complementation 
group (vps5). The 1'1'15 allele analyzed by Rothman and 
Stevens (35) showed a weaker protein sorting defect for CPY 
and PrA than did vpl5 (2) (Fig. 3). This result may indicate 
allele differences. However, since the two mutations were in 
unrelated genetic backgrounds, the discrepancy also could 
be due to strain background differences. 

Another class of pleiotropic mutants, the pep mutants, 
also has been shown to affect vacuolar protein processing 
(16, 17). Complementation analysis has shown that there is 
genetic overlap between subsets of the pep, 1'1'1, and VI'I 
mutants (T. Stevens and E. Jones, personal communica
tion). The overlap between the VI'I and pep mutants is as 
follows: 1'1'13 = 1'('1'21, 1'1'14 = pepS , 1'1'15 = peplO, vplll 
pep5, 1'1'113 = 1'<.'1'12, and 1'1'1/7 = p('p6. 

DISCUSSION 

In an efTort to identify additional mutants that exhibit 
novel defects in vacuolar protein sorting and to develop an 
appreciation for the number of gene functions that may 
contribute to this process, we exploited a CPY -Inv fusion
based selection scheme (21 to isolate more than 500 new 1'1' 1 

Illutants. The Illutants were assigned to 33 ditTerent comple
mentation groups, 7 of which contained Ts alleles. Even 
though this was an unexpectedly large numher of comple
mentation groups, our data suggest that many additional 
gene functions are likely to influence the \'acuolar protein 
delivery pathway. Several of the newly i,olated Ipl IllUl;lnls 
could not be assigned to any of these 33 cnmrkmcntation 
groups. In addition. genetic comparison of the 'pI mllt~tnt s 
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TABLE 3. Complementation analysis of vpl and vpl mutants 

I 'I}I "1'1 Common complementation 
muta nt mutant group name 

vpl26 vpll vpsl 
vpl2 vps2 

"pI17 vpl3 vps3 
"pIIO vpl4 vps4 
vpl5 vpl5 vps5 
"{,,/3 "pI6 vps6 

1'1'17 vps7 
l'pt8 vplS vpsS 
"pI9 vp.,9 
1'1'11 vI'S /0 
1'1'111 vpl9 vpsll 
1'1'112 vpsl2 
vpl2 vpsl3 
1'1'114 vI's 14 
vpt/5 vpsl5 
"1'116 vpsl6 
vpl3 vpsJ7 
1'1'118 vpsl8 
vpl19 vpsl9 
vpl20 1'1'110 vps20 
vpl21 vps21 
1'1'122 vpll4 vps22 
"pI23 vpll5 vps23 
vpl24 vps24 
1'1'125 1'1'112 l'ps25 
1'1'14 vps26 
1'1'127 vps27 
vpl28 1'1'113 vps28 
vpl6 vps29 
vpdO vps30 
1'1'131 vps31 
1'1'132 vps32 
vpl33 vp.d3 
1'1'129 vp.d4 
1'1'/7 vp.d5 

1'1'111 vp.d6 
1'1'116 vp.d7 
1'1'117 vp.dS 
1'1'118 vps39 
1'1'119 vps40 

" The "pt mutants were crossed with the "'pI mutants (that had been made 
a .wc2 by cn.lssing them with strain SEY6210) and tested for their ability to 
complement the CPY-Inv433 sorting defect. Extensive overlapping was seen. 
and it i~ prOfX)sed that to avoid confusion in the future. these strains should be 
re ferred to as IpS mutants (for v<lcuolar protein sorting) and the numbers 
should he a.;, listed here (see also J. H . Rothman and T. H. Stevens. 
manuscript in preparation). 

with similar mutants from other laboratories' (sec, pep, vpl, 
end 15 . 10. 16.27,35)), affecting secretory protein delivery or 
processing. indicated that although there was overlap among 
some of these different sets of mutants, more than 50 gene 
functions are implicated in the vacuolar protein sorting 
process. 

This large number of genes can be interpreted to indicate 
that vacuolar protein sorting is a very complex process 
involving a series of distinct and precisely controlled sorting 
events. These include translocation into the endoplasmic 
reticulum. sorting to and through the Golgi complex, sepa
ration from proteins destined for secretion or Golgi complex 
retention. and selective delivery to the vacuole, possibly via 
an intermediate endosomelike compartment. Because each 
of these stcps is likely to be catalyzed by proteins that arc 
reused through several rounds of protein transfer, any mu
tations th<tt atfect their level of expression, stability, activity , 
or ahilit\· to recycle hack to the appropriate compartment of 
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action may lead to sorting defects. Alternatively, the large 
number of mutants identified may suggest that many unre
lated physiological and cellular defects can interfere with 
vacuolar protein sorting by indirectly influencing the pro
cess . That the former argument (that the vpt mutations cause 
specific cha nges in the targeting machinery) may indeed be 
the case for the more defective vpl mutants is supported by 
the following observations. (i) All of the late-acting sec 
mutants, which exhibited major defects in protein secretion, 
did not alter the delivery or maturation of CPY (38). (ii) 
Yeast strains deleted for the gene encoding the clathrin 
heavy chain did not exhibit defects in vacuolar protein 
biogenesis, even though the growth rate and intracellular 
morphology of these mutants were dramatically different 
from those of wild-type cells (29, 30). (iii) Cell fractionation 
and enzyme assay data ruled out the release of vacuolar 
proteins as a consequence of yeast cell lysis. (iv) Though 
many of the vpt mutants exhibited major defects in the 
targeting and maturation of vacuolar proteins, protein secre
tion as well as many other cell functions, including cell 
division , mating, and respiratory growth, remained largely 
unaffected . Direct evidence concerning the specificity of the 
events affected by the vpt mutants depends on the identifi
cation of the various VPT gene products, their site of action 
in the cell, and their individual biochemical activities, 

Several observations led us to suspect that if vacuolar 
enzymes were not efficiently targeted to the vacuole, they 
would appear in the medium. Both CPY and PrA travel 
through the initial part of the secretory pathway (38, 
Klionsky et aI., in press), so it can be postulated that ifCPY 
or PrA fails to be diverted to the vacuole at the appropriate 
step, they might continue to be carried through the secretory 
pathway and end up at the cell surface. Indeed, much 
evidence has accumulated suggesting that many proteins are 
secreted by a default mechanism, while vacuolar and lyso
somal enzymes must be actively sorted away from these 
proteins (4, 31). In addition, gene dosage-induced overpro
duction of CPY or Pr A or mutational changes in the vacuolar 
sorting signals of these proteins lead to their missorting and 
secretion (15, 18a, 39, 41), suggesting that if the vacuolar 
targeting apparatus is overloaded or unable to recognize 
vacuolar proteins, the default reaction for these proteins is 
secretion . A similar overproduction-induced mislocalization 
phenotype has been observed for the vacuolar CPY-Inv and 
PrA-Inv hybrid proteins (2, 18a). Finally, an initial set of 
vacuolar protein mislocalization mutants which missort and 
secrete vacuolar enzymes has already been obtained by this 
scheme (2 , 35). 

The VI'I mutants were selected on the basis of their ability 
to missort and secrete a hybrid vacuolar protein, CPY-Inv. 
The sorting of the artificial hybrid protein CPY -Inv fairly 
accurately reflects the sorting of the native CPY protein. 
Several lines of evidence support this conclusion. CPY -Inv 
hybrid proteins, carrying the CPY sorting signal, are very 
efficiently localized to the vacuole, as is true for native CPY 
(15, 18a). Mutants selected as defective in the vacuolar 
sorting of CPY -Inv hybrid proteins (vpl) also exhibit similar 
defects in the sorting of wild-type CPY (2), Enzyme assay 
data from this and previous studies (2) demonstrate that the 
extent of mislocalization of both the CPY-Inv hybrid pro
teins and native CPY protein correlate closely in each of the 
I'pl mutants Crable 2). The vpl mutants genetically over
lappcd with the "1'1 mutants, which were selected by an 
independent scheme for defects in CPY sorting (35) (Table 
3). The gene fusion approach also offers the advantage that it 
can he generally applicd to the study of other gene products 
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independent of any knowledge of their biochemical activity 
(6.7. 14) . 

II is of interest that although the extents of the sorting 
defects seen in different vpl mutants may vary. each mutant 
individually appears to exhibit qualitatively similar defects in 
the sorting and processing of the three proteins that were 
analyzed: CPY, PrA, and PrB. Although the vpl mutants did 
not secrete the same level of proCPY, proPrA, or proPrB. 
they all appeared to exhibit similar proteolytic processing 
defects for each of these proteins (Fig. 3 and 6). The Vpl 
mutants caused significantly higher levels of proCPY to be 
mislocalized to the medium than the levels observed for 
either proPrA or proPrB . Most of the Vpl mutants secreted 
p2CPY forms, indicating that this protein passes correctly 
through the Golgi complex. Although some level of secretion 
of proPrA and proPrB was observed in many of the "pI 
mutant s, the bulk of each of these precursor proteins ap
peared to accumulate in an intracellular compartment dis
tinct from the vacuole. They remained associated with the 
spheroplast cell fraction and were not degraded when extra
cellular proteases were added to the labeled spheroplasts. 
The proteins accumulated in their precursor forms, even 
though in many Vpl mutants mature forms were also present. 
indicating that the vacuoles of these mutants were still 
competent for precursor maturation (Fig. 3 and 6). We do 
not know where in the cells the precursors accumulated or 
why they were not secreted like proCPY . The PrA-lnv 
hybrid protein was efficiently secreted by many of the vpl 
mutants (Table 1), suggesting that PrA itself is missorted ir. 
the mutants but cannot transit through later stages of the 
secretory pathway as efficiently as the PrA-lnv hybrid pro
tein can. (lnv is normally secreted by S. cerevis;ae and may 
facilitate transit of the PrA-lnv hybrid .) proPrA and proPrl3 
may associate specifically or nonspecifically with some 
component of an intracellular membrane. or they may be 
diverted into a compartment that does not communicate with 
the cell surface. The vacuolar protein-sorting signals in both 
proCPY and proPrA have been identified. but they appear to 
share no significant primary sequence similarities (15.18.41) 
and therefore may be recognized by different carrier sys
tems. 

An important unresolved question regarding protein sort
ing to mammalian Iysosomes or to the yeast vacuole is 
whether luminal proteins transit together with integral mem
brane proteins, and if so. does a common sorting apparatus 
participate in directing the delivery of these two distinct sets 
of proteins? In the case of I-cell disease. many lysosomal 
luminal enzymes are missorted; however, certain memhrane 
proteins continue to be faithfully sorted to the vacuole (33. 
37.401. When we assayed for the location of the vacuolar 
memt->rane marker enzyme a-mannosidase . we found that it 
was not mislocalized to the cell surface in most of the "pI 
mutants. Vacuoles isolated from two of these mutants (l'pI3 
and Ip14) retained normal levels of this enzyme activity (2). 
However. a small subset of the Vpl mutants did exhibit 
significant defects in the sorting of a-mannosidase activity. 
Alleles of I'plll. vpl16, vptlS. and vpl33 secreted up to 50% 
of their a-mannosidase activity to the cell surface. Interest
ingly. this same set of vpl mutants also exhibited other 
phenotypes that were consistent with the fact that these 
mutants have defects in both luminal and membrane vacuo· 
lar protein sorting. These phenotypes include the ahsence of 
a dctec table vacuole in the mutant cells . as determined by 
light or electron microscopy. and accumulation of novel 
mcmt->rane-cncloscd structures that may correspond to inter
mcdi"tcs in vacuole memhrane biogenesis (Banta ct al.. in 
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press). These results indicate that at least some vacuolar 
membrane proteins may share a common sorting step or 
compartment with soluble vacuolar proteins en route to the 
vacuole. 

A useful observation is that seven of the vpl complemen
tation groups had alleles exhibiting a Ts growth defect (on 
YPD medium at 37°C). In each case, this Ts growth defect 
was shown to be genetically linked to the I'pl phenotype. It 
is probably not coincidental that these mutants all exhibited 
interesting additional vacuole-related defects. These Ts vpl 
mutants could be divided into three groups on the basis of 
their additional phenotypes and characteristics. (i) vpl15 and 
vpl29 were the two complementation groups with the most 
severe localization defect for CPY and PrA (Fig. 3). In 
addition. they both exhibited abnormal morphologies, in
cluding the accumulation of vesicular and Golgi complex
related structures. and apparently enlarged vacuoles relative 
to wild-type S. cerevisiae (Banta et aI. , in press) . (ii) vpl II, 
vp116, vPI/8, and vpl33 also exhibited severe defects in the 
sorting of CPY and showed the accumulation of most of their 
PrA in the precursor form, indicating that it probably also 
did not reach the vacuole. These mutants exhibited the most 
striking structural defects of any of the vpl mutants, since 
they did not contain a morphologically identifiable vacuole. 
(iii) vpl3 had one Ts allele and was moderately defective in 
CPY and PrA localization, as assessed by immunoprecipita
tion (Fig. 3). The vpl3 mutant is interesting morphologically 
because it appears to contain highly fragmented vacuoles 
(Banta et aI., in press). 

One of the vpl mutants (Vpl II) was found to be allelic to 
the Ts endocytosis-defective mutant endl (5) . This observa
tion is interesting because it provides the first genetic evi
dence for a link between the endocytotic and biosynthetic 
delivery routes to the yeast vacuole. This result was not 
unexpected. because some mutants defective in the secre
tory pathway (sec) are also defective in endocytosis (34). and 
as discussed above. early stages of vacuolar protein target
ing are sec dependent (38). It will be of interest to address 
the endocytic competence of the vpl mutants . 

We identified many new genes whose products are in
volved in the process of vacuolar protein targeting. We 
expect that many of the gene products act directly in the 
targeting and transport of molecules to the yeast vacuole. 
More detailed information about how the vacuolar targeting 
pathway operates is anticipated on cloning of the VPT genes 
and detailed biochemical characterization of the gene prod
ucts. 
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Chapter 3 

Organelle assembly in yeast: Characterization of yeast mutants defective 

in vacuolar biogenesis and protein sorting. 

Contributions of the authors of this chapter. 

L. Banta did all the microscopy, and observed the as and pH-sensitive 

phenotypes. 1. Robinson isolated all the mutants (this is the first report of many of the 

phenotypes associated with these mutants). She also observed the ade2-white 

phenotype and growth defects of Class C mutants, made Figure 10, and carried out all 

the genetic analyses reported in the paper. D. Klionsky did the immunoprecipitations 

shown in Figure 4. S. Emr supervised this work in his laboratory and was responsible 

for the writing of the paper. 
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Organelle Assembly in Yeast: Characterization of 
Yeast Mutants Defective in Vacuolar Biogenesis 
and Protein Sorting 
Lois M. Banta, Jane S. Robinson, Daniel J. Klionsky, and Scott D. Emr 
Division of Biology, 147-75, California Institute of Technology, Pasadena, California 91125 

Abstract. Yeast vacuole protein targeting (vpt) mutants 
exhibit defects in the sorting and processing of multi
ple vacuolar hydrolases. To evaluate the impact these 
vpt mutations have on the biogenesis and functioning 
of the lysosome-like vacuole, we have used light and 
electron microscopic techniques to analyze the vacuo
lar morphology in the mutants. These observations 
have permitted us to assign the vpt mutants to three 
distinct classes. The class A vpt mutants (26 com
plementation groups) contain 1-3 large vacuoles that 
are morphologically indistinguishable from those in 
the parental strain, suggesting that only a subset of the 
proteins destined for delivery to this compartment is 
mislocalized . One class A mutant (vptI3) is very sen
sitive to low pH and exhibits a defect in vacuole acidi
fication. Consistent with a potential role for vacuolar 
pH in protein sorting, we found that bafilomycin A" a 
spec ific inhibitor of the vacuolar ATPase, as well as 
the weak base ammonium acetate and the proton iono
phore carbonyl cyanide m-chlorophenylhydrazone, 
collapse the pH gnldient across the vacuolar mem-

E
UKAR YOTIC cells are distinguished by their several dis

crete membrane-enclosed organelles. Each of these 
subcellular compartments has unique structural and 

functional characteristics which are conferred in large part 
by the distinct set of proteins that constitute that organelle. 
Thus. accurate sorting and traflicking of proteins from their 
site of synthesis in the cytoplasm to their correct non
cytoplasmic destinations are essential for maintaining the 
functional and structural identity of each organclle. 

In mammalian cells, the secretory pathway has been shown 
to med iate the modification. processing, and delivery of pro
teins destined for a variety of intracellular and extracellular 
compartments . Proteins destined for secretion, assemhly 
intn the plasma memhrane. delivery to Iysosomes, or reten
tion within endoplasmic reticulum (ER)' and Golgi com
partmenh transit through all or a portion of the secretory 

I. AhhrtT/(I<ldf/.\ IIs(,(j ill ,"is 1'1I1"T Bh. Bcrkcky hody; CrY, carhoxyrcrti 
tLise Y: FR . \"' nd(lrlaslllic n: li( ulul1l; FD. F ITC-conjug,alcd d l."xt ran: In\,. il1 -
\\.'r1a"c: Pr-\ , r rilicinasl.' A : Prn, protcin;lsc B. 

brane and cause the missorting and secretion of two 
vacuolar hydrolases in wild-type cells. Mutants in the 
three class B vpt complementation groups exhibit a 
fragmented vacuole morphology. In these mutants, no 
large normal vacuoles are observed . Instead, many 
(20-40) smaller vacuole-like organelles accumulate. 
The class C vpt mutants, which constitute four com
plementation groups, exhibit extreme defects in vacu
ole biogenesis. The mutants lack any organelle re
sembling a normal vacuole but accumulate other 
organelles including vesicles, multilamellar membrane 
structures, and Golgi-related structures. Heterozygous 
class C zygotes reassemble normal vacuoles rapidly, 
indicating that some of the accumulated aberrant struc
tures may be intermediates in vacuole formation . 
These class C mutants also exhibit sensitivity to os
motic stress, suggesting an osmoregulatory role for the 
vacuo le. The vpt mutants should provide insights into 
the no rmal physiological role of the vacuole, as well 
as allowing identification of components required for 
vacuole protein sorting and/or vacuole assembly. 

pathway (II). Presently, available data are consistent with a 
model in which much of protein secretion occurs via a de
fault mechanism (5) . Proteins competent for entry into the 
ER but lacking any additional sorting information passively 
transit from the ER to the Golgi complex and then arc 
secreted via a nonspecific bulk flow mechanism (58). How
ever, proteins that depart from this pathway. such as lysosom
al enzymes, conta in additional sorting signals that permit 
specific recognition. modification. and subsequent delivery 
of these proteins from late Golgi compartments to the lyso
some (53). 

In the yeast Saccharomyces cerevisiae most protein secre
tion al so appears to occur via a constitutive default pathway 
(55) . However. like mammalian lysosomal enzymes, pro
teins destined for the yeast vacuole depend on the presence 
of additional protein sorting inf()ffnation (21. 25. 56) . The 
yeast vacuole is a prominent intracellular organelle which 
shares functional characteristics with both mammalian Iyso
somes and plant central vacuoles. This organelle is believed 

© TtlL' Hot..' l- l.'k lkr l Jni vc r",jl" PrL· ... ' . oo:! 1 · l}:<i';5 / XX / I 0l 1 "~ tJ9 / 1 :'i ~:!.oo 
Thl.' Jilurn;tlllf( ' l, rl Bi()lllgy .' VtllulIIl' I()? , ( k lilher 19XX I Jill) IJX.' 
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to play an important role in the storage of amino acids and 
other small molecules (30). Like mammalian Iysosomes, the 
yeast vacuole is an acidic compartment and contains a num
ber of hydrolytic enzymes (33, 59). Certain of these hydro
lases, including the glycoproteins proteinase A (PrA), pro
teinase B (PrB), and carboxypeptidase Y (CPY) have been 
shown to be synthesized at the level of the ER as inactive 
precursors. These proenzymes transit through the Golgi 
complex and are sorted to the vacuole, where they are 
processed to the mature active enzymes (16, 19,32,54). Se
quence determinants have been defined within proCPY and 
proPrA that are necessary and sufficient to target these pro
teins to the vacuole (21, 25, 56). Mutational alterations in the 
proCPY sorting signal lead to missorting and secretion of the 
precursor form of this enzyme. Although the sorting signals 
in proCPY and proPrA lack any obvious primary sequence 
similarity, it is presumed that a common cellular protein
sorting apparatus mediates specific recognition and subse
quent vacuolar localization of these enzymes. Each under
goes a similar set of compartment-specific modifications, 
and the kinetics for vacuolar delivery of both proteins are es
sentially the same (25). It seems likely that many soluble 
vacuolar proteins are segregated to this compartment via the 
same targeting mechanism. 

In an effort to identify components of the vacuolar protein 
sorting apparatus, we recently isolated a number of mutants 
that exhibit defects in the proper localization and processing 
of several vacuolar proteins. These vacuolar protein targeting 
(vpt) mutants were identified using a gene fusion-based se
lection scheme. In wild-type cells, proCPY sequences fused 
to the gene for the normally secreted enzyme invertase (Inv) 
contain sufficient sorting information to divert delivery of 
enzymatically active lnv to the yeast vacuole (2, 21). Mutants 
have been selected that missort and secrete such CPY-Inv hy
brid proteins. The "-'600 mutants isolated thus far have been 
assigned to more than 33 complementation groups. The mu
tants exhibit hybrid protein-independent defects in the sort
ing of normal vacuolar enzymes including CPY, PrA, and 
PrB (46). Upon missorting, the precursor forms of these pro
teins are secreted, presumably because the selective vacuole 
protein delivery pathway is defective and the proteins then 
follow the default secretion pathway (2). 

Given this large number of potential gene products that can 
influence the vacuolar protein-sorting process, it seemed 
likely that mutations in at least some of these genes might 
also affect biogenesis of a normal vacuole. Specifically, some 
of the proteins that are mislocalized in the vpt mutants may 
be essential in defining important structural and functional 
characteristics of this organelle. In addition, one might ex
pect that lipid and protein constituents of the vacuole mem
brane would transit together with soluble vacuolar enzymes 
via a common vesicle carrier. Defects in vacuole membrane 
assembly therc1iJre might also be expected in certain of the 
1]>1 mutants. To address these questions, we have assessed the 
vacuolar as well as other organellar morphologies in each of 
the 1]>1 mutants. Using both light and electron microscopic 
techniques. we found that mutants in most of the I'pt com
plcmentation groups still asscmbled morphologically nor
Illal vacuoles. Howcver, mutants in three complementation 
groups acculllulated what appeared to be multiple small 
vacuoles. Cells in tilUr other Vpl complementation groups ex
hibited extreme defects in vacuole biogenesis; thesc lIlutants 

accumulated vesicles and membrane-enclosed compart
ments that bore no resemblance to a normal vacuole. In addi
tion, certain of the vpt mutants exhibited other phenotypes 
such as sensitivity to low pH or to osmotic stress. These ob
servations provide insights into the mechanism(s) of vacuole 
biogenesis as well as the normal physiological role of this 
organelle. 

Materials and Methods 

Strains and Media 

Mutants were isolated as described (46) from parental strains SEY6210 
MATu ura3-S2 leu2-3,1l2 his3-~200 trpl-~90l lys2-80l suc2-~9 and 
SEY6211 MATa um3-S2 leu2-3,1l2 his3-~200 trpl-~90l ade2-101 suc2-~9. 
Other strains used were HMSFI MATu seel-I (37), SEYS078 MATa sec7-1 
suc2-~9Ieu2-3,1l2 ura3-S2 (this study), and SEYSI86 MATu secl8-1 leu2-
3,1 11 ura3-S2 (this study). Cells were grown on standard yeast extract pep
tune dextrose (YPD) or synthetic dextrose (SD) (synthetic minimal, sup
plemented as necessary) media (49). ade2 strains were scored for the pres
ence of red pigment after growth for 3-S d on both standard YPD 
(containing 2% glucose) and YPD containing 8% glucose. Sensitivity to 
low pH was assessed on YPD adjusted to pH 3.5,3.0, or 2.S with 6 N HCI. 
Sensitivity to high osmotic pressure was determined on YPD containing 1.0 
or 1.5 M NaC!, I M KC!, or 2.5 M glycerol (osmosity "'1.7s). As noted 
previously by Singh (51), certain batches of hypertonic media stored more 
than a few days inhibited growth of the wild-type strains; therefore it was 
important to test the media with a strain known to be resistant to the osmotic 
stress conditions present. 

Genetic crosses, sporulation of diploids. and dissection of tetrads were 
performed as described by Sherman et al. (49). 

Labeling of Cells with Fluorescent Dyes 

All manipulations were performed at room temperature unless otherwise 
noted. Cells were labeled in the presence of FITC-dextran (FD) as de
scribed by Makarow (27). with the following modifications. Cells (5 ml) 
were grown in YPD to early log phase (1-2 x 107 cells/ml). centrifuged 
for 5 min in a clinical centrifuge (International Equipment Co .• Needham 
Heights, MA), and washed once in YPD. pH 4.5. The cell pellet WdS 

resuspended to a concentration of 1.5 x 1011 cells/ml in YPD. pH 4.5. con
taining 100 mg/ml 70 S FD, and incubated for 90 min at 3)oC (or 25"C 
for temperature-sensitive (Is) strains) on a rotary shaker. The cells were cen
trifuged for 2 min at 6JX)() rpm in a microcentrifugc (Sa\'ant Instruments 
Inc., Hicksville, NY). wdshed twice in PBS (10 mM Na·phosphate, pH 7.4. 
140 mM NaCI), and resuspended in 0.4 ml PBS. The resuspended cells 
were mixed with low melting point agarose (0.5 % tinal concentration) at 
37°C. mounted on glass slides. covered with a coverslip which WdS scaled 
with nail polish. and observed immediately. Alternatively. cells were la
beled with FITC as described previously (41). Cells (2 x 107

) were 
resuspended in I ml YPD containing 50 mM Na-citrate. pH 5.S. and 10 
!!g/ml FITC in DMSo. After a IO-min incubation at 25"C with shaking. 
cells were centrifuged. washed once, and resuspended in 0.1 ml 100 ruM 
K-phosphate. pH 7.5. containing 2 % glucose. Cells were mounted as above. 

For quinacrine labeling. cells were grown as described above and quina
crine was added to a final concentration of 175 11M in YPD. pH 7.6. Aticr 
a 5-min incubation at 30°C. cells were centrifuged and mounted as above 
without washing. Ammonium acetate (200 11M tinal concentration) was 
added to the incubation mix whcre indicated (57). 

For observation of the ade2 endogenous fluorophore. cells were grown 
as described by Weisman ct al. (57) and mounted as for FD. 

Microscopy 

Cells were observed using a Carl 7..ciss Inc. microscope (Thornwood. NY). 
with a IOOx oil-imlllersion ohjective. equipped for !\omarski optics and 
epifluorescence. Fluorescence filters used were Carl Zeiss Int.·. BP450-490 
(excitation). FT510 (heam splitter). and BP520-560 (emission harrier). All 
fluorescent images were photographed for 40-60 s u~ing Eastman Kodak 
Co. (Rochester. NY) Tri-X Pan ASA400 film. incrcd..;ed to ASAI600 hy 
llsing Diafine dcvclopcr. 
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Electron Microscopy 

Cells were prepared using a Im'Kiification of the procedure of Byers and 
Goetsch (6). Cells (100 ml) were grown in synthetic minimal medium to 
an 00600 of "'0.3. shifled to YPO medium. and allowed to grow for one 
generation . The cells were harvested by centrifugation (5 min in an Intana
tional Equipment Co. clinical centrifuge). washed in dH,O. and fixed for 
2 h at room temperature in 2 ml of 0.1 M Na-cacodylate. pH 6.8. 5 mM 
CaCI, (Buffer A). conraining 3% gluteraldehyde. The fixed cells were 
washed once in 100 mM Tris-HCI. pH 8.0. 25 mM dithiothreitol. 5 mM 
Na,-EDTA. 1.2 M sorbitol, and then incubated in the same buffer for 10 
min at 30°C. To remove cell walls. the cells were centrifuged , washed once 
with I mlO.l M K-phosphate (adjusted to pH 5.8 with citric acid) conraining 
\.2 M sorbitol. and resuspended in 0.5 ml of the same buffer containing 0.05 
ml ~-glucuronidase type H-2 and 2.5 mg zymolyase. This cell suspension 
was incubated for 2 h at 30°C. The spheroplasts were centrifuged and 
washed in I ml buffer A. /s strains were shifted to 37°C for 3 h before har
vesting and were fixed at noc for analysis at the nonpermissive tempera
ture; the rest of the procedure was identical to that for non-IS strains. The 
reduced osrnium-thiocarbohydrazide-reduced osmium membrane-enhance
ment sraining technique was adapted from Willingham and Rutherford (60). 
SpheroplaslS prepared as described above were resuspended in 0.5 ml 1% 
0.0., 1% K-ferrocyanide in buffer A. and incubated for 30 min at room 
temperature. After four washes in dH,O (I ml each). the cells were 
resuspended in 1 % thiocarbohydrazide. incubated for 5 min at room temper
ature. and washed again four times in dH,O. The cells were srained with 
1% OsO •. 1% K-ferrocyanide in buffer A for 3 min at room temperature. 
and washed in dH,O as before. The samples were dehydrated through an 
ethanol series and embedded in London Ross White. which y.,as allowed to 
polymerize for 3 d at 4°C with exposure 10 UV light. Thin sections were 
collected on 200-rnesh copper grids, srained for 30-45 s with lead citrate 
(42). and observed on a transmission electron microscope (model 420; 
Philips Electronic Instruments. Inc .• Mahwah. NJ). 

I mmunoprecipitations 

Immunoprecipirations on labeled spheroplaslS (46) were performed as de
scribed previously (25) . 

Materials 

Bafilomycin A, was the generous gift of K. Allendorf. Univcrsiliit Os
nabrikk. Osnabrock, FRG. Tran "S-label was purchased from ICN Ra
diochemicals. Irvine. CA . Gluteraldehyde. OsO •. thiocarbohydrazide. and 
K-ferrocyanide were purchased from Polysciences. Inc . . Warrington. PA. 
Zymolyase was purchased from Seikagaku Kogyo Co .. Lid .• Japan. and low 
melting point agarose was purchased from Bethesda Research Laboratories. 
Gaithersburg. MO. Oiafine developer was the product of Acufine. Chicago. 
IL. London Ross White embedding resin was purchased from Ted Pella 
Inc .• Irvine. CA . FO (70 S). File. quinacrine. ~glucuronidase (type H-2). 
and all other chemicals not listed above were purchased from Sigma Chemi
cal Co . • 5t. Louis, Mo. 

Results 

Vacuole Morphology in vpt Mutants 

We have used light and fluorescence microscopy to deter
mine the state of the vacuole in multiple vpt alleles from each 
of 33 complementation groups. In a wild-IYpe strain grown 
in rich medium. yeast vacuoles occupy "'20% of the yeast 
cell volume and can often be visualized in the lighl micro
scope using Nomarski optics. However, small vacuoles can 
not be visualized by this technique and some cells do nol ap
pear to have any vacuole when observed by Nomarski Oplics 
(57). Therefore. in order to visualize even small vacuoles, we 
have taken advantage of a number of fluorescent dyes that 
specifically accumulate in this organelle. 

FD as well as FITe' by itself have been used to label 

2 . While Ih~ ,C' .... Iudies were in progress. Preston ct al. (41) reported that the 
v"cuolar !'!.alnin!! associated with FD wa s in f'I( .. :1 due to noncnJocYlic uptake 

yeast vacuoles (,n, 41). In wild-type cells, the vacuole ap
peared as a single large fluorescent spot or 2-3 spots of ap
proximately equal size under the labeling conditions used 
(Fig. I A). A large vacuole was also visible in these cells 
using Nomarski optics. Unexpectedly, when the vpl mutants 
were examined using this dye, most of the mutants (26 com
plementation groups, see Table I) exhibited a vacuolar mor
phology indistinguishable from that of the parental strains 
(Fig. 18). We have grouped these mutants together and refer 
to them as class A vpt mutants. The remaining seven com
plementation groups exhibited an altered vacuolar morphol
ogy. In three of the groups (vpI3, 5, and 26), cells had multi
ple smaller organelles which were visible using Nomarksi 
optics and which stained with FITe (Fig. I C). This group 
of mutants has been designated class B. The remaining four 
vpt complementation groups (vplll , 16, 18, and 33) had no 
intracellular structures which stained in the presence of FD. 
When observed by Nomarski optics, cells in these com
plementation groups appeared to have rough surfaces, and no 
vacuoles were visible (Fig. I D). We have defined this group 
of mutants as class C vpt mutants (Table I). These observa
tions have been confirmed using two other fluorescent dyes 
that also accumulate in yeast vacuoles (see below). 

Class A vpt Mutants Exhibit Wild-type 
Vacuole Morphology 

We have studied the vpt mutants exhibiting each of the three 
vacuolar morphologies in more detail. In ade2 strains of S. 
cerevisiae, an endogenous fluorophore accumulates in the 
vacuole and can be visualized using fluorescence microscopy 
(57) . By this method, the parental strains and the class A vpt 
mutants had vacuolar morphologies identical to those ob
served using FD (Fig. I, E and F). 

Like mammalian Iysosomes (38), yeast vacuoles have an 
acidic pH (33) and can be labeled by dyes, such as quinacrine 
(1,57), chloroquine (26), and neutral red (20,34), which ac
cumulate in a pH-dependent manner. These weak bases are 
presumed to diffuse through membranes and accumulate in 
acidic compartments (9). The vacuole morphology of wild
type cells as observed using quinacrine was identical to that 
seen with FD or the ade2 endogenous dye (Figs. 2 A and 4 
A). Most of the class A vpt mutants also contained 1-3 large 
vacuoles which accumulated quinacrine, although in many 
cases the fluorescence was less intense than that in the paren
tal strain (not shown). Multiple alleles of three complemen
tation groups (vptlO, \3, and 24), exhibited very little or no 
vacuolar staining with quinacrine, although vacuoles were 
clearly visible by Nomarski optics in these cells (Fig. 2 E). 
These vpt mutants , which had morphologically normal vacu
oles but exhibited no pH-dependent accumulation of dye, 
might carry mutations which affect vacuole acidification . In 
plant cells, the vacuole plays an importanl role in pH 
homeostasis; a decrease in external pH results in a lowered 
vacuolar pH, while the cytoplasmic pH remains constant (3). 
We reasoned that mutants defective in vacuole acidification 
might also exhibit defects in the regulalion of intracellular 
pH. To address this issue. we tested whether any of the vpt 
mutants were sensitive to low pH . Growth was assayed on 

of FIlL and nlhcr <.:onlaminating impurities in the FD. \\'~ have repeated 
the vacuole ltihcling cx))Crimcnts in a few of the '111 muunts using FlTe and 
have ohscrvcd vac uolar morphologies similar to those rC p'lrtt~d here fnr FD. 
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FITC ade2 Dye 

Figure J. Vacuole morphology in Vpl mutants labeled with FITC or the ade2 endogenous fluorophore . (A , B, C. and D) Noma rski (left) 
and fluorescence (right) photomicrographs of cells labeled in the presence of FO (see Materials and Methods). (E. F. G. and H ) Nomarski 
(left) and fluorescence (right) photomicrographs of cells grown in SO containing limiting adenine (12 ~g/ml) to allow production of the 
ade2 fluorophore . In each cell, the fluorescent spot corresponds to the vacuole, which appea rs as a large circular indentation using Nomarski 
optics (armws). (A and E) Wild-tYI)C vac uole morphology as seen in the parental strai ns SEY6210 (A) or SEY6211 (E) . (B and F) Represen
tative class A 'pI mutants, 1'[1110 (B) and v[1129 (F), in which the vacuole morphology is indistingui shable from that of the parent. (C and 
G) The class B vpl mutants, vpl5 (C) and vpl3 (G), contain multiple small vacuoles. (lJ and H) Representative class C '1'1 III uta illS, 1'[1118 
(D) and "1'111 (H), which contain no structures that stain like vacuoles. Bar. 10 ~nl. 

YPD mcdia adjustcd to pH 3.5, 3.0, or 2.5. The parental 
stra ins grew, although more slow ly than on standard YPD, 
under these conditions. St rains in one complementation 
group. '1'113. were found to be extremely sensi tive to low pH . 
Fourteen of 21 vpl13 alleles were unable to grow at pH 3.5. 

and 19 alleles of '1)113 were inhibited for g rowth at pH 3.0 
(Fig. 3 A). Some alleles of other 'p I mutants we re also 
weakly sens it ive to low pH (data no t shown) . 

The ex istence of '7'/lllutants that ex hibited possible defects 
in vacuole acidification led us to investigate the role of vac uo -
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V acuole 
morphology 

AblH)rnla l growth phenotypes 

Osmotic 
sens iti ve 

Low pH 
sensi ti ve 

Aberrant organe lles 
accumulated 

Class A (I.,JlI. 2, 4 , 6, 7, 8,9, 10, 12, 13, 14, 15 , 
17, 19,20.2 1, 22 , 23,24,25,27, 2S, 29, 30, 
3 \ ,32) 

Wild-type vacuoles "Il l 15, 29 "1' /1 3 "1' /1 5 , 29-Bbs, vesicles 
1'1'0, 2S-"Golgi" 
vpl 12-vesicles 

C lass B (I.,Jl3. 5, 26) Fragmented vacuoles 1'1'126 

Class C (1·IJl II. 16, IS, 33) No vacuoles 

lar pH in the localization of proteins to the vacuole in wild
type cells. The vacuolar membrane contains a proton-trans
locating Mg++-dependent ATPase which produces a proton 
gradient across the vacuolar membrane and acidifies the in
terior of the vacuole (24). The drug bafilomycin A, has 
been shown to be a specific inhibitor of the vacuolar mem
brane proton-translocating ATPase of Neurospora crassa (4). 
When wi ld-type yeast cells were treated with IO ~M 
bafilomycin A, for IO min before staining with quinacrine, 
no vacuolar fluorescence was observed (Fig. 4 B). The inhi
bition of the pH-dependent quinacrine staining in these cells 
indicates that bafilomycin eliminates the pH gradient across 
the yeast vacuolar membrane, presumably by inhibiting the 
vacuolar membrane ATPase. To assess the role of the pH of 
the yeast vacuole in vacuolar protein localization, we next 
examined the effect of bafilomycin on the sorting and pro
cessing of vacuolar hydrolases. Spheroplasts were pretreated 
with bafilomycin (10 ~M final concentration) for 10 min , ra
dioactively labeled, and separated into intracellular and ex
tracellular fractions before immunoprecipitation with CPY
and PrA-specific antisera . As shown in Fig. 4 C, in the 
absence ofbafilomycin all of the CPY and PrA was processed 
to the mature enzyme form and remained associated with the 
yeast spheroplast fraction (0 ~M , lanes I and E), indicating 
that these enzymes had been delivered to the vacuole (46, 
59) . In contrast, in the presence of bafilomycin , ~50% of 
the CPY ,vas present in the proenzyme form, and most of 
this proCPY was secreted into the extracellular fraction (Fig. 
4 C, 10 ~M, lanes I and E). Bafilomycin caused a similar 
defect in the processing and targeting of PrA. Other agents 
known to raise vacuolar pH, including the weak base ammo
nium acetate (200-400 mM ; reference 57) and the pro
ton ionophore carbonyl cyanide m-chlorophenylhydrazone 
(CCCP; 40 ~M) also caused the mislocalization ofCPY and 
PrA (data not shown). Significantly, protein traffic to the cell 
surface was not disrupted under these conditions, and the 
concentration of bafilomycin used in these experiments did 
not inhibit yeast cell growth . Together these data indicate that 
vacuole pH plays a role in the effic ient delivery and matura
tion of at least some vacuolar hydrolases. 

We next exa mined the class A "pI mutants by transmission 
EM , using a technique that results in enhanced staining of 
biomembranes and structures containing glycomoleculcs 
(scc Matcr ials and Methods). As seen in Fig. 5 A , the vacu 
ole stained as a large electron-dense compartment using this 
procedurc . Th in sections of wild-type cells typically con
tained one large or two to three sma ller vacuoles per cell. 
Other intracellu lar st ructures such as the nucleus, mitochon -

"pI li , 16, IS, 33 Multilamellar membrane 
structures. vesicles. Bbs 

dria, and ER were also readily visible. The majority of the 
class A vpl strains, such as the ones shown in Fig. 5, Band 
C, exhibited typical wild-type morphology. In thin sections 
of both wild-type and class A strains, we often observed an 
apparent substructure within the vacuole that did not stain 
like the rest of the vacuole and remained electron transparent 
(e.g. , see Fig. 5 B) . The significance of this structure is un
clear, although it may represent the polyphosphate precipi
tate often observed in freeze-etched yeast cells (30) . 

Electron microscopic analysis also revealed that certain 
class A vpl mutants accumulated aberrant structures in addi
tion to the normal vacuole. Mutants in two complementation 
groups, vpl15 and vp129, contained organelles similar to 
those seen in yeast protein secretion (sec) mutants (37), in
cluding vesicles and Berkeley bodies (Bbs, structures pre
sumably related to the Golgi complex; see reference 36) . The 
electron micrographs in Fig. 6 show typical vpl15 and vpt29 
cells and, for comparison, sed (accumulates vesicles), sed 8 
(accumulates ER) , and sec7 (accumulates Bbs), prepared 
using the membrane-enhancement technique. The vacuoles 
in these vpl15 and vpl29 cells were abnormally large and oc
casionally contained inclusions (Fig. 6 C) . This aberrant 
morphology was seen in every vpl15 and vpl29 allele exam
ined . vplJ3 and vpl26 cells also occasionally contained vesi
cles and Bbs (not shown). 

In two complementation groups, vp(7 and vp128, stacks of 
lamellae and reticular membrane arrays were observed at a 
high frequency (Fig. 7) . These organelles were more preva
lent in vp(7 and vpl28 than in the parental strain (i.e., 0.8-\.0 
structure per cell section vs. 0.4 for the parent in 30-50 sec
tions examined for each strain). These structures, which 
were usually not associated with any other organelle, are 
likely to correspond to exaggerated Golgi complexes. Finally 
cells in one class A mutant , vp112, accumulated vesicles 
similar to those seen in the class C mutants (see below). 

Class B vpt Mutants Exhibit an Altered 
Vacuole Morphology 

Unlike the class A Vpl mutants, cells in the three class B com
plementation groups (vpI3, 5, and 26) contai ned multiple 
compartments that stained in the presence of FD and were 
visible using Nomarski optics (Fig. I C). These small "vacu
oles" also accumulated the ade2 endogenous fluorophore 
(Fig. I G) . To determine whether these organelles had the 
lowered pH characteri st ic of wild-type vacuoles, we tested 
their ahi lity to accumulate quinacrine. As shown in Fig. 2 C, 
the structures in the class B I'pl mutants stained wi th quina-
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{·'gll,.C 2. Quinacrine accumulation in the vacuoles of wild -type 
cells and 'I" mutants. Cells were incuhated in YPD. pH 7.6. con
taining 175 ~M quinacrine «>r 5 min in the ahsence (A. C. and L) 
or pre,en,'c (8 and D) of 200 mM amllloniulll acetate. (A and B) 

Nomarsk, Ikft) and Iluorescence (right) images of the parental 
strain SEY6cIO. (Cand D) Nomarski (left) and Iluorescencc (right) 
illla};,c, 01 1/"). which exhihits a typical class B vacuole Illorphol 
ogy. (/:") 1/)113 ex h ihits no 4uinacrinc staining (right). although 
v; lcutlk'''' .Ire dearly vi:-..ihk u:-.ing NOl1lar:-.ki optics (len). Bar. 
10 111 11 

A 

vpt13-1 

B 

vp113-2 

YPD 

vpt18 
YPD 

vpt13-3 

YPD pH 3.0 

YPD/1.5M NaCI 

Figure 3. Growth defects associated with vpl13 and the class C vP' 
mutants. (A) Three alleles of vpl13 and the parental strain SEY6210 
were streaked on YPD medium (left) or YPD medium adjusted to 
pH 3.0 with 6 N HCI (right). The plates were incubated at 30°C 
for 2 and 4 d, respectively. (8) A representative allele from each 
of the four class C Vpl complementation groups WdS streaked on 
YPD medium (left) or YPD medium containing 1.5 M NaCI 
(right). The plates were incubated at 30°C for 2 and 5 d, respec
tively. The parental strain SEY6211 and a class A "pI mutant, vpll, 
are shown for comparison. 

crine, suggesting that these compartments had a pH simi lar 
to that of the vacuole in the parental strain. This hypothesis 
was further tested by labeling with quinacrine in the presence 
of ammonium acetate (57) . Under these conditions, no 
fluorescent staining was observed in the parental strain or the 
class B vpr mutant (Fig. 2, B and D). This supports the hy
pothesis that the fluorescent staining observed in class B cells 
is due to the acidic pH of the compartments stained rather 
than to some nonspecific accumulation of dye. 

The class B vpr mutants were also examined at the ultra
structural level to confirm the multiple-vacuole morphology 
observed by light and fluorescence microscopy. As seen in 
Fig. 5 D, a representative class B vpr5 mutant allele con
tained multiple small organelles that stained like wild-type 
vacuoles. The number of vacuoles per cell section was quan
titated for vpr5 and for the parental strain (using 30- 40 cell 
sections per strain). The average number of vacuole-like 
structu res per cell section for the class B 'PI was 5.7, while 
the numher filr the wild-type strain was 1.8. 71 % of the class 
B ce ll s, as cOlllpared to 16 % of the parental ce ll s, had 3 or 
Illore vacuoles. On the basis of the size of the vacuoles and 
the thickness of the sections, we have calcu latt:d that an aver
age class B cell con tains "-'35 of these small \'acuoles, while 
wild -type ce ll s contain one to filUr vacuoles pa ce ll. Repre 
sentatives of the other two class B cOlllplcll1~ntation groups 
('7)13 alld '7)126) ex hibited similar vacuolar ll1orphologies 
whe ll ohse rved hy EM . 

Y<:ast which carry it ll1utation in the rl -tuhulill !!elle (111"'2) 
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- -69kD 
-__ -61 kD 

-48kD - -42kD 

Figure 4. Effect of bafilomycin on vacuole staining with quinacrine 
and on "acuolar protein sorting. (A and B) Nomarski (left) and 
fluorescence (right) images of parental strain SEY6210 stained with 
quinacrine. Cell s (2.5 X 10' in 0.25 ml) were preincubated for 10 
min at 25 ' C in YPD, pH 7.6, in the absence (A) or presence (B) 
of 10 ~M bafilomycin (in DMSO). An aliquot of cells (50 ~I = 5 
x 10" cell s) from each sample was added to 400 ~I of YPD. pH 7.6. 
containing 200 ~M quinacrine without (A) or with (B) 10 ~M 
bafilomycin . Cells were incubated for 5 min at 30' c' resuspended. 
and mounted as described in Materials and Methods. Bar, 10 ~m . 
(e) Strain SEY6210 was enzymatically converted to spheroplasts 
as descnt>cd (46). Bafilomyc in was added to 10 ~M final concentra 
tion '" ind icated 10 min before the addition of radioactive label. 
Ce ll s "ere labeled with Tran "S-Iabel for 20 min at 30°C and 
chased fM 30 min by the addition of 5 mM Illethionine. Cultures 
were then ,epa rated into (I) intracellular (spheroplast) and (I~' ) ex
trace ll ular (periplasm and media) fractions (46). Immunopre
cipitati (ln, wit h antisera to CPY and PrA were performed as de
scrihed (25). The predicted locations and approximate Illolec ular 
s i 7c~(lft h(.·diflcrcnt fOfmsofCPY and PrA arc indi ca ted . Inc reased 
cOllccnrr:lfinll s (100 J1M) ofhafilomycin tlid not inc rease the amount 
of mi" .. \)nL'd precursor CPY or PrA . Importantly, hafillll),ocin had 

or which have been treated with microtubule-disrupting 
drugs have a fragmented vacuole phenotype similar to that 
of the class B Vpl mutants (15), We examined representative 
alleles of each complementation group by immunofluores
cence, using anti-tubulin antibodies, No evidence of abnor
mal microtubule structures in any of the Vpl mutants was ob
served (data not shown). 

Class C vpt Mutants are Defective in 
Vacuole Assembly 

Cells in four Vpl complementation groups (vplll , 16, 18, and 
33) lacked any intracellular structures which stained in the 
presence of FD (Fig. 1 D). This phenotype was not simply 
due to an inability to sequester FlTC in the vacuole; these 
mutants also failed to accumulate quinacrine or the ade2 en
dogenous fluorophore (Fig. 1 H). The ade2 dye is produced 
when a purine biosynthetic intermediate concentrates in the 
vacuole and undergoes oxidation and polymerization to pro
duce a naturally fluorescent red pigment (23, 50) . As a re
sult, ade2 mutant yeast exhibit a red colony color when sup
plied with limiting amounts of adenine. All class A and B 
ade2 vpl mutants grown under conditions of limiting adenine 
were red. However, several ade2 alleles in each of the class 
C complementation groups were white, This phenotype was 
shown to be genetically linked to the Vpl defect (see below) . 
These observations suggest that in the absence of a functional 
vacuole, the purine biosynthetic intermediate is unable to un
dergo the reactions necessary to form the red color. We do 
not know whether the precursor accumulates in the cyto
plasm or in other intracellular compartments, or whether it 
is secreted from the cell, 

By EM, all class C mutants examined (at least two allclcs 
of each of thc four complementation groups) exhibited the 
same morphology (Fig. 8, A-C) . Even at high magnification , 
these mutants appcared to lack any structure exhibiting the 
characteristic staining propertics of a wild-type vacuole. Ul
trastructura l analysis also revealed that the class C Vpl mu
ta nts accumulated a variety of novelmembrane-encloscd or
ganelles, including vesicles and Bbs. Fig. 8, D and E show 
higher magnification views of some of the structures that 
were exaggerated in these cells. The vesicles that accumu
latcd in these mutants (Fig. 8 D) were enclosed by a mcm
brane bilayer and were "-'80 nm in diamcter. In comparison . 
thc vcsiclcs that accumulate in thc secretory mutant sec! at 
nonpermissive temperature are "-'100 nm in diameter and 
havc a vcry diOerent appearance from the vesiclcs sccn in 
class C Vpl mutants (37; sec Fig. 6 F) . As shown in Fig. 8 
E, class C mutants also accumulated large. multilamcllar, 
mcmbranc-cnclosed structures, Somcwhat surprisingly, thcsc 
structurcs wcrc clcctron transparcnt, suggesting that they do 
not contain significant amounts of glycoprotcins or sugars, 

Scvcral of the vpl complcmcntation groups conta in Is al 
leles (46), Four of thcsc groups (vplii. 16. 18. and 33) are 
class C, one (vpI3) is class B, and two (linl5 and 1'(1129) arc 
c lass A. Thcse two class A mutants contained vacuoles but 
also accumulatcd organelles similar to those secn in the class 
C Illutants (sec abovc), Wc havc cxamined the morphology 

no dICet on mitochondrial protein import (oat.;J not shown), which 
requires an electrochemical potential acro~ ~ th~ mituchondrial in 
ncr llIemhrane (17). 
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Figure 5. Electron micrographs of cells exhibiting wild-type, class A, and class B vacuole morphologies. Cells were prepared using the 
reduced osmium- thiocarbohydrazide-reduced osmium membrane-enhancement technique as described in Materials and Methods. (A) Pa
rental strain SEY621O. Representative class A Vpl mutants vpl17 (8) and vpt9 (C) also exhibit wild-type vacuolar and overall cellular mor
phology. 'PIS (D), a representative class B mutant, contains many small membrane-enclosed compartments which stain like wild-type vacu
oles. V. vacuole; N, nucleus; M, mitochondrion; L , lipid droplet. Bars, 1 ~1. 

of these conditional lethal strains at both permissive (25 °C) 
and nonpermissive (37"C) temperatures. Surprisingly, the 
vacuolar morphology of each of the IS strains examined was 
identical at 25 °C and 37"C; aberrant organelles accumulated 
to the same extent at either temperature . 

The existence of mutants in several complementation 
groups that lacked any apparent vacuole allowed us to begin 
to analyze the requirements for vacuole biogenesis in vivo. 
If a vacuole can be formed via a de novo synthetic pathway, 
diploids made by mating two class C mutants from different 
complementation groups should contain a normal vacuole. 
If. howc\·cr. a preexisting normal template vacuole is neces
sary to direct the synthesis of the new organelle, diploids het 
erozygou, for two class C mutations may he incapable of 

generating a vacuole despite the presence of both wild-type 
gene products. When we examined diploids made by cross
ing a IS vplll allele with a IS vpl18 allele, we observed that 
the diploid was temperature resistant, competent to sort vac
uolar proteins, and contained a normal -appearing vacuole 
which stained with FITC. Homozygous diploids made by 
crossing two Is alleles of the same class C complementation 
group exhibited typical class C morphology and were IS, as 
expected. Furthermore, when the mating pairs were exam 
ined within 4- 6 h of mixing, heterozygous class C zygotes 
were observed which clearly contained a vacuole in each of 
the conjugating cells, as well as in the diploid bud emerging 
from the zygote (Fig. 9). Ultrastructural anal"is confirmed 
the presence or vacuoles in these heterozygou, mating pairs 
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Figure 6. Electron micrographs of vp115 and vp129, class A mutants which exhibit aberrant organelles similar to those seen in certain of 
the sec mutants. Cells were prepared as described in the legend to Fig. 5. vp115 (A) and vl'129 (B) cells contain Bbs (!toge lIITO"'S ) and 
vesicles (small arrows) throughout the cytoplasm. (e) A typical vl'115 cell in which inclusions arc scen in the vacuole. (D. f. and F) sec 
mutants (37) prepared using the membrane-enhancement technique, arc shown for comparison. Each of the mutant strain, was incubated 
at 37°C for 3 h before fixation. (D) Exaggerated tubular networks of membranes, presumably corresponding to ER. arc c'karly visible 
in this typical secl8 cell. (E) Accumulated Bbs are seen in this high magnification vicw of a portion of a rcpresentati,e .\"('('/ cell. (F) 
A high magnification view of part of a seel cell shows an accumulation of secretory vesicles. These vesicles have a difkrcnt appearance 
than those seen in vl'115 and vp129 (compare with A and B). Bars: (A. B. C. and D) 0.5 1-1111; (I-~ and F) 0.1 1-1111. 

(not shown). These observations suggest that vacuole bio
genesis can occur de novo in the absence of a normal tem
plate organelle. This assembly is rapid, occurring within one 
generation after conjugation. We cannot at present, however, 
exclude the possibility that the class C mutants contain tiny 
degenerate vacuole forms that are capable of functioning as 
templates or targets for new vacuolar protein and membrane 
delivery. 

Class C Mutants are Defective in Several 
Vacuolar Functions 

The vacuok has been implicated in a number of diverse cel 
lular functions in wild-type cells, including osmoregulation 
(29), storage of amino acid reserves (30), endocytosis (43), 
and adaptation to adverse growth conditions (48). Like mam 
malian lysosomes and plant vacuoles (10, 28), the yeast vacu 
ole may al-;o mediate the normal intracellular turnover of 
macromokcuks. Protein degradation increases dramatically 
during sp(lruiation, and Illutants lacking PIA or PrB activity 

arc partially or completely detCctive in sporu13tion (22). We 
postulated that the class C Vpl mutants, which exhibited ex
treme aberrations in vacuole assembly and morphology, 
might be defective in other cellular functions that may be 
vacuole related. 

If the vacuole is required fiJr adaptation to a change in ex
ternal osmosity, one might expect that cells thai lack a vacu 
ole would be unable to survive in the presence of even a small 
increase in ionic or osmotic pressure. \Vc assessed the 
growth of representative 1'/)1 alle les on YPD mediulll sup
plemented with 1.0 or 1.5 M NaCI. 1.0 M KCI. or 2.5 M 
glycerol. None of the class C llIutants were able to survive. 
although the parental strains grew, under thc,c conditions 
(Fig. :1 lJ). In addition, "fl1 15.26. and 29 "ere sOlllewhat 
sensitive to the presence of 1.0 M NaCl or 2.5 M glycerol 
and were completely unable to grow on YPD llIediullI con 
taining 1.5 M NaCI. NOllc of the other 'yJlIllUUIIIS " 'e re sell
sitive to any of the oSlllotic stress condition, ie,tcd . 

The class C llIutants also exhihitcd other ,111\ ,itllogical 
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A 

Figure 7 A gallery of electron micrographs of vpl28 and vpO. which accul11ulate Golgi-like structures (arrows). Cells were prepared as 
desc ribed in the legend to Fig. 5. A shows vpO cells ; B shows a "1'128 cell. C and D are hi gh magnification views of two Golgi-like structures 
representative of those seen in these mutants . Bars: (A and B) I 11111: (C and D) 0.2 1-1111 . 

defects, including poor growth on nonfermentable carbon 
sources such as glycerol or lactate, poor growth in minimal 
media containing proline as the sole nitrogen source, poor 
sporulation of homozygous diploids, and low frequencies of 
DNA transformation. Furthermore, the class C vpl mutants 
contained smaller pools of basic amino acids than the class 
A or B 'PI mutants, as judged by a filter assay for basic amino 
acids (reference 8; data not shown). Other cellular functions 
in the class C mutants, however, appeared to be normal. 
Based on the ultrastructural analysis, these mutants exhibited 
wild-type morphology of organelles such as the nuclei and 
mitochondria (see Fig, 8 B) . The microtubules in these mu
tants appeared normal , as judged by immunofluorescence. 
Protein secretion also appeared to be unaffected in the class 
C as well as the other "pI mutants (46). 

All vpl Phenotypes Cosegregate in Genetic Crosses 

I f the pleiotropic phenotypes discussed above all result from 
the 'pI mutation in question, each of the phenotypes should 
cosegrcgate in genetic crosses of the mutants with wild-type 
ce ll s. To confirm this , representative vpl mutants were back
cro"ed to the parental strain of the opposite mating type, the 
diploid, "erc sporulatcd and tctrads wcre dissectcd. In this 
way. the \ac uole Illorphology ;Jssociatcd with each of the 

class B and class C Vpl mutants was shown to cosegregate 
with the Vpl defect (data not shown). The segregation of each 
of the other phenotypes associated with the class C mutants 
was also examined. In crosses between Is class C mutants and 
parental strains, all phenotypes showed the expected 2:2 
segregation pattern. In each cross, the temperature sensitiv
ity, osmotic sensitivity, and block in ade2 red pigment for
mation all cosegregated with the vacuole protein sorting de
fect. The results of a typical tetrad analysis for a IS class C 
mutant , "1'116, are shown in Fig. 10. Similar tetrad analyses 
also demonstrated that the low pH sensitivity exhibited by 
vpl13 cosegregated with the "pI sorting defect (data not 
shown). 

Discussion 

We havc analyzed in detail thc morphology and growth prop
erties of a numbcr of mutants defective in vacuole protein tar
geting. Three di stinct vacuolar morphologies associated with 
thc VI'I mutants have been observed. The class A mutants, 
constituting 26 complementation groups. resembled the wild
type parent strains in that they had one or a few large vacu
oles which were easily observed using light and fluorescence 
microscopy (Fig. I, A and 8) . A second class of mutants. 
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Figllr,' Ii. EkL"lfOn micrographs of class C VPI mutants. which cxhihit ext reme dekcts in vacuole hiogcnes is . Ce ll s were prepared as descr ibed 
in the IegenJ I() Fig. 5. (A. IJ. and C) Typical class C cel ls lack a di sce rnihle vacuole but accumulate aberrant organelles. including ves icks 
(.I'll/allam',, ' ). Bhs (large armw). and large memoranous st ructures (aslerisk) . A and B show 1f'116 cells : C shows Ifill I cells . /J shows 
a high m;j~n ll ication view of the ves icl es that accumulate in class C ce ll s (compare with ves icles in scd muwnt. Fig . 6 F) , E shows a 
high m:lt!nllil..'ation view of the complex multilalllc liar arrays thai acclIlllulate in the cytoplasm in the cla ss C \1'1 mutant-. . N. nucleu s: I~ . 
lipid drnpkt: M. mit()chon<irion . Bars: (A. 11. and C ) 0.5 IlIll : (/) and L") 0.1 lUll . 

c lass B. clln,is tcd of three comple mentation groups and was 
characterl/ed hy an alte red morphology in which th e vacuole 
was high " frag m e nted ( Fig. I C). Mutants in the li )ur c lass 
C COlll p kllle ntation groups had no discernihlc vacuoles (F ig. 
I /) . hut .Icc·unltdated s llla ll vesicles and other nove lllle lll 
hrane -encl",ed structures throug hout th e cytoplaslll (Fig . X) . 

The Ilu ),'rit", of th e c lass A '1'1 llIutants showed no appar
ell t ahnn rtll.l lt t ies in th e vac uole it se lfor in othn cellubr ka 
Itlrc". ;1' JL'fl' rJllill Cd hy eket rull microscopic ~ 11l ; t1 y:-. i ". III 

these llIutants. at least sOllie prote ins presulllah ly IlIUst con 
tinue to he properly targe ted to the vacuole. Cons iste nt with 
thi s idea. many of th e class A ']'1 llIutants llli s locali 7.e only 
a s mall frac tion ofCPY. PrA. PrB. or a CPY- In \' hy hrid pro
kin that co lltains vacuo lar so rting inlilflnation (46). It is pos
s ihle that these llIutants ddine fun ctions " hi c h an: onl y 
periphera ll y invol ved ill vac uole proteill tar)!eti ll g. However. 
other c lass A ']Jl lllut ;\I1ts (']11 I. 4 . 6. 7. I ). 17.29. ;lItd :10) 
t.:x hihit g ross dctl:ch ill 11l 1' loc ili /atioll and pnh:c ....... illg or 
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Figure 9. Heterozygous class C vpl zygotes form vacuoles within 
one generation after mating. (A) vpl18 (MATa) and vpl33 (MATa) 
cells were patched together on YPD medium and allowed to mate 
for 7 h at 25 °C. Cells were scraped off the plate, resuspended in 
1 ml YPD containing 50 IlM Na-citrate, pH 5.5, and 1 III of 10 mglmJ 
FITC was added. Cells were incubated for 10 min at 25°C, washed , 
and mounted as described in Materials and Methods. (8) Two vpl33 
alleles were mated and stained as described in A . Bar, 10 Ilm. 

vacuolar proteins, secreting as much as 70-100% of the CPY 
(46). These class A mutants still contain intact vacuoles and 
secrete <5 % of the activity of a vacuolar membrane marker 
enzyme, a-mannosidase, suggesting that different pathways 
may exist for the sorting of soluble and membrane vacuolar 
proteins (see below) . 

Mutants in one of the class A complementation groups, vpt 
13, exhibited extreme sensitivity to low pH (Fig. 3 A), sug
gesting that these cells may be unable to regulate their intra
cellular pH . The vpt 13 mutants were also defective in the 
pH-dependent accumulation of quinacrine in the vacuole 
(Fig. 2 E). In mammalian cells, endosomal acidity has been 
implicated in the proper localization of proteins to this or-

1 
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C) YPD (37°C) YPD (26-C) 
1.5M NaCl 

ABC D 
Spore 

Figure 10. Cosegregation of the IS and osmotic-sensitive pheno
types in t ~ trads resulting from the sporulation of a MATa 1',,1161 
MATa VPl diploid. '1)116 WdS crossed with parental stmin SEY6211 
and diploids were selected. Diploids were sporulated and tetrads 
di ssected as described in reference 49. Segregants were patched 
onto YPD medium and replica-plated onto YPD medium which 
was incu hat~d at 25 °C or 37 °C, or onto YPD medium containing 
1.5 M NaCi (incubated at 25 °C) as indicated . Segregants from four 
tetrads are shown. In each tetrad , the Is defect al so was shown to 

be linked 1<1 the originally selected "1'1 phenotype, secretion of the 
CPY- I." h"brid protein (46) . 

ganelle. Compounds such as amines that raise intralysosomal 
and endosomal pH (40) cause lysosomal enzymes to be 
secreted. The increase in pH appears to inhibit the uncou
pling of lysosomal enzymes from their receptor carrier(s) , 
resulting in a saturation of the available receptor sites (13) . 
Furthermore, mammalian cell mutants have been described 
which appear to be defective in acidification of the endo
some; these mutants secrete increased amounts of lysosomal 
hydrolases (45). In yeast , vacuolar pH may also play an im
portant role in vacuole protein targeting. Treatment of wild
type yeast cells with ammonium acetate, the proton iono
phore CCCP, or bafilomycin A., a drug which specifically 
inhibits the vacuolar ATPase, resulted in a block in the pH
dependent accumulation of quinacrine in the vacuole as well 
as the missorting of CPY and PrA (Fig. 4). Therefore, it 
seems likely that one or more of the VPTgenes (e.g. , VPTI3) 
encode subunits of the vacuolar Mg++ -ATPase or other pro
teins involved in maintaining the vacuolar (or prevacuolarl 
endosomal) pH. Indeed, Stevens and colleagues (personal 
communication) have recently obtained data indicating that 
mutants in the vpt 13 complementation group exhibit levels 
of vacuolar ATPase activity that are tenfold lower than those 
in the wild-type strain. 

Unlike the class A vpts, the class B mutants exhibited gross 
aberrations in vacuolar structure. The many small vacuole
like compartments observed in class B vpt mutants may rep
resent the accumulation of an intermediate in vacuolar bio
genesis or alternatively, fragmentation of a larger vacuole. 
These mutants might lack a vacuolar surface molecule which 
promotes fusion of small "prevacuolar~ compartments to 
form a large vacuole. Alternatively, the gene products 
defined by the mutants could encode cellular constituents re
quired to maintain the structural integrity of the organelle. 
These mutants also raise the issue of what exactly constitutes 
a vacuole. The organelles observed in the class B vpt mutants 
accumulated the dyes used to stain wild-type vacuoles and 
apparently had a similar acidic pH, as determined by the 
pH-dependent quinacrine staining (Fig. 2). However, the 
vacuole structures that accumulated in these mutants pre
sumably are not recognized as valid destinations for certain 
vacuolar proteins, since the vast majority of PrA and CPY 
expressed in these mutants remains unprocessed and much 
is secreted (46) . 

The class C vpt mutants exhibited the most extreme defects 
in vacuole assembly among the vpt mutants isolated thus far. 
Many of these cells appeared to be essentially devoid of any 
organelles that resembled a vacuole, based on the criteria of 
size, shape, and histochemical-staining properties of normal 
vacuoles (Fig. I D). The observation that these cells are via
ble despite the absence of a vacuole indicates that many 
vacuolar functions may not be necessary under optimal 
growth conditions. Many of the class C mutants, however, 
are temperature sensitive for growth (46). The block in 
growth at 37 D C exhibited by these mutanls may indicate a re
quirement for a specific vacuolar function or, more likely, 
the cumulative effect of the loss of several vacuolar functions 
combined with the stress of growth at a temperature sig
nificantly above the preferred growth tcmperature of thc or
ganism. 

The class C VI'I Illutants al so exhibited an exaggeration of 
other organelles including Bbs, which arc presumably rc
lated to Golgi structures and represent an intermediate COlll -
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partment of the secretory pathway (36). The accumulation of 
Golgi-like structures or Bbs observed in these and certain 
other Vpl mutants is consistent with a backup of vacuole pro
teins at the Golgi, the site of segregation for these proteins 
(54) . In addition, the cytoplasm in these cells was filled with 
vesicles and complex lamellar arrays that might represent 
remnant vacuolar material or intermediates in vacuole bio
genesis (Fig. 8) . Several scenarios could account for the ac
cumulation of organelles in these mutants. The gene prod
ucts defined by the class C vpt mutants might correspond to 
essential components of a vacuolar protein sorting apparatus 
or to structural proteins of the vacuole itself. Alternatively, 
the class C VPTgene products might be involved in the regu
lation of organelle biogenesis, a process about which very lit
tle is known. Like its mammalian counterpart, the yeast 
vacuole may play an important role in the intracellular turn
over of macromolecules. Perhaps in the class C mutants, or
ganelles and membrane fragments accumulate because the 
cells lack a vacuole to perform this digestive function . The 
vesicles observed in these vpt mutants might represent inter
mediates in endocytic traffic that , in the absence of a vacuole, 
have no suitable target destination. On the other hand, the 
structures which accumulate in the class C mutants might 
represent actual intermediates in vacuole biogenesis. How
ever, because these organelles are present at both permissive 
and nonpermissive growth temperatures, we are at present 
unable to test whether they correspond to actual reversible 
intermediates in the vacuole assembly pathway or are dead
end, nonreversible compartments. Additional experiments, 
such as immunoelectron microscopy or purification of the 
vesicles, will be required to address the nature of the content 
of these structures and their likely origin. 

In plant cells, the large central vacuole plays an important 
role in regulating cell turgor pressure (3, 18, 61). Although 
not as extensively studied, it is possible that the vacuole may 
have a similar osmoregulatory function in yeast. High con
centrations of solutes such as polyphosphates are stored in 
the yeast vacuole as osmotically inactive aggregates or poly
mers that could be converted into osmotically active forms 
by enzymatic digestion of the polymers. Large pools of sug
ars and basic amino acids (especially arginine) may also be 
present (29). Mutants in the four class C complementation 
groups were sensitive to osmotic stress (Fig. 3 B). Perhaps 
these cells are unable to accumulate the compounds nor
mally used to generate high internal osmotic pressures. Al
ternatively. the osmotic-sensitive phenotype may not be 
directly related to vacuolar function . A number of seemingly 
diverse mutants, including nonsense suppressors, plasma 
membrane ATPase mutants, and actin mutanL~ are sensitive 
to osmotic stress (31, 35, 51). Singh and Sherman (52) have 
suggested that, like Is mutations, alterations in a variety of 
essential proteins may make cells unusually sensitive to 
stressful growth conditions, in this case hypertonicity. Two 
class A Ipl mutants (Vpl IS and 29) were partially inhibited 
for growth in the presence of hypertonic stress. The vacuoles 
in these strains were abnormally large and occasionally ap
peared to contain inclusions. Like class C vpl mutants, cells 
in these groups accumulated vesicles and Bbs (Fig. 6), and 
many of these strains are ts for growth. Furthermore, these 
mutants are severely defective in the proccssing and sorting 
ofCPY and PrA (46) . On the basis of the class C-like pheno
types cxhihitcd by l'p/15 and 29. we propose that these mu -

tants may represent an intermediate between the class A and 
C morphologies. 

The class C vpt mutants are among the most defective in 
targeting CPY, PrA, and PrB to the vacuole (46). Unlike 
other vpt mutants, however, the class C mutants secrete 30-
50% of the vacuolar membrane marker enzyme, u-man
nosidase (46), indicating that the sorting defect in thesemu
tants extends to membrane, as well as lumenal, proteins. 
Taken together, the data suggest that different recognition 
systems may participate in the sorting of soluble vacuole pro
teins, such as CPY and PrA, and vacuole membrane proteins 
(e.g., u-mannosidase). However, both sets of proteins may 
transit via common carrier vesicles or other intermediate 
compartments en route to the vacuole. According to such a 
model, the class C vpt mutants might affect protein sorting 
at the level of the common compartment. In contrast, the 
defects observed in many of the class A mutants, which mis
localize only a subset of the vacuole proteins, are likely to 
affect more specific components in the pathway, such as pro
tein receptors. 

A set of vacuolar protein localization (vp/) mutants similar 
to those described here has been isolated by selecting for the 
presence of active CPY in the periplasm (47) . Some of these 
mutants also exhibit aberrant organelles such as Bbs and 
multi vesicular bodies in addition to a normal vacuole. Com
plementation analysis has revealed that several of the vpl mu
tations fail to complement various vpt mutations. However, 
none of the vpl mutants exhibits the extreme defects in vacu
ole morphology seen in the class C vpt mutants (46, 47; Roth
man . 1., and T. Stevens, personal communication). 

Two mutants which are defective in the accumulation of an 
endocytic marker, lucifer yellow carbohydrazide, and in 
pheromone response have been described by Chvatchko et 
al. (7) . One of these mutants, end I, has a morphology simi
lar to that of the class C vpt mutants in that it lacks a vacuole 
and accumulates many small vesicles in the cytoplasm. This 
mutant is also defective in CPY processing (44) and sorting 
(46). Like the class C vpt mutants, eruJ I grows poorly on 
glycerol (Dulic, Y., and H. Riezman, personal communica
tion) and is unable to grow under conditions of osmotic 
stress or high temperature. Crosses between end land vpt II 
mutants have demonstrated that these two mutations define 
a single complementation group (46; Dulic, v., and H. Riez
man, personal communication). This finding suggests that 
the vacuolar protein sorting and endocytic pathways may 
converge and that some gene functions may be common to 
both pathways. Geuze et al. have suggested that lysosomal 
enzymes are directed to the lysosome via a pre lysosomal 
compartment which is also the site of uncoupling of endocy
tosed ligands and receptors (12). More recently. Griffiths et 
al. have identified a compartment in rat kidney cells which, 
by immunolocalization studies, appears to be shared by the 
lysosomal targeting and endocytic pathways (14). 

The extreme defects in vacuole biogenesis. aberrations in 
vacuolar and cellular morphology, and increased sensitivity 
to suboptimal growth conditions observed in certain of the 
vp/ mutants suggest strongly that vacuole structure and/or 
function are impaired in these strains. However. functions 
such as secretion and microtubule assembly appear to be 
normal in all of thc vP/ mutants (46) . Although the class C 
liP/ mutants. as well as vp/15 and 29. accumulate organelles 
resembling those scen in certain sec mutants. comp1cmenta-
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tion analysis has indicated that these vpt mutants and the sec 
mutants are not allelic (46). Other yeast mutations have been 
described which result in vpt-like morphological defects. A 
ts mutation in the single yeast actin gene (actl) leads to an 
accumulation of Bbs and vesicles similar to that seen in 
vpt 15 and 29 (35); however, complementation analysis indi
cates that none of the ts vpt mutants is allelic to act I (unpub
lished results). Likewise, although a deletion of the c1athrin 
heavy chain gene in yeast causes severe morphological and 
growth defects, these cells continue to sort vacuolar proteins 
properly (39). A recently isolated mutant, slpl, exhibits a 
vpt-like morphology in that it lacks a central vacuole but con
tains many small vesicles throughout the cytoplasm (24a). 
We have not yet been able to test the allelism of this mutation 
with any of the vpt mutations. 

The class Band C vpt mutants, which exhibit altered 
vacuolar morphologies, may define functions required for 
specific stages of vacuole biogenesis. These mutants may be 
especially useful for in vitro studies directed at reconstituting 
different steps in vacuole assembly. Molecular cloning of the 
VPT genes and characterization of the encoded gene prod
ucts, coupled with the development of an in vitro system in 
which these gene products can be assayed, should help eluci
date the roles these proteins play in vacuolar function, pro
tein targeting, and organelle biogenesis. 
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Chapter 4 

The Saccharomyces cerevisiae VpslS protein has a functional, cysteine

rich, C-terminal domain and facilitates the late Golgi processes of 

protein sorting to the vacuole and a-factor processing. 
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ABSTRACT 

Saccharomyces cerevisiae strains carrying vpsJ8 mutations have defects in the 

sorting and transport of vacuolar enzymes such as Carboxypeptidase Y and Proteinase 

A. The inactive-precursor forms of these proteins are mislocalized to the periplasm and 

growth medium. Most of the alleles also have a defect in vacuole biogenesis that leaves 

them without a morphologically identifiable vacuole. Several mutants are unable to 

divide at elevated growth temperatures or at high salt concentrations. Mutants in the 

pep3 complementation group (Jones (1977) Genetics 85: 23-33) have similar 

phenotypes and defme the same locus as vpsJ8. A plasmid capable of complementing 

the temperature-sensitive growth defects of strains carrying the vpsJ8-4Q allele was 

isolated from a centromere-based yeast genomic library. Integrative mapping showed 

that the 26 kb insert in this plasmid derives from the VPSJ8Iocus. Strains in which the 

VPSJ8 gene has been deleted are viable and have the same phenotypes as spontaneous 

temperature-sensitive vpsJ8 alleles. In addition, vpsJ8~1 ::TRP 1, MATa strains 

secrete a large portion of their a-factor in precursor, rather than mature, form. 

Therefore the trans Golgi compartment in which Kex2p resides is somehow altered in 

these mutants. The 4kb minimum complementing fragment can encode a 918aa protein. 

The predicted Vps18p sequence revealed a cysteine-rich, zinc finger like motif close to 

the carboxyl terminus. A mutant was made in which the first cysteine of the motif was 

altered to serine. This allele showed a temperature-conditional, CPY sorting defect with 

very rapid onset when introduced on a CEN-vector into the vps18~1::TRPJ strain. A 

similar cysteine-rich motif is found near the C-terminus of the protein encoded by 

another gene involved in vacuole biogenesis (PEPS/ENDJ). Mutant alleles of this gene 

were also isolated in our screen for vacuolar protein sorting mutants (vpsJJ). Both 

vpsJJ and vpsJ8 mutants have the Class C vacuole-deficient phenotype. This 

similarity between the products of two relatedVPS gene products raises the possibility 

of interaction via disulphide bonds between the cysteine-rich regions of these proteins. 
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INTRODUCTION 

Eukaryotes have cells that contain many membrane-bound compartments, all 

having a different form and function. The question of how these diverse membrane

enclosed organelles are constructed and maintained, each with its own specific 

structural components, enzymes and substrates, is interesting and complex. 

Proteins destined for the plasma membrane and for the lysosome are initially 

targeted to the endoplasmic reticulum (ER) and from there travel through a pathway 

consisting of a series of membrane-enclosed organelles and vesicles. This is known as 

the secretory pathway. Nascent peptides are translocated into the ER where they receive 

some carbohydrate additions and some hydrolytic modifications. The proteins then pass 

in small vesicles to the Golgi apparatus where they travel from one cisterna to the next, 

probably also in vesicle intermediates, receiving further appropriate modifications. 

Upon exit from the trans Golgi, the lysosomal proteins enter one pathway directed to 

the lysosome, and the secretory proteins enter another pathway that will deliver them to 

the plasma membrane. Plasma membrane delivery and probably also lysosomal 

delivery are accomplished by the movement of specific vesicles. Where the pathways 

diverge, a large scale protein sorting operation must continuously be taking place. 

The vacuole of the yeast Saccharomyces cerevisiae is analogous to the 

lysosome of mammalian cells in many respects. The lumen of the vacuole contains 

many of the hydrolytic enzymes of the cell. The soluble vacuolar enzymes of yeast 

include Carboxypeptidase Y (CPY), Proteinase A (PrA) and Proteinase B (PrB) 

(Ammerer et al. 1986; Hasilik and Tanner 1978; Jones 1984; Klionsky et al. 1990; 

Moehle et al. 1987). These digestive enzymes are transported to the vacuole in inactive, 

precursor form, apparently to prevent degradation of cell components they might come 

in contact with on the way to the vacuole. As in other eukaryotes, soluble proteins en

route to the yeast vacuole pass through early stages of the yeast secretory pathway. The 

main evidence for this is genetic; secretion-defective (sec-) mutants that block secretion 
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at early stages of that transport pathway such as in the ER or Golgi compartments, also 

block the transport of soluble proteins to the vacuole (Stevens et al. 1982). In addition, 

mutants that have defects in biosynthetic functions known to take place in the secretion 

pathway, for example the glycosylation of secretory proteins, also affect the 

biosynthesis of vacuolar proteins (Moehle et al. 1989). There is evidence that when the 

yeast cell is unable to localize its vacuolar proteins correctly, they instead continue 

along the final stages of the secretion pathway to the surface of the cell. Mutations in 

the vacuolar sorting domain of CPY result in the secretion of this protein (Valls et al. 

1990). Overproduction of CPY from a multicopy plasmid results in the secretion of the 

excess CPY, suggesting secretion is the default and that the vacuole delivery pathway 

or some component of the sorting apparatus for CPY had become saturated (Stevens et 

al. 1986). When a fusion protein was examined (Johnson et al. 1987, see below) the 

vacuolar localization signals of CPY appeared to have precedence over the plasma 

membrane delivery signals of Invertase (Inv). 

Many spontaneous mutants with defects in vacuolar protein sorting were 

recently isolated in this laboratory (Bankaitis et al. 1986; Robinson et al. 1988). This 

was done with the aid of a selection scheme that made use of CPY -Inv fusion proteins 

that possess vacuolar targeting signals and invertase activity (Johnson et al. 1987). In 

wild-type cells, the CPY-Inv fusion protein is accurately localized to the vacuole by 

virtue of the localization signals contained in the CPY portion. Since the invertase 

activity of the fusion protein is useful only for purposes of sucrose utilization if it is at 

the cell surface, it was possible to select for mutants that mistarget the CPY-Inv fusion 

protein to the cell surface. This screen identified more than 33 complementation groups 

with defects in vacuolar protein sorting (vps) (Robinson et al. 1988). Other 

laboratories also isolated mutants with similar phenotypes using various different 

genetic selections and screens (Chvatchko et al. 1986; Jones 1977; Kitamoto et al. 

1981; Ohya et al. 1986; Rothman and Stevens 1986). Genetic comparisons led to the 
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estimation that more that 50 gene products have some part to play in the biogenesis and 

maintenance of the yeast vacuole (Klionsky et al. 1990; Robinson et al. 1988; Rothman 

et al. 1989). 

Among the vps mutants isolated as described above, several complementation 

groups showed interesting plieotropic phenotypes. A set of four genes gave rise to 

what were termed "Class C" vps mutants. The most striking feature of the Class C 

phenotype is the abnormal morphology of the cells; they possess dramatically reduced 

vacuoles and accumulate aberrant membrane-enclosed structures within the cytoplasm 

(Banta et al. 1988). In addition, each of these genes has at least two alleles that exhibit a 

genetically linked temperature-sensitive (Ts) growth phenotype (Robinson et al. 1988). 

These mutants, vpsJJ, vps 16, vpsl8, and vps33, have several additional vacuole

associated defects in common. These defects include mislocalization of high 

percentages of soluble vacuolar enzymes such as CPY, slow growth at all incubation 

temperatures and especially on synthetic media, inability of homozygous diploids to 

sporulate, lack of the characteristic red color of the endogenous fluorophor normally 

accumulated in the vacuole of ade2 mutants and osmotic sensitivity of certain alleles. 

We reasoned that if mutation of a single genetic locus could cause such major defects in 

vacuolar protein delivery and vacuole biogenesis, it was likely that such a gene would 

encode a product that had a central role in direction of the vacuole delivery pathway or 

in sorting. For this reason one of these genes, VP S 18, has been the focus of this study. 

Eight spontaneous alleles of vps IB were isolated in our screen for vacuolar 

protein sorting defective mutants outlined above. Depending on the allele, as much as 

85% of p2 CPY is delivered to the cell surface. Most of the alleles also have the Class 

C defect in vacuole biogenesis that leaves them without a morphologically identifiable 

vacuole as described above. Four of the alleles (vpsI8-J, vpsJB-3, vpsJB-4Q and 

vpsJB-5) exhibit a Ts growth phenotype, rendering the yeast unable to divide 

sufficiently to form single colonies on rich medium (YPD) at 37"C. Strains carrying the 
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same alleles were unable to grow at room temperature on YPD containing I.5M NaCl, 

a high salt medium on which the wild-type strains SEY6210 and SEY6211 grow. For 

the soluble hydrolases tested, the vacuolar protein sorting defect appeared to be as 

severe at 26"C as at 37"C in the spontaneous Ts alleles of vps 1 8 . These Ts and 

osmotic-sensitive (Os) growth defects were genetically linked to the vps phenotype in 

each case (Robinson et al. 1988). 

During the course of this work, it became clear (by comparison of restriction 

maps and sequences) that the vpsl8 and pep3 alleles define the same locus. The pep3 

alleles were isolated in a screen for mutants with reduced CPY activity, and mapped to 

Chromosome XII R (Jones 1977). The phenotypes described for strains bearing mutant 

alleles of pep3 are similar to those of vps 1 8 and also include the following, not 

assessed for vpsl8: hypersensitivity to amino acid and pyrimidine analogues, reduced 

amino acid pools, genetic suppression of alleles at the CANl (arginine permease) locus 

and inability to utilize glycerol as a carbon source (Jones 1983). The PEP3 gene has 

been cloned and sequenced (R. Preston and E. Jones, personal communication). 

The isolation of the VPSl8 gene from a yeast genomic library and its DNA 

sequence are described in this paper. As a result of these studies, a functional region of 

Vps18p has been identified. 
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MATERIALS AND METHODS 

Strains, growth media, genetic methods and gene cloning. Standard 

genetic methods were used throughout. The yeast and E.coli strains used in this study 

are shown in Table!. Standard yeast rich (YPD), minimal (SM) and sporulation media 

were prepared as described previously and supplemented with the appropriate amino 

acids (Sherman et al. 1979). 

Analysis of revertants of the strain SEYI8-4 that had recovered the ability to 

grow at 37"C indicated that the allele, vpsJ8-4a, carries an amber mutation. Four 

independant revertants were crossed with strain SEY6211, and these diploids were 

genetically analyzed to determine if extragenic suppressors of vpslB had been obtained. 

These diploids were heterozygous for lys2-BOJa, an allele of the LYS2 gene carrying 

an amber mutation. The extragenic suppressors found responsible for reversion of the 

Ts and vps .phenotypes of vpsJ8-4a were also found to suppress the auxotrophic Lys

phenotype that should have segregated 2:2 in the cross, implying that they are all 

suppressors of amber mutations. 

Isolation of the VPSJB gene was as follows. Approximately 12000 Ura+ 

transformants of the vpsJB-4a, ura3-52 strain (SEYI8-4) were selected on minimal 

medium without uracil (SM-Ura) after introduction of a yeast genomic library carried 

on the YCp50 shuttle vector (Rose et al. 1987). These colonies were screened for 

temperature-resistant (Tr) transformants by replica plating to rich medium (YPD) and 

incubating at 37"C for 2 days. One of the Tr strains identified was found to carry a 

plasmid (pJSR1) responsible for complementing the defects of vpslB-4a. 

For integrative mapping of the cloned DNA, a plasmid (pJSR2) was 

constructed in which the approximately 5kb Bamlll to Pst! fragment of pJSRI was 

inserted next to the yeast TRPI gene on an integrative vector (pPHYlO) (Herman and 

Emr 1990). After digestion with CiaI (this site maps 3' to the VPSIB open reading 

frame), pJSR2 DNA was transformed into SEY6211. Two separate Trp+ 



105 

transformants, in which the TRP 1 gene should have recombined into the chromosome 

next to the CIa! site of the vpsl8-complementing DNA, were crossed with a vpsl8-

strain; SEY18-4. Analysis of twelve tetrads dissected from each diploid gave 2:2 

segregation of TRP+;trp-, and of VPS+:vps-; TRP+ cosegregated with VPS+ in every 

case. 

Mating types of strains were determined by the standard mating factor halo test 

on lawns of yeast cells supersensitive to mating pheremone(s). Bioassays for a-factor 

were on lawns of sstl, MATa cells suspended in top YPD/agarose for even spreading 

as described (Julius et al. 1983). 

Plasmids and recombinant DNA. Standard methods were used for 

recombinant DNA manipulations (Ausubel et al. 1987; Maniatis et al. 1982). The 

Y cP50 library (Rose et al. 1987) was the kind gift of M. Rose. Introduction of shuttle 

vectors into yeast was by the lithium acetate method (Ito et al. 1983). 

The original vpsl8-complementing clone; pJSR1, comprised a 26 kilobase 

(26kb) insert in YcP50 (a centromere carrying shuttle vector for yeast and E. coli). 

Preliminary restriction mapping indicated that a 20kb CIa! fragment could be deleted 

from pJSRl to leave 6kb of the insert in the slightly shortened (Sau3A-Cla! deleted), 

but still functional, YCp50 vector. This plasmid (pJSR3) complemented the Ts-growth 

and the vacuolar protein sorting defects of SEYI8-4. Other subclones of pJSRl for 

complementation analysis were constructed in centromeric yeast-E. coli shuttle vector 

pPHYc18 (Herman and Emr 1990). These subclones were as follows: the 4kb EcoRV 

fragment (Fig. lA) inserted in the SmaI site ofpPHYc18 (pJSR4), which gave partial 

complementation of the phenotypes of JRSc184; the 2kb XbaI-to-ClaI fragment 

(pJSR5), which did not complement vpslB-4Q and the 3.5kb SacI-to-KpnI fragment 

(pJSR6), which complemented all the phenotypes of SEY18-4 tested and therefore 

defmed the smallest vpslB-complementing subclone of the original plasmid. 
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The plasmid pJSR2 for integrative mapping was as described in genetic 

methods. The construct used for gene disruption of VPS18 was as shown in Figure l. 

This was cut with Sphl and CIa! to expose recombinagenic ends and then transformed 

into haploid and diploid VPS18 yeast strains; SEY6211 and SEY6210·5 (the diploid 

resulting from crossing SEY6211 and SEY621O, the haploid genotypes are given in 

Table1), respectively. Trp+ transformants were obtained from both. One haploid Trp+ 

transformant was tested and found to have the phenotypes of vpsJ8-4a ie.; Ts, Os, 

vps, and morphologically abnormal vacuoles. A Southern blot confmned that this 

strain, JSRI8~I, contained the null mutation (vpsJ8-t11::TRPl). 

DNA sequencing and mutagenesis. The 4kb, EcoRV fragment (Fig lA) 

was inserted into Bluescript vectors at the Sma! site in both orientations, and two series 

of nested Exom deletions were made. When the long open reading frame was found to 

extend beyond the 3' EcoRV site, further ExoIII deletions were prepared from another 

Bluescript construct carrying a large insert extending lOkb 3' from the Bglll site shown 

in Figure 1. All DNA was sequenced using the chain-termination method (Sanger et al. 

1977). 

Site-directed mutagenesis of the VPS18 gene was carried out as described 

(Kunkel 1985). The 3.5 kb Kpnl-to-SacI fragment was inserted into the appropriate 

sites of M13mpl8 RF DNA to produce M13JRl. Single-stranded, uracil-containing 

M13JRl DNA was isolated from the dut ung E. coli strain, BW313. The 

oligonucleotides 5'-GAAAATTCAATGCATGCGACAAGTCC-3' and 5'

CACATTCATCAGAGCTCTTA CCTGG-3' were used to mutagenize the uracil

containing M13JRl sequence; each oligonucleotide introduced a restriction site for 

identification of mutagenized RF M13JRl carrying the desired alteration. Each 

mutagenized VPS18 Kpnl-to-SacI (minimum-complementing) fragment was moved 

back from M13 into a yeast-E. coli, centromeric shuttle vector (pPHYcI8) to produce 

pJSR8 (~FGEI400-403) and pJSR9 (CS26 to S). It was necessary to use partial 
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digestion to construct pJSR9 as a second SacI site had been introduced by the 

mutagenesis. Using this newly introduced Sacl site in pJSR9, we also generated a 

construct (pJSRI0, L\SS25-end) in the pPHYc18 vector. These plasmids were 

transformed into strains JRSc184 and JRSc18L\ 1 to test their ability to complement the 

vpsJ8 mutant phenotypes. 

Immunoprecipitations. For immunoprecipitation of a-factor, cells were 

labeled with Tran-35S label as described by (Graham and Emr 1991) and in the figure 

legends where appropriate. The a-factor antisera were the generous gift of 

R.Sheckman. For carboxypeptidase Y (CPY) immunoprecipitations, cells were labeled 

as above except that labeling was for 30', and chase was with cold methionine alone for 

30' except where noted in the figure legends. The preparation of CPY antisera was 

described previously (Klionsky et al. 1988). 

Materials. Agar and other growth media components were from Difco 

(Detroit, Mi.). 5-bromo-4-chloro-3-indoyl-j3-D-galactoside (X-gal), isopropyl-j3-D

thiogalactopyranoside (IPTG), and several DNA-modifying enzymes were from 

Boehringer Mannheim Biochemicals (Indianapolis, Ind.). Other DNA-modifying 

enzymes were from New England Biolabs (Beverly, Mass.). Sequenase DNA 

sequencing kit and enzyme were from United States Biochemicals (Cleveland, Ohio). 

The a-35S(dATP) was from Amersham (Arlington Heights, Ill.) and tran-35S label 

was from ICN Radiochemicals (Irvine, Calif.). 5(6)-carboxy-2'-T-dichlorofluorescein 

diacetate (CDCFDA) was from Molecular Probes (Eugene, Ore.). 5-Fluororotic acid 

(5FO) was from PCR (GaineSVille, Fla.). Other reagents were from Sigma (St. Louis, 

Mo.) and additional standard sources. 
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RESULTS 

Isolation and analysis of a plasmid carrying the VPS18 gene. Eight 

spontaneous alleles of vps IB that missort CPY and deliver it to the cell surface in 

precursor (P2) fonn were isolated in our screen for mutants defective in vacuolar 

protein targeting (Robinson et al. 1988). For each allele tested all of the CPY is in 

precursor, p2, fonn and depending on the allele, as much as 85% of p2 CPY is 

delivered to the cell surface. Strains with vpslB mutations showed abnonnal cell 

morphology. Four of the alleles (vpsJB-l, vpsJB-3, vpslB-4a and vpslB-5) exhibit a 

Ts growth phenotype. One allele, vpsJB-4a, was found to carry an amber mutation 

when we isolated revertants of the strain SEYI8-4 that had recovered the ability to 

grow at 37°C (methods). 

We made use of the recessive Ts growth defect of strains carrying the vpslB-4a 

allele to isolate the VPSIB gene from a CEN-vector based yeast genomic library (see 

methods). A complementing plasmid, pJSR1, was isolated. After recovery in E. coli, 

purification and retransformation into SEYI8-4, pJSRl rescued all the recessive defects 

tested, including the Ts growth defects (Fig. IB), vacuolar protein sorting defects 

(CPY and CPY-Jnv hybrid protein), and abnormal cell morphology. 

To determine if the complementing plasmid contained the VP SIB gene, we 

investigated linkage of the cloned DNA to the VPSIBlocus by testing to see whether it 

could direct integration of a plasmid carrying the yeast TRP J gene at the V P SIB 

chromosomal locus. The appropriate construct (pJSR2, methods) was transfonned into 

SEY6211. Two independent Trp+ transformants were crossed with SEY18-4. Every 

tetrad analyzed (12 from each diploid) was a parental ditype with respect to trpl and 

vpslB (Le., each segregant was either vpslB trpl or VPSIB TRP 1) indicating that the 

DNA insert in pJSR2 was indeed derived from the VPSIB chromosomal locus. 

Initial restriction mapping showed that the original complementing plasmid, 

pJSRl, carries an insert of approximately 26kb. In order to ascertain the size of the 
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VPS18 gene, smaller fragments were subcloned into a CEN-vector (see methods). 

Transformation of SEY18-4 gave complementation information that placed the putative 

Vps18p-coding region within about 4kb of DNA. A restriction map for this DNA 

fragment is shown in Figure 1A. 

The novel protein encoded by VP S 18 has a zinc-finger motif and 

a consensus cAMP binding site. The nucleotide sequence of V P S 18 was 

determined by sequencing a series of exonuclease ill-generated deletion templates using 

the dideoxy nucleotide chain termination method. The sequence contained a continuous 

open reading frame with the potential to encode 918 amino acids. The DNA sequence is 

presented in Figure 2, and the deduced amino acid sequence is also shown. The 

predicted protein sequence is fairly uniformly hydrophillic in nature as determined from 

a Kyte and Doolittle analysis (Kyte and Doolittle 1982) (not shown). No obvious signal 

sequence or trans membrane domains were identified. There are seven potential 

glycosylation sites present in the sequence. A Chou Fastman prediction of the peptide 

structure revealed no structural features of known function. 

Sequence comparisons with the NBRF (National Biomedical Research 

Foundation) protein data base and the GenBank nucleic acid data base using homology 

comparison programs TFASTA and FASTA (Pearson and Lipman 1988) identified a 

short stretch of sequence identity with the cAMP binding sites of cAMP dependent 

protein kinases. This seven amino acid region of identity comprises the amino acids 

FGEIAL and corresponds to the consensus cAMP binding site also found in CAP (or 

CRP) protein from E. coli (underline with dashed line in Figure 2). Although a 

conserved sequence was missing close to the central motif, the first reasonable match 

being 49 amino acids distant, the complete identity to the FGEIAL sequence element led 

us to question its possible involvement in the functioning of Vps18p. 

Another sequence comparison (Altschul et al. 1990) performed at NCB! 

on the same databases using the BLAST network service identified a cysteine-rich 
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sequence close to the C-tenninus of Vps18p with sequence similarity to the 43 kDa 

postsynaptic protein (Froehner 1989) and certain "zinc finger" proteins (Berg 1990). 

The pattern of cysteine residues is CX2CX13CX2CX4CX38CX2C as shown underlined 

in Figure 2. Some of the Carboxy terminal region of the Vps18p sequence is shown in 

Figure 3 compared with sequences from the Postsynaptic 43 kDa protein of rat, and 

Vps11p (=Pep5p/End1p), Rad18p and Pdr1p, all from S. cerevisiae. 

By visual inspection, we noted that the previously published sequence of 

another gene involved in the biogenesis or maintenance of yeast vacuoles also shows a 

cysteine-rich, C-terminal region with an arrangement of cysteines very similar to that of 

Vps18p (Figure 3). This gene is known in the literature as PEPS (Woolford et al. 1990) 

and as ENDl (Dulic and Riezman 1989). The sequence similarity between Vps18 and 

Pep5/End1 encompases more amino acids than just the cysteines and has a symmetrical 

arrangement of histidines and cysteines. It is interesting to note that in our original 

screen for vacuolar protein sorting defective mutants (Robinson et al. 1988), we had 

also obtained alleles of this gene; vps 11-1 to vps 11-8 . These vps 11 mutants, like 

vpsl8, have the unique Class C vacuolar morphology, and some alleles also have 

defects in growth at high temperatures (Banta et al. 1988; Robinson et al. 1988). 

Deletion of the entire V P S 18 open reading frame gave a viable 

yeast strain that has growth defects at 37·C. To discover the phenotypic 

consequences of deleting the VPS18 gene, a plasmid was constructed in which the 

entire open reading frame deduced from the DNA sequence was replaced with the yeast 

TRP 1 gene and additional (E. coli-derived) DNA. This plasmid was digested with SphI 

and CIaI to produce recombinogenic ends homologous to the VPSl8locus (Figure lA) 

and transformed into wild-type strains. Among several haploid Trp+ transformants 

defective for growth at 37°C, one was crossed with the strain SEY18-4 that has a Ts 

allele of vpsl8. The resulting diploid was also Ts, indicating that the recessive Ts 

mutation obtained after TRP 1 integration is in the vps18 complementation group. This 



111 

haploid strain, JSRI8~1 (with the vpslB-~I::TRPl mutation) was also crossed with 

SEY6211; the diploid was not Ts, indicating that the vps1B-~I: :TRP 1 mutation is 

recessive. Tetrads were analyzed; the segregants were tested for Ts and vps phenotypes 

which co segregated with TRP 1+ in each case (12 tetrads, all segregants viable), 

indicating that the integration of TRP 1 and the simultaneous acquisition of vpslB 

phenotypes resulted from the same event and that no genetically unlinked suppressor of 

lethality was segregating in the cross. A southern blot of DNA from the vps1B

~1 : :TRP I-containing strain confIrmed that the VP S IB locus had been altered in size 

and DNA sequence (not shown). The growth phenotypes of JSR18~1 at different 

temperatures are shown in Figure 2B. Also shown are wild-type, vpslB-4a and the 

vps IB null mutant transformed with the smallest complementing fragment of the 

Vpsl8-encoding DNA clone, under the same growth conditions. That the VPSIB gene 

deletion strain was viable, although Ts for growth at 37°C was not unexpected. This is 

because of the previous observations that a viable, but Ts nonsense allele of VP S IB 

exists (methods) and that no known VPS gene is essential for growth (discussion). 

In vitro mutagenesis of VPS18. The role of the putative cAMP-binding 

site in Vps18 was tested by carrying out in vitro mutagenesis of this site. A mutant was 

made in which four amino acids of the motif were deleted (~FGE400-403) (methods). 

This was reintroduced into vpslB~::TRPl yeast on a CEN-vector as described 

(methods). No phenotypic differences from wild-type controls could be detected in any 

of our assays (not shown). These data indicate that the FGEIAL motif (Figure 2) does 

not playa major role in the sorting of vacuolar proteins and is probably not functional 

in the Vps18 protein. 

We have mutated the cysteine-rich motif at the carboxy terminus of Vps18p 

(Figures 2 & 3) to test the requirement of this region for Vps18 function. Using dut, 

ung mutagenesis (methods), the fIrst cysteine of the motif (C826) was changed to the 

small, neutral amino acid, serine. This mutant allele, C826 to S, was inserted into a 
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CEN-vector and introduced into vpsJBt1::TRP J yeast by transformation. This plasmid 

was unable to complement the growth and vacuolar protein sorting defects of strain 

JSR18~1. The control plasmid having the wild-type VPSJ8 gene in the CEN-vector 

was capable of complementing all the mutant phenotypes of strain JSRI8~1. These 

data suggest that the cysteine-rich motif found in Vps18 is indeed functional and 

involved in the process of biogenesis or maintenance of the yeast vacuole. 

The CSl6 to S mutant allele of VPS18 has a temperature

conditional CPY sorting defect. In order to determine the extent of the Cpy 

sorting defect in the CS26 to S mutant allele, a pulse-chase cell labeling with subsequent 

immunoprecipitation of CPY was carried out,and the proteins were separated by SDS 

PAGE and visualized by autoradiography (methods). It became apparent that although 

the CPY sorting defect of the CS26 to S mutant allele was not very severe at room 

temperature, the same mutant was extremely defective when tested at 3TC (Figure 4). 

We found that the onset of this Ts phenotype occurred very rapidy. Mutant cells were 

labeled at 23·C and then chased at 37·C as described (methods). After the chase, the 

sorting defect was that of the restrictive temperature, indicating that the conditional 

defect takes effect within a few minutes at 37"C (not shown). 

The vacuolar morphology of the strain carrying the CS26 to S mutation was 

examined at both temperatures. The phenotype at 23"C was novel upon staining with 

the fluorescent dye CDCFDA. We observed vacuoles of wild-type appearance 

interspersed with the small, bright dots characteristic of the Class C mutants of which 

vpsJB alleles are an example. Surprisingly, upon shift of cells to 37"C and examination 

of aliqouts taken every hour for five hours, there was no detectable change in the 

phenotype observed at room temperature. This is in contrast to the dramatic change in 

sorting behavior of CPY in response to 37"C incubation, which takes place over a 

much shorter time period as described above. 



113 

vpsJ8 and other class C vps mutants have reduced a-factor halo 

size. A routine test for determining the mating type of yeast strains is to replica plate 

patches of cells onto a YPD plate spread with a lawn of yeast cells that carry a mutation 

(sstl or sst2), rendering them supersensitive to mating pheremones. The release of 

mating factor by the strain tested is indicated by the presence of a zone of inhibition of 

growth of supersensitive lawns of the opposite mating type. This clear zone is known 

as a mating factor halo. While testing the mating type of segregants from the JSR1861 

by SEY6211 cross (methods), we noticed that each vpslB-L1l::TRPl,MATa 

segregant had a smaller a-factor halo on sst2 MATa lawns than every VPSIB, trpl, 

MATa segregant. In contrast, there was not a regular difference in the size of a-factor 

halos on sstl MATa lawns, dependent on the segregation of L1vpslB. This observation 

led us to check the a-factor halos of several different vps mutants on sst2, MATa 

lawns. Strains with defects in vpsll, vpsl6 and vps33 showed small halos like those 

of vpslB strains, whereas strains carrying vps5 and vps35 mutations had halo sizes 

not very different from the halos of wild-type, SEY6210 yeast. The size differences 

described here were seen after incubating the plates at 30·C; the differences were 

somewhat less pronounced but still visible when incubation was at room temperature 

(22·C-26"C). Figure 5 shows the a-factor halos produced by isogenic vpslB and vps5 

mutants and their parental MATa strain. 

We reasoned that such a defect could be due to defects in the biosynthesis, 

sorting or processing of a-factor, or to the rapid degradation of mature a-factor by 

vacuolar hydrolases released outside the mutant cells. A slower growth of the mutant 

cells could also have led to smaller halo sizes, but if this were the case, one would have 

also expected to observe smaller a-factor halos. 

A MATa strain with the VPSJ8 gene deleted, secretes a-factor in 

highly glycosylated precursor form. In order to investigate further the small a

factor halo phenotype associated with vpsIB-L11 ::TRP I strains, we examined the a-
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factor protein made in the strain, JSRI8~1. Protein was immunoprecipitated with a

factor antisera from cells pulse-labeled with 35S-methionine (methods) and the different 

fOIIDs were electrophoretic ally separated on SDS-polyacrylamide gels and examined by 

autoradiography (Figure 6). This experiment showed that the vpslB-t11: :TRP 1 mutant 

cells rapidly secrete a highly glycosylated form of a-factor of approximately 95-140kd 

into the growth medium (Figure 6). Other partial products of Kex2 cleavage are also 

secreted by the mutant. 

This is in sharp contrast with wild-type cells, which secrete only the small 13 

amino acid a-factor peptide. This mature a-factor peptide secreted by wild-type cells 

has been fully processed by Kex2 (Fuller et al. 1989), Kex 1 (Dmochowska et al. 1987) 

and dipeptidyl-aminopeptidaseA (DPAPaseA) (Julius et al. 1983) before exiting the 

cell. The highly glycosylated form of a-factor secreted by vpslB mutants appears 

similar to that secreted by kex2 mutants and also resembles the form of a-factor 

secreted from clathrin heavy chain minus mutants (chel) (Payne et al. 1987). However, 

more experiments will be necessary to determine if the a-factor precursor secreted from 

vpslB cells is indeed the kex2 mutant form of a-factor. 

Other vps mutants that do not have the Class C vacuole morphology were also 

examined. Two severely defective vps mutants, vps5 (Class B vacuole morphology) 

and vps35 (wild-type vacuole morphology), are almost like wild-type strains with 

respect to a-factor processing. This is in marked contrast to the Class C mutants of 

which vpsJ6 and vps33 were examined (data not shown) in addition to vpsJB. The 

small amount of precursor a-factor (approximately 5%) secreted from the vps5 (Figure 

6) and vps35 (data not shown) mutants could be explained by minor environmental 

perturbations in the secretory pathway brought about by the lingering presence of 

incorrectly localized vacuolar proteins. 

Like the vpsJ8 mutants, vps5 mutants are severely defective in the targeting and 

processing of soluble vacuolar hydrolases (Robinson et al. 1988). Thus, the secretion 
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of most of the a-factor in normal, mature form from vpsS -L1l : :HIS3 strains suggests 

that the defect in a-factor maturation observed for vpslB mutants is not just a 

secondary consequence of the defect in vacuolar hydrolase activity of vpslB-L1l: :TRP 1 

strains. 

DISCUSSION 

Phenotypes of yeast strains in which the V P S 18 gene has been 

deleted. The VPSlB gene of S. cerevisiae has been cloned and sequenced. This gene 

is necessary for vacuolar protein sorting and for forming vacuoles of normal 

morphological appearance. Disruption of the VPSl8 gene results in a viable strain with 

vacuolar protein sorting defects and the Class C vacuole-defective morphology. This 

null mutant shows a Ts growth phenotype at 37°C, indicating that the VPSlB gene is 

essential for growth only at elevated temperatures. 

The finding that a null mutant or gene deletion in yeast leads to a conditional 

lethal (Ts) growth defect is not very common. Some examples of null mutants of S. 

cerevisiae leading to Ts growth phenotypes include: deletion of UBI4, the yeast 

polyubiquitin gene (Finley et al. 1987); disruption of the gene for profIlin (Haarer et al. 

1990), and disruption of the following VPS genes: VPSl (Rothman et al. 1990); VPS3 

(the L1vps3 strains exhibit very slow growth at 37"C) (Raymond et al. 1990); 

PEPS/ENDl (Dulic and Riezman 1989; Woolford et al. 1990); VPSlS (Herman et al. 

1991); VPSl6 (B. Horazdovsky, unpublished observations); VPS33 (Banta et al. 

1990) and VPS34 (Herman and Emr 1990). It is striking that most of the above are 

VPS genes involved in the biogenesis or maintenance of the yeast vacuole. One 

explanation for this "conditional" phenotype is that under stressful conditions a fully 

functional yeast vacuole is necessary for swvival, whereas the cell can manage to live 

and divide with an impaired vacuole under more optimal growth conditions. The Ts 
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phenotype of t1ubi4 is most probably due to the inability of this strain to respond to 

stress (Finley et al. 1987). It could also be argued that the strain deleted for profilin 

might be more sensitive to stress as the cells grow abnormally large (Haarer et al. 1990) 

and may be physically more unstable as a result. In no case so far described has the 

disruption or deletion of a VPS or related gene led to lethality under all growth 

conditions. This may indicate that the vacuole is a dispensable organelle except under 

adverse conditions. But it remains a possibility that some remnant of a vacuole may be 

necessary for cell survival under even the most favorable of conditions. In this case, it 

should be possible to fmd mutants that completely abolish the vacuole and result in cell 

death under all growth conditions. However, one might expect that the numerous recent 

genetic studies of the vacuole would already have identified such a gene if it does 

indeed exist. 

At permissive temperatures the strains carrying the vps18-t11: :TRP 1 deletion 

have a slight growth defect in comparison with isogenic wild-type strains; see Figure 

1B. In liquid culture the null mutant doubles at approximately half the rate of an 

isogenic wild-type strain. Interestingly, in spite of the lower growth rate, vps18 strains 

consistently incorporate a higher level of Tran35S-label than wild-type strains. This 

may indicate that the vacuolar pool of cold amino acids in vpsJ8 strains is reduced, in 

agreement with the small amino acid pools observed in pep3 alleles (Jones 1983), and 

would not be surprising, given the other vacuolar defects observed in vps18 mutant 

strains. In addition, the colonies rapidly become brown in colour and the cells quickly 

lose viability upon storage ofvps18-t11::TRP1 single colonies on solid media (both 

rich and minimal) at 4·C or room temperature. A similar phenotype has been observed 

for protease deficient yeast strains (Teichert et al. 1989). 

At the permissive temperatures for growth (23·C and 30·C), the vps 18-

t11 ::TRP 1 null mutant is extremely defective in the targeting of soluble proteins such as 

Cpy to the vacuole. The strain secretes up to 85% of its CPY from the cell in 
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precursor, p2, fonn. Any CPY that does remain inside the cell is also in p2 fonn, 

indicating that it has not reached a functional vacuolar compartment (Figure 5). In 

addition, the null mutant has a very severe morphological defect in the fonnation of a 

vacuole at any temperature, just as described for spontaneous mutant alleles of this 

complementation group (Banta et al. 1988). A spontaneous nonsense allele, vpsJ8-4a, 

confers phenotypes very similar to those of the null mutant; the location of the nonsense 

mutation within the gene is not yet known. 

Diploids homozygous for vpsJ8-4a or for vpsJ8-t1J: :TRP J show a defect in 

meiosis that prevents any recognizable spores or tetrads from being fonned. A defect in 

meiosis at the fIrst division stage has been seen in diploids homozygous for pep4, 

which lack Proteinase A and are thus unable to activate the other vacuolar hydrolases 

(Zubenko and Jones 1981). Apparently, the process of sporulation requires the action 

of vacuolar hydrolases. It is likely that the impaired meiotic ability of homozygous 

vpslB mutants is a secondary result of the highly defective vacuole found in such 

strains. Further work will be necessary to determine at what stage of meiosis diploids 

homozygous for vpsJB-t1I: :TRP 1 are blocked. 

Several other severely defective pep and vps mutants also show defects in 

sporulation when homozygous in a diploid (Jones 1983; Robinson et al. 1988). In 

addition, it has been postulated that the sporulation defective, spo17 allele is a member 

of the pep5/vpsll/endl complementation group (Woolford et al. 1990). The recent 

fInding that VPSJ (Rothman et al. 1990), and SPOJ5 (the spoJ5 mutants were 

identified on the basis of their inability to sporulate) define the same locus and encode a 

protein with 45% identity to the microtubule bundling protein, dynamin, raises the 

argument that the meiotic defect in the vpsl mutant is not necessarily the secondary 

result of a severely impaired vacuole (Yeh et al. 1991). 

Identification of a functional region in Vps18p by sequence 

analysis and mutagenesis. Two different motifs in the predicted amino acid 
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sequence of VP S 18 were identified. Their biological significance was tested by making 

mutations in the appropriate coding regions. A deletion of 4 amino acids in the 

consensus cAMP-binding site did not lead to a defect in sorting of vacuolar proteins or 

to any defect in growth under the stressful conditions of high temperature and high salt. 

Thus, we conclude that this motif was not biologically active in the known functions of 

Vps18p, although the possibility remains that it functions in some other process carried 

out by Vps18p that is not yet known to us. 

In contrast, a point mutation in the DNA encoding the cysteine-rich carboxy 

terminal region of Vps18p was sufficient to lead to a conditional lethal growth defect 

and a conditional sorting defect for the soluble vacuolar protein, CPY. This mutation 

alters the first cysteine of the motif to a serine residue. This implies that the cysteine

rich, zinc finger like domain is indeed biologically active in the Vps18 protein. The 

binding of zinc by such a domain may fold the protein in such a way as to make it 

suitable for interactions with other macromolecules. In some cases the binding of zinc 

is thought to facilitate complex formation between related zinc finger containing 

proteins. The sharing of one Zn between the cysteines of two separate proteins may 

serve to hold them together in a complex. There is some evidence that this role in 

complex formation might be the case for the cysteine-rich regions of Adenovirus EIA, 

bacteriophage T4 gene 32 (Berg 1989), E. coli, aspartyl transcarbamoylase (Ladjimi 

and Kantrowitz 1987), RNA polymerase I of S. cerevisiae (Yano and Nomura 1991) 

and possibly members of the Gal4 family of transcription factors such as Pdrl (pdr 1 is 

a pleiotropic drug-resistance mutation in yeast) (Balzi et al. 1987). For a brief review of 

zinc fingers and their functions, see Berg 1990. 

The cysteine-rich C-terminal sequence of Vps18 shows 30% identity over 66 

amino acids with a similar cysteine-rich region of the mouse muscle postsynaptic 43 

kDa protein. The 43 kDa protein is closely associated with nicotinic acetylcholine 

receptors (AChR) at postsynaptic membranes and is thought to playa role in anchoring 



119 

or stabilizing AChR at synapses by fonning a complex or by clinging to the membrane, 

or both. It has been suggested that the cysteine-rich region of 43 kDa postsynaptic 

protein functions in interactions of this protein with the lipid bilayer of the synaptic 

membrane (Froehner 1989). However this hypothesis is based merely on the 

resemblence of the cysteine pattern of 43 kDa protein to that seen in the regulatory 

domain of protein kinase C and postulated to function in interactions with phospholipid 

(Maraganore 1987). 

It is unknown at present whether the cysteine-rich motif of Vps 18p functions in 

binding zinc. However, this is a likely hypothesis based on the conserved positioning 

of the cysteines and on the presence of several glycine residues that may facilitate the 

binding of zinc. Although it is not clear at the present time if the biologically functional 

zinc finger like motif of Vps18p is responsible for binding the protein to DNA or to a 

similar zinc finger protein or to membranes, there are several indications that make the 

hypotheses of function via protein-protein, or perhaps protein-membrane, interaction 

attractive. The first is the rapid onset of the conditional sorting defect of yeast cells 

carrying the zinc finger point mutant (C826 to S) upon temperature shift to 37°C. The 

Cpy sorting process is completely defective within a few minutes, indicating that if 

Vps18p functions as a transcription factor, the putative protein, whose expression 

Vps18p affects. has an extremely rapid turnover time in the cell. This is possible. but 

for the VPS gene-products examined to date such extremely rapid turnover has not been 

the rule. If Vps 18p were to control the expression of just one gene. one would expect it 

to be a Class C VP S gene on the basis of the phenotype observed for vps 18 mutants. 

Of the Class C VPS gene products characterized, Vps33p has a relatively slow turnover 

time, being stable over chases of 30 to 90 minutes (Banta et al. 1990); in the case of 

Vpsl6p, a loss of 50% of the protein is observed after 30 minutes (Horazdovsky, 

submitted); no published data are available for Pep5/Endl p (pep5 and end1 are allelic to 

the fourth Class C complementation group of our collection; vps1l). However, if 
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Vps18p were in control of a group of VPS genes, they need not necessarily have Class 

C defects as single mutants. All of the Class A and B genes characterized to date in our 

laboratory encode relatively stable proteins, perhaps the least stable being Vpsl5, 

which has a half-life in the cell of more than 20 minutes (Herman and Emr 1990; 

Herman et al. 1991; Paravicini, submitted; Horazdovsky, unpublished; Kohrer, 

unpublished). 

The second argument against a role for Vps18p in the binding of DNA is that 

the C-terminal region of another protein involved in vacuole targeting and biogenesis, 

Pep5 or Endl (also known as Vpsl1), contains a cysteine-rich motif strikingly similar 

to that found at the carboxy terminus of Vps18 (Figure 3). Of course, these two 

proteins may be members of a new family of transcription factors involved in regulating 

the expression of proteins involved in vacuole biogenesis or targeting. The 

experimental evidence that the Pep5 protein may be localized at the yeast vacuole 

(Woolford et al. 1990) lends support to the hypothesis that proteins with this particular 

motif need not necessarily be transcription factors acting in the nucleus. Thus far, there 

has been little evidence that protein targeting to the yeast vacuole is a regulated, (i.e., 

nonconstitutive) process. More attractive is the hypothesis that the two Vps proteins 

might interact via zinc molecules to form a protein complex functional in the transport 

of vacuolar proteins. Another reasonable hypothesis is that Vpsll and Vps18 both 

interact with similar substrates via their cysteine tails. Such substrates could be trans 

Golgi or vacuolar membranes, or proteins attached to these membranes. The 

observation that mutations in these two genes lead to practically identical growth, 

sorting and morphological defects suggests that the two gene products may act in a 

similar manner, or interact with each other, or be part of the same complex or process. 

We anticipate that future investigations on the mode of action of the cysteine-rich motif 

of Vps18p will provide an answer to some of these interesting questions. 
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Secretion of immature a·factor from vpsJ8 mutants. The observation 

that a-factor is secreted from vpsI8-~I: :TRP 1 cells in its highly glycosylated precursor 

form may help us to identify the site of action of the VP SIB gene product or the site at 

which protein sorting to the vacuole occurs. The other Class C vps mutants also display 

this pleiotropy, whereas severely defective vps mutants belonging to other categories 

(e.g., the vps5 mutant that exhibits fragmented, Class B, vacuole morphology) do not 

have an appreciable defect in the maturation of a-factor (Figure 6). 

In order to attain its final, mature form, the highly glycosylated precursor of a

factor must be cleaved by three enzymes: Kex2p, Kexlp and the product of the STE13 

gene, reviewed in Bussey 1988. Kex2p is the protein that clips the tandem a-factor 

subunits from the large prosegment; vpslB-~I::TRPI strains are clearly defective in 

this process (Figure 6). Since pro-a-factor is found in the growth medium with kinetics 

almost as fast as mature a-factor is secreted from wild-type cells (1. Robinson, 

unpublished observations), there is not a major defect in the actual secretion of a

factor. 

There are several possible explanations for such a defect, including the 

following. First, Kex2p may not reside in its proper location in the vpsJB mutant cell. 

It appears that Kex2p is not secreted from the vpsJB mutants (G. Payne, personal 

communication) but at this time we cannot rule out the possibility that Kex2p is 

sequestered at some other inappropriate location within the cell. The second explanation 

is that a-factor bypasses the Kex2p-containing compartment in the null mutant. This 

would be possible if all proteins, including vacuolar proenzymes, were directed to the 

cell surface from an earlier Golgi compartment than is customary in wild-type cells. A 

third alternative is that both Kex2p and pro a-factor travel to the correct organelle, 

probably a late Golgi compartment, but Kex2p is unable to function properly because 

of an altered environment within the organelle, such as a change in pH. The phenotype 

would also be expected if this late Golgi compartment was more severely impaired or 
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did not exist at all, forcing its specific proteins to reside at other Golgi compartments 

where they would be less active. It has been suggested that vacuolar protein sorting 

may take place in just such a late Golgi compartment that contains Kex2 (Graham and 

Emr 1991). The hypothesis that the primary defect ofvpsJ8 mutants is at this location 

and leads to all the other pleiotropic phenotypes observed, is an attractive one. 

In the original mutant screens, we selected for mutants that mislocalized 

vacuolar proteins and secreted them from the cell. It was expected that some of these 

mutants would have their primary defect in the sorting event, where and when vacuolar 

proteins are separated from those destined for the cell surface. Since several lines of 

evidence have led to the supposition that this sorting event occurs in a late compartment 

of the Golgi apparatus, one might have expected several of the vps mutants to act at this 

point in the secretory / vacuolar localization pathway, in other words, at the decision 

point. Surprisingly, the early studies by us and others did not reveal any Golgi

associated defect in the mutants, such as a defect in the processing of some secretory 

protein in addition to the vacuolar protein processing and localization defects. In view 

of the recent observations presented here that a subset of the vps mutants do indeed 

exhibit a Golgi associated defect, in that a precursor form of a-factor is secreted from 

the cells, it is clear that the original studies looked at too restricted a range of secreted 

proteins. Our finding that the Class C vps mutants in general, and vpsJ8 in particular 

exhibit a serious defect in the processing of a-factor, secreting at least 50% of it from 

the cell in precursor form, leads to the hypothesis that the vpsJ8 complementation 

group identifies a gene product that acts, directly or indirectly, at the vacuolar protein 

sorting decision point in the trans Golgi compartment.. 
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TABLE 1 Table of strains 

Table of strains used in this study. 
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FIGURE 1 VPS18 gene cloning and characterization 

A. Restriction map of a 5kb DNA fragment that contains the VPS18 open reading 

frame as indicated by the empty arrow. Below is the vps18 disruption in which the 

entire open reading frame from KpnI to SacI was replaced with yeast TRP 1 and E. coli 

vector sequences (methods). C. Growth phenotypes on YPD at 30· and 37" of 

SEY6210, JSRSc184, JSRSc189 and JSRSc189 after being transformed with the 

vps18-complementing plasmid, pJSR6 (methods). The plates were incubated at the 

appropriate temperatures for three days. 
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FIGURE 2 Nucleotide sequencing of the VPS18 gene 

Nucleotide sequence of the VPS18 gene and the deduced amino acid sequence. 

Nucleotide residues are numbered relative to the ATG that initiates the long open 

reading frame. The cAMP-binding motif is underlined with a dashed line and the 

cysteine-rich region is indicated by a solid line. 
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GAGAAAC'CATA'l'G1"CCC'tGl'GCX;TCATT't'AATAATTTCACTGGTA TTCCA 1'n:ATAGTCAtTGTTTCTGATACGtOCC iCGIIOOOAQOO;GC I I Ie lGATTCTCTTCGTA Tt"GC'TCTTATAAGA 
ATTTTTTAACGATT'1"CA.U.AATATCAAATCTATAGAACGAaAGAaATAAG.AAGC1'OCCATCCCTAGAAAAGTAAAAACTA.1'AAGGTACCAAGAAGTAAAAAGAGAAATATAGGGATATA 

At'G ATA AAA ACA. CGT ATA GAG GAA GTT CAG TTA eM TTC CTC ACA GOG AAT NX GAA en AC'G CAT t'TG AM GTe TO: A.A.!' Gr.!' CAA err 
.. KTR EEVQLQFLTGNTELTHLJCVSNDOL 

ATA GTA ACG ACA CAA. c:GG AJ:A ATT I'M: AGA ATk AAT TTA CAA. GAT c:x:G GOC ATC GTC A.A.!' CAe Tn' CAe mr CCA ITA AGe AAG GAA CTA 
IVTTQRTIYRINLQOPAIVNHFOCPLSkEL 

GAA ACT AT" ATG AAT GTT CAT GTT TCA CCA ArG GGT ItGr GTe Aft CT1' An CGA N:X: AN; 1T1' GGC CGG TAr At'G t'TG CTA MG GAT GO: 
ETIMNVRVS'MGSVILIRTNFGRYHLLICDG 

GUt TTC ~T eM '!'TG AItC AAA. AT" AAA. AAT ere GAC CTC AGe t"CQ eTA CAt' 1'OC ATe AN: CAA ACC ICC 'ITT C1'G AM GGIt. A'I'C AAG AAG 
EFTQLNKIKNLDLSSLHlfINETTFLMGIKIC 

ItCG CCC MG Tt'G TAe c:x:aA Gft GAA TTG ACA cxa AAG GAt' "TA ACe Am AN:; Ct'A I'GG TAT CiAA AN: MG AAA CTC 1'CT GGT GGA Art' GAT 
TPkLYIlYELTGIC.DITTItLWY£tfItItLSGGID 

OGC An GCG TAT 1"GG eN; GQC TC1' CTG CTA ftA. ACT AT" AAA CAe NtC Aft ITA rAe TOO AGA. GAC Gt'G N:A A.A.!' Af'G AAA 1Tt' o::r 'tTA 
GIAY1IEGSLLLTIltDNILYlfROVTNMItf'PL 

GTA ttA ttA GAt' GAA TCT GAG CAA TIT CAA AGG 1'1''' AAA car CAT Gc:G ATA AAG AAA. rrc GAT TCG rAe AA.T GGA. etC t'T1' GeT 1'GG GTe 
VLPD£SEQFEaLkRBAXkkFOSYNGLFAIfV 

N:A TCC AAT GGA. ArT GTe 'l'n' 001' GAT n"A AAA GAA MG CAA Am GAA AAA .caT o::r Get' ret' AAT AAT 1T'I' GGA AAA 'fTC CTA 'R:T t'CG 
. '1' S II G I V r G 0 Lit .. It Q MElt 0 PAS II N F G J( F L S S 

t'm AN; GTT CTA ct'C AAT Ttc GAA ere CCT cae TAe CAG AAT caT AAA GAT CAe CTC A1'C AAG GAT ATA G'fT t'TG ItC'f OCT rrc CAe ATe 
SkVLLNFZLPDYQNOItOBLIJCDIVLTAFSI 

CTG CrT ttG AGA AM AAT ACG GTA ACA At'G GT'G AGT CAA ttA &&.1" AN:. GAC CiTA G'I'G Tn' CAT GAA ACT ATA a:x; AGrt CAe CA.G rrc; ICr 
LLLRltllTVTMVSQLlIlIOvvrstTIPRBQLT 

oac TCC Me N:.T GAT let AAT GAG AAA. tTT nA GGC C'l'A GtA' AGA GAT 'I'C'G G1"C AM GAA N:G 'I't"'!' TGG 1'GT 'I'ft: TCA AIIC A'I'C AN; GTe 
C S N l' 0 S N ~ K F L G L V It 0 S V K & l' E II C F N I II V 

1T'I' GAA ArT ATT ATe GAA AAT GAG ccr AAT reG GTA roc MT nA TTA Gn CGG GAT AN:. AAA TTT GAC AAG aa: eTA t'CG tTG MA GOC 
F£IItENEPNSVlfNLLVIlDNKFDKALSLkG 

1TG ACG GTG NJG GM. ATA. eM TCT GTA AM err TCA MG GCA ATG TN: C1T TrC CAe ACT GeT AM GA.T rrr CAT TO: GCG OCT CAA. ItCT 
Lt'VREIESVKLSKAMYLI'B1'AkDEHSAAQT 

TTG GGA NJC ATG It.ItG GAC' TTG TCA eN: 1TT aa; GAA ATC GCA Tt"G IoAT Tn' CTC CM ATA AAA GAT TAC AItJ:, GAT TTG AAC GTA ATA t'TG 
L G S M K 0 L S H .! __ G __ E __ L_!.._~ NFL Q I J( D Y N 0 L N Y I L 

ATA AM CAG rt'G GAT ItAC GTT CCC TOG AM TCA ACT CAA GTe GTe rTG TCG AGT TGG A'IT ATT TGG AAT T'TT ATe AM. eM TTG AA1' CAT 
IkQLDNV IIKSTQVVLSSIIIIWNFMKQLND 

ATT GAA TTA u.G ATA It.N: ACA ACT AAG a:::A OCT TCT ACT GAT CAA GAC AAT 1'TG CTA AN:. !'GG AN; cro AAT CTC IoAG GAG AAA TCC AAT 
I & L KIN T T K PAS T D EON L L II If II L II L K E k S II 

GAA. CTA ACG AAA tTT TTG GAA IDe CAT CTA GAA AM CTT GAT ItAT CAA ACe GTT TAT CAA ATA At'G t'CC AM eM. AN:: c:GG CAA AN:; GAA 
ELTKFLE HLEkLDNETVYQIKSkONRONr. 

TTA T1."G ATT TTT GCT N;T CTA ATe AN:. GAT ATG MG TTT TTA 'l"TA t'CA Tn" TGG An CAe CAA GGA. AAT 1'GG TAT Q.G TCC TTG AAA An 
LLIFASLINDMKFLL FlfIDQGNWY£ LKI 

CTG en ACA ATA AAT AN:: CAT GAC CTA GTe TAT AAG TAC 1'CT T1'G ATT CTC TTl.. 1'1'G MT TeA CC\ GAG GeT ACT GTG TeA ACG TGG ATG 
L L TIN N H 0 L V Y K Y S L ILL L N S PEA T V S T If " 

MA ATe MA CAC TTG GAT CCA AAT AAG TTl.. ATT CCA ACA ATT TTA AM TTT TTC N::A AAT TGG CM MT MT TCT AM CTG ATT ACT Me 
KIKDLDPNKLI TILKFFTNIfQNNSICLITN 

ATA TCA GAA TAT CCT eM. AAT TAC TeA cro N;A TAT tTG AltA TOO TOe GTT AGA GAIt. GTC cx:A MA ATe TGT AAT CCA ATA GTG TAe -'AT 
I S E Y PEN Y L T Y L K If C V R £ V P K HeN P I v Y N 

TCT ATe CTT TAe ATG ATG ATT ACT GAT CCG AGA. AN:. CAT At'G ATA erA GAA ""1' GAT ATA ATe AM TTC A1"G AAA 1'CA AN:; GUt AN:. AAA 
SILYHHITDPRNDMIL£NDIIJ(FMKS [.NK 

TAT GAT CTT MT TTC CAG TTA CGG TT'G TCT TTl.. AAA TTC MG AM ACT AAG ACe TCG An TTC en 1"I'A N:A CGT TTl.. AAC tTA 1TC GAG 
YDLNFQLRLSLJ(FKKTKT IFLLTRLNLFE 

GAT ccx: ATT GAC TTG GCA TTG AAA AAT AN:. TTG An GAT GAT TGT J.IIC GTA ATt' GTG MT CAe CAJ:; ATT CTT ATA GAG GAT 1'AT AAA TTA 
DAIDLALXNNLIDDCKVIVND£ LIEDYKL 

AGe AM AGA TTl.. TGG cro AM ATT GCA AM eN; TTA TTA CT'f t'CA ATG AAA CAC ATA GAT ATA MG CAA rTA ATT CGA .Aa; ATT TTA AAT 
RKRLWLkIA.KHLLLSMKDIOlkQLIRTILN 

GAT Tee Me GAA ATT TTA ACG ATT ~ GAT err TTC CCA TTT 1TT AAT GAG TAT AJ::r ACA An GCT MC 'I"TG AM GAA CAA CTG ATe AN:; 

OSN£ LTIKDLL FFNEYTTIANLKEELIK 

TTT TTA GAG AAT CAe AN; ATG AAA ATG AAT GAG ATT TeA GAA CAe ATA. ATA Me TCC AAG AAT T1'G MG GTG GAA ATA AN:: ACA GAA ATT 
FLEN NMJCHNEISEDIINSKNLKVEI1\TEI 

TCT AM TTT MT GAG ATT TAe AGG ATA eTA GAG CCA GeT AAG TCT 1'GT CAT GAA TGT GGT AM TTT CTA CAG ATe AAA AN; tTC ArT en 
kFNE R LE GKSCoECGKFL9IK F V 

TTC ccc roT GGC CAe TGT TTT CAC TGG AN: TGT ATA ATC NX; GTA ATA erG MC TCA MT GAT TAT MC TTG AGe CAe AAG ACG GAA AAC 
FPCCHCFHWNCIIRVILN tcOYML 9ltTEN 

TTC TTA MG occ: AAA ACT AAG CAT AAT TTG AAT GAT TTA GAA AAT ATC ATT Gt"A GAG AAA TGT ~ TTC roc AGT CAT ATe MC An: AAT 
F L K A X S K H N L N 0 L £ N I I V E K C C LCD I N I N 

2701 AAA ATT GAT CAe cx:A ATA TCT ATT CAT GAA AC.A GM TTA OCC AAA TOO AAT GAA TAG 2151 
tOl kID Q P I I 0 I; TEL A K ... It E t18 
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FIGURE 3 Cysteine rich C-terminus, sequence comparison 

Alignment of the Vps18 Carboxy terminal cysteine-rich motif with zinc fingers and 

other cysteine motifs; 43 kDa postsynaptic protein from mouse (Froehner 1989), 

Pep5/End1 (Wolford et al. 1990; Dulic and Riezman 1989), Rad18 (Jones et al. 1988) 

and Pdr1 (Balzi et al.1987). 
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FIGURE 4 CPY sorting phenotype of vpslB C=>S point mutant 

Immunoprecipitation of CPY from vpsIB-t1I::TRPI, vpsIB-t1I::TRPI carrying a 

plasmid encoding the C826 to S alteration in the Vps18 protein, and the isogenic wild

type strain, SEY621O. 
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FIGURE 5 vps18 mutant, a-factor halo defect 

a-factor halos of vps18-111 ::TRP 1, vps5 -111 ::HIS3 and the isogenic wild-type strain, 

SEY621O, on a lawn of sst2 MATa cells. 
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FIGURE 6 Maturation of a-factor in the vpsJS mutant 

Immunoprecipitation of alpha factor from vpslS-L11 ::TRP 1, vps5-L11 ::HIS3 and the 

isogenic wild type strain, SEY621O. 
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