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Abstract. Yeast vacuole protein targeting (vpr) 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 vpr 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 (vprl3) 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
specific 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 gradient across the vacuolar mem-

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
vacuole. The vpt mutants should provide insights into
the normal physiological role of the vacuole, as well
as allowing identification of components required for
vacuole protein sorting and/or vacuole assembly.

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 trafficking 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 organelle.

In mammalian cells, the secretory pathway has been shown
to mediate the modification, processing, and delivery of pro-
teins destined for a variety of intracellular and extracellular
compartments. Proteins destined for secretion, assembly
into the plasma membrane, delivery to lysosomes, or reten-
tion within endoplasmic reticulum (ER)' and Golgi com-
partments transit through all or a portion of the secretory

EUKARYOTIC cells are distinguished by their several dis-

1. Abbreviations used in this paper: Bb, Berkeley body; CPY, carboxypepti-
dase Y; ER, endoplasmic reticulum; FD, FITC-conjugated dextran; Inv, in-
vertase; PrA, proteinase A; PrB, proteinase B.
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pathway (11). 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 are
secreted via a nonspecific bulk flow mechanism (58). How-
ever, proteins that depart from this pathway, such as lysosom-
al enzymes, contain 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 also 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 information (21, 25, 56). The
yeast vacuole is a prominent intracellular organelle which
shares functional characteristics with both mammalian lyso-
somes and plant central vacuoles. This organelle is believed
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to play an important role in the storage of amino acids and
other small molecules (30). Like mammalian lysosomes, 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 proP1A 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
(vpr) 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 Inv 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 therefore might also be expected in certain of the
vpt mutants. To address these questions, we have assessed the
vacuolar as well as other organellar morphologies in each of
the vpt mutants. Using both light and electron microscopic
techniques, we found that mutants in most of the vpt com-
plementation groups still assembled morphologically nor-
mal vacuoles. However, mutants in three complementation
groups accumulated what appeared to be multiple small
vacuoles. Cells in four other vpt complementation groups ex-
hibited extreme defects in vacuole biogenesis; these mutants
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accumulated vesicles and membrane-enclosed compart-
ments that bore o resemblance to a normal vacuole. In addi-
tion, certain of the vpr 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
MATa ura3-52 leu2-3,112 his3-A200 trpl-A901 lys2-801 suc2-A9 and
SEY6211 MAT: ura3-52 leu2-3,112 his3-A200 trp)-A901 ade2-101 suc2-A9.
Other strains used were HMSF1I MATa secl-1 (37), SEY5078 MATa sec7-1
suc2-A9 leu2-3,112 ura3-52 (this study), and SEY5186 MATa secl8-1 leu2-
3,112 ura3-52 (this study). Cells were grown on standard yeast extract pep-
tone dextrose (YPD) or synthetic dextrose (SD) (synthetic minimal, sup-
plemented as necessary) media (49). ade? strains were scored for the pres-
ence of red pigment after growth for 3-5 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 2.5 with 6 N HCIL.
Sensitivity to high osmotic pressure was determined on YPD containing 1.0
or 1.5 M NaCl, 1 M KCl, 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 (I-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 was
resuspended to a concentration of 1.5 X 10f cells/ml in YPD, pH 4.5, con-
taining 100 mg/ml 70 S FD, and incubated for 90 min at 37°C (or 25°C
for temperature-sensitive {#s) strains) on a rotary shaker. The cells were cen-
trifuged for 2 min at 6,000 rpm in a microcentrifuge (Savant Instruments
Inc., Hicksville, NY), washed twice in PBS (10 mM Na-phosphate, pH 7.4,
140 mM NaCl), and resuspended in 0.4 ml PBS. The resuspended cells
were mixed with low melting point agarose (0.5% final concentration) at
37°C, mounted on glass slides, covered with a coverslip which was sealed
with nail polish, and observed immediately. Alternatively, cells were la-
beled with FITC as described previously (41). Cells (2 X 107) were
resuspended in 1 ml YPD containing 50 mM Na-citrate, pH 5.5, and 10
pg/ml FITC in DMSO. After a 10-min incubation at 25°C with shaking,
cells were centrifuged, washed once, and resuspended in 0.1 mi 1060 mM
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 uM in YPD, pH 76. After
a 5-min incubation at 30°C, cells were centrifuged and mounted as above
without washing. Ammonium acetate (200 pM final concentration) was
added to the incubation mix where indicated (57).

For observation of the ade2 endogenous fluorophore, cells were grown
as described by Weisman et al. (57) and mounted as for FD.

Microscopy

Cells were observed using a Carl Zeiss Inc. microscope (Thornwood, NY),
with a 100X oil-immersion objective, equipped for Nomarski optics and
epifluorescence. Fluorescence filters used were Carl Zeiss Inc. BP450-490
(excitation), FT510 (beam splitter), and BP520-560 (emission barrier). All
fluorescent images were photographed for 40-60 s using Eastman Kodak
Co. (Rochester, NY) Tri-X Pan ASA400 film, increased to ASA1600 by
using Diafine developer.
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Electron Microscopy

Cells were prepared using a modification of the procedure of Byers and
Goetsch (6). Cells (100 ml) were grown in synthetic minimal medium to
an ODgy of ~0.3, shifted to YPD medium, and allowed to grow for one
generation. The cells were harvested by centrifugation (5 min in an Interna-
tional Equipment Co. clinical centrifuge), washed in dH,0, and fixed for
2 h at room temperature in 2 ml of 0.1 M Na-cacodylate, pH 6.8, 5 mM
CaCl; (Buffer A), containing 3% gluteraldehyde. The fixed cells were
washed once in 100 mM Tris-HCl, pH 80, 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 1 ml 0.1 M K-phosphate (adjusted to pH 5.8 with citric acid) containing
1.2 M sorbitol, and resuspended in 0.5 ml of the same buffer containing 0.05
mi B-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 1 ml buffer A. s strains were shifted to 37°C for 3 h before har-
vesting and were fixed at 37°C for analysis at the nonpermissive tempera-
ture; the rest of the procedure was identical to that for non-s strains. The
reduced osmium-thiocarbohydrazide-reduced osmium membrane-enhance-
ment staining technique was adapted from Willingham and Rutherford (60).
Spheroplasts prepared as described above were resuspended in 0.5 ml 1%
050y, 1% K-ferrocyanide in buffer A, and incubated for 30 min at room
temperature. After four washes in dH,O (1 ml each), the cells were
resuspended in 1% thiocarbohydrazide, incubated for 5 min at room temper-
ature, and washed again four times in dH,0. The cells were stained with
1% 080, 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 was allowed to
polymerize for 3 d at 4°C with exposure to UV light. Thin sections were
collected on 200-mesh copper grids, stained for 30-45 s with lead citrate
(42), and observed on a transmission electron microscope (model 420;
Philips Electronic Instruments, Inc., Mahwah, NJ).

Immunoprecipitations

Immunoprecipitations en labeled spheroplasts (46) were performed as de-
scribed previously (25).

Materials

Bafilomycin A, was the generous gift of K. Altendorf, Universitit Os-
nabriick, Osnabriick, FRG. Tran ¥S-label was purchased from ICN Ra-
diochemicals, Irvine, CA. Giuteraldehyde, OsO,, thiocarbohydrazide, and
K-ferrocyanide were purchased from Polysciences, Inc., Warrington, PA.
Zymolyase was purchased from Seikagaku Kogyo Co., Ltd., Japan, and low
melting point agarose was purchased from Bethesda Research Laboratories,
Gaithersburg, MD. Diafine developer was the product of Acufine, Chicago,
IL. London Ross White embedding resin was purchased from Ted Pella
Inc., Irvine, CA. FD (70 S), FITC, quinacrine, B-glucuronidase (type H-2),
and all other chemicals not listed above were purchased from Sigma Chemi-
cal Co., St. 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 vpz alleles from each
of 33 complementation groups. In a wild-type strain grown
in rich medium, yeast vacuoles occupy ~20% of the yeast
cell volume and can often be visualized in the light micro-
scope using Nomarski optics. However, small vacuoles can
not be visualized by this technique and some cells do not ap-
pear to have any vacuole when observed by Nomarski optics
(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 FITC? by itself have been used to label

2. While these studies were in progress, Preston et al. (41) reported that the
vacuolar staining associated with FD was in fact due to nonendocytic uptake
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yeast vacuoles (27, 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. 1 A). A large vacuole was also visible in these cells
using Nomarski optics. Unexpectedly, when the vps 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. 1 B). We have grouped these mutants together and refer
to them as class A vpr mutants. The remaining seven com-
plementation groups exhibited an altered vacuolar morphol-
ogy. In three of the groups (vp13, 5, and 26), cells had multi-
ple smaller organelles which were visible using Nomarksi
optics and which stained with FITC (Fig. 1 C). This group
of mutants has been designated class B. The remaining four
vpt complementation groups (vprll, 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. 1 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. 1, E and F).

Like mammalian lysosomes (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 A4 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 (vprl0, 13, 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 important 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 regulation 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 FITC and other contaminating impurities in the FD. We have repeated
the vacuole labeling experiments in a few of the vpr mutants using FITC and
have observed vacuolar morphologies similar to those reported here for FD.
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Figure 1. Vacuole morphology in vpt mutants labeled with FITC or the ade2 endogenous fiuorophore. (4, B, C, and D) Nomarski (left)
and fluorescence (right) photomicrographs of cells labeled in the presence of FD (see Materials and Methods). (, F, G, and H) Nomarski
(left) and fluorescence (right) photomicrographs of cells grown in SD containing limiting adenine (12 pg/ml) to allow production of the
ade? fluorophore. In each cell, the fluorescent spot corresponds to the vacuole, which appears as a large circular indentation using Nomarski
optics (arrows). (A and E)) Wild-type vacuole morphology as seen in the parental strains SEY6210 (A4) or SEY6211 (E). (B and F) Represen-
tative class A vpt mutants, vprl0 (B) and vpr29 (F), in which the vacuole morphology is indistinguishable from that of the parent. (C and
G) The class B vpt mutants, vpt5 (C) and vpt3 (G), contain multiple small vacuoles. (D and H) Representative class C vpt mutants, vprl8
(D) and vprll (H), which contain no structures that stain like vacuoles. Bar, 10 pm.

YPD media adjusted to pH 3.5, 30, or 2.5. The parental
strains grew, although more slowly than on standard YPD,
under these conditions. Strains in one complementation
group, vp113, were found to be extremely sensitive to low pH.
Fourteen of 21 vpri3 alleles were unable to grow at pH 3.5,
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and 19 alleles of vpr13 were inhibited for growth at pH 3.0
(Fig. 3 A). Some alleles of other vpr mutants were also
weakly sensitive to low pH (data not shown).

The existence of vpt mutants that exhibited possible defects
in vacuole acidification led us to investigate the role of vacuo-
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Table I. Summary of vpt Mutant Phenotypes

Abnormal growth phenotypes

Aberrant organelles

Vacuole Osmotic Low pH
morphology sensitive sensitive accumulated
Class A (vptl, 2,4,6,7, 8,9, 10, 12, 13, 14, 15,  Wild-type vacuoles vpt15, 29 vptl3 vpt15, 29-Bbs, vesicles
17, 19, 20, 21, 22, 23, 24, 25, 27, 28, 29, 30, vpt7, 28-“Golgi”
31, 32) vpt12-vesicles
Class B (vp13, 5, 26) Fragmented vacuoles  vpr26

Class C (vprll, 16, 18, 33) No vacuoles

Multilamellar membrane
structures, vesicles, Bbs

vrll, 16, 18, 33

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 wild-type yeast cells were treated with 10 uM
bafilomycin A, for 10 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 pM 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 of bafilomycin all of the CPY and PrA was processed
to the mature enzyme form and remained associated with the
yeast spheroplast fraction (O pM, lanes 7 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 was present in the proenzyme form, and most of
this proCPY was secreted into the extracellular fraction (Fig.
4 C, 10 pM, lanes I and £). 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 uM) also caused the mislocalization of CPY 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 efficient delivery and matura-
tion of at least some vacuolar hydrolases.

We next examined the class A vpt mutants by transmission
EM, using a technique that results in enhanced staining of
biomembranes and structures containing glycomolecules
(see Materials and Methods). As seen in Fig. § A, the vacu-
ole stained as a large electron-dense compartment using this
procedure. Thin sections of wild-type cells typically con-
tained one large or two to three smaller vacuoles per cell.
Other intracellular structures such as the nucleus, mitochon-
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dria, and ER were also readily visible. The majority of the
class A vpt strains, such as the ones shown in Fig. 5, B and
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 vpt mutants accumulated aberrant structures in addi-
tion to the normal vacuole. Mutants in two complementation
groups, vptlS and wpr29, 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 vprl5 and vpr29
cells and, for comparison, secl (accumulates vesicles), secl8
(accumulates ER), and sec7 (accumulates Bbs), prepared
using the membrane-enhancement technique. The vacuoles
in these vp115 and vpr29 cells were abnormally large and oc-
casionally contained inclusions (Fig. 6 C). This aberrant
morphology was seen in every vprl5 and w129 allele exam-
ined. vp#13 and vpr26 cells also occasionally contained vesi-
cles and Bbs (not shown).

In two complementation groups, vpf7 and vpr28, stacks of
lamellae and reticular membrane arrays were observed at a
high frequency (Fig. 7). These organelles were more preva-
lent in vpf7 and vpr28 than in the parental strain (i.e., 0.8-1.0
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, vprl2, 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 vpt mutants, cells in the three class B com-
plementation groups (vpz3, 5, and 26) contained multiple
compartments that stained in the presence of FD and were
visible using Nomarski optics (Fig. 1 C). These small “vacu-
oles” also accumulated the ade2 endogenous fluorophore
(Fig. 1 G). To determine whether these organelles had the
lowered pH characteristic of wild-type vacuoles, we tested
their ability to accumulate quinacrine. As shown in Fig. 2 C,
the structures in the class B vpt mutants stained with quina-
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Figure 2. Quinacrine accumulation in the vacuoles of wild-type
cells and vpt mutants. Cells were incubated in YPD, pH 7.6, con-
taining 175 pM quinacrine for 5 min in the absence (4, C, and E)
or presence (B and D) of 200 mM ammonium acetate. (4 and B)
Nomarski (left) and fluorescence (right) images of the parental
strain SEY6210. (C and D) Nomarski (left) and fluorescence (right)
images of vpr5, which exhibits a typical class B vacuole morphol-
ogy. (E) vptl3 exhibits no quinacrine staining (right), although
vacuoles are clearly visible using Nomarski optics (left). Bar,
10 pm.
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Figure 3. Growth defects associated with vp#13 and the class C vpt
mutants. (4) Three alleles of vpr13 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. (B) A representative allele from each
of the four class C vpr complementation groups was streaked on
YPD medium (left) or YPD medium containing 1.5 M NaCl
(right). The plates were incubated at 30°C for 2 and 5 d, respec-
tively. The parental strain SEY6211 and a class A vpt mutant, vptl,
are shown for comparison.

crine, suggesting that these compartments had a pH similar
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 vpt5 mutant allele con-
tained multiple small organelles that stained like wild-type
vacuoles. The number of vacuoles per cell section was quan-
titated for vptS and for the parental strain (using 30-40 cell
sections per strain). The average number of vacuole-like
structures per cell section for the class B vpt was 5.7, while
the number for the wild-type strain was 1.8. 71% of the class
B cells, as compared to 16% of the parental cells, had, 3 or
more vacuoles. On the basis of the size of the vacuoles and
the thickness of the sections, we have calculated that an aver-
age class B cell contains ~35 of these small vacuoles, while
wild-type cells contain one to four vacuoles per cell. Repre-
sentatives of the other two class B complementation groups
(vpt3 and vpr26) exhibited similar vacuolar morphologies
when observed by EM.

Yeast which carry a mutation in the B-tubulin gene (fub2)
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Figure 4. Effect of bafilomycin on vacuole staining with quinacrine
and on vacuolar protein sorting. (4 and B) Nomarski (left) and
fluorescence (right) images of parental strain SEY6210 stained with
quinacrine. Cells (2.5 X 107 in 0.25 m!) were preincubated for 10
min at 25°C in YPD, pH 76, in the absence (4) or presence (B)
of 10 uM bafilomycin (in DMSO). An aliquot of cells (50 pul = 5
X 106 cells) from each sample was added to 400 pl of YPD, pH 76,
containing 200 pM quinacrine without (4) or with (B8) 10 uM
bafilomycin. Cells were incubated for 5 min at 30°C, resuspended,
and mounted as described in Materials and Methods. Bar, 10 um.
(C) Strain SEY6210 was enzymatically converted to spheroplasts
as described (46). Bafilomycin was added to 10 pM final concentra-
tion as indicated 10 min before the addition of radioactive label.
Cells were labeled with Tran 33S-label for 20 min at 30°C and
chased for 30 min by the addition of 5 mM methionine. Cultures
were then separated into (/) intracellular (spheroplast) and (E) ex-
tracellular (periplasm-and media) fractions (46). Immunopre-
cipitations with antisera to CPY and PrA were performed as de-
scribed (25). The predicted locations and approximate molecular
sizes of the different forms of CPY and PrA are indicated. Increased
concentrations (100 uM) of bafilomycin did not increase the amount
of missorted precursor CPY or PrA. Importantly, bafilmyocin had
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or which have been treated with microtubule-disrupting
drugs have a fragmented vacuole phenotype similar to that
of the class B vpt 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 vpt mutants was ob-
served (data not shown).

Class C vpt Mutants are Defective in
Vacuole Assembly

Cells in four vpt complementation groups (vprl1, 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 FITC 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
ade? vpt 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 vpr 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 alleles
of each of the four complementation groups) exhibited the
same morphology (Fig. 8, A-C). Even at high magnification,
these mutants appeared to lack any structure exhibiting the
characteristic staining properties of a wild-type vacuole. Ul-
trastructural analysis also revealed that the class C vpt mu-
tants accumulated a variety of novel membrane-enclosed 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-
lated in these mutants (Fig. 8 D) were enclosed by a mem-
brane bilayer and were ~80 nm in diameter. In comparison,
the vesicles that accumulate in the secretory mutant secl at
nonpermissive temperature are ~100 nm in diameter and
have a very different appearance from the vesicles seen in
class C vpr mutants (37; see Fig. 6 F). As shown in Fig. 8
E, class C mutants also accumulated large, multilamellar,
membrane-enclosed structures. Somewhat surprisingly, these
structures were electron transparent, suggesting that they do
not contain significant amounts of glycoproteins or sugars.

Several of the vpt complementation groups contain fs al-
leles (46). Four of these groups (vprll, 16, 18, and 33) are
class C, one (vpr3) is class B, and two (vpr1S and vpr29) are
class A. These two class A mutants contained vacuoles but
also accumulated organelles similar to those seen in the class
C mutants (see above). We have examined the morphology

no effect on mitochondrial protein import (data not shown), which
requires an electrochemical potential across the mitochondrial in-
ner membrane (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. (4) Pa-
rental strain SEY6210. Representative class A vpr mutants vpr17 (B) and vpr9 (C) also exhibit wild-type vacuolar and overall cellular mor-
phology. vpt5 (D), a representative class B mutant, contains many small membrane-enclosed compartments which stain like wild-type vacu-
oles. ¥, vacuole; N, nucleus; M, mitochondrion; L, lipid droplet. Bars, 1 pm.

of these conditional lethal strains at both permissive (25°C)
and nonpermissive (37°C) temperatures. Surprisingly, the
vacuolar morphology of each of the s 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, however, a preexisting normal template vacuole is neces-
sary to direct the synthesis of the new organelle, diploids het-
erozygous for two class C mutations may be incapable of

The Journal of Cell Biology, Volume 107, 1988

generating a vacuole despite the presence of both wild-type
gene products. When we examined diploids made by cross-
ing a s vprll allele with a zs vpr18 allele, we observed that
the dipleid 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 ts alleles of the same class C complementation
group exhibited typical class C morphology and were s, 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 dipioid bud emerging
from the zygote (Fig. 9). Ultrastructural analysis confirmed
the presence of vacuoles in these heterozygous mating pairs
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Figure 6. Electron micrographs of vprlS and vpr29, 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. vprl5 (4) and vpr29 (B) cells contain Bbs (large arrows) and
vesicles (small arrows) throughout the cytoplasm. (C) A typical vp15 cell in which inclusions are seen in the vacuole. (D, E, and F) sec
mutants (37) prepared using the membrane-enhancement technique, are shown for comparison. Each of the mutant strains was incubated
at 37°C for 3 h before fixation. (D) Exaggerated tubular networks of membranes, presumably corresponding to ER, are clearly visible
in this typical secl8 cell. (E) Accumulated Bbs are seen in this high magnification view of a portion of a representative sec7 cell. (F)
A high magnification view of part of a secl cell shows an accumulation of secretory vesicles. These vesicles have a different appearance
than those seen in vpi15 and vpr29 (compare with 4 and B). Bars: (4, B, C, and D) 0.5 um; (E and F) 0.1 pm.

(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 vacuole 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 also mediate the normal intracellular turnover of
macromolecules. Protein degradation increases dramatically
during sporulation, and mutants lacking PrA or PrB activity
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are partially or completely defective in sporulation (22). We
postulated that the class C vpr 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 for adaptation to a change in ex-
ternal osmosity, one might expect that cells that lack a vacu-
ole would be unable to survive in the presence of even a small
increase in iomic or osmotic pressure. We assessed the
growth of representative vpt alleles on YPD medium sup-
plemented with 1.0 or 1.5 M NaCl, 1.0 M KCl, or 2.5 M
glycerol. None of the class C mutants were able to survive,
although the parental strains grew, under these conditions
(Fig. 3 B). In addition, vpr 15, 26, and 29 were somewhat
sensitive to the presence of 1.0 M NaCl or 2.5 M glycerol
and were completely unable to grow on YPD medium con-
taining 1.5 M NaCl. None of the other vpr mutants were sen-
sitive to any of the osmotic stress conditions tested.

The class C mutants also exhibited other physiological
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Figure 7. A gallery of electron micrographs of vpr28 and vpr7, which accumulate Golgi-like structures (arrows). Cells were prepared as
described in the legend to Fig, 5. A shows vpf7 cells; B shows a vp#28 cell. C and D are high magnification views of two Golgi-like structures
representative of those seen in these mutants. Bars: (4 and B) 1 um; (C and D) 0.2 pm.

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 vpt mutants
contained smaller pools of basic amino acids than the class
A or B vpr 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 vpr mutants (46).

All vpt Phenotypes Cosegregate in Genetic Crosses

If the pleiotropic phenotypes discussed above all result from
the vpr mutation in question, each of the phenotypes should
cosegregate in genetic crosses of the mutants with wild-type
cells. To confirm this, representative vpr mutants were back-
crossed to the parental strain of the opposite mating type, the
diploids were sporulated and tetrads were dissected. In this
way, the vacuole morphology associated with each of the
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class B and class C vpr mutants was shown to cosegregate
with the vpt defect (data not shown). The segregation of each
of the other phenotypes associated with the class C mutants
was also examined. In crosses between ts 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 s class C
mutant, vptl6, are shown in Fig. 10. Similar tetrad analyses
also demonstrated that the low pH sensitivity exhibited by
vptl3 cosegregated with the wpr sorting defect (data not
shown).

Discussion

‘We have analyzed in detail the morphology and growth prop-
erties of a number of mutants defective in vacuole protein tar-
geting. Three distinct vacuolar morphologies associated with
the vpt 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. 1, A and B). A second class of mutants,
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Figure 8. Electron micrographs of class C vpt mutants, which exhibit extreme defects in vacuole biogenesis. Cells were prepared as described
in the legend to Fig. 5. (4, B, and C) Typical class C cells lack a discernible vacuole but accumulate aberrant organelles, including vesicles
(small arrow), Bbs (large arrow), and large membranous structures (asterisk). A and B show vpt16 cells; C shows vprll cells. D shows
a high magnification view of the vesicles that accumulate in class C cells (compare with vesicles in secl mutant, Fig. 6 F). E shows a
high magnification view of the complex multilamellar arrays that accumulate in the cytoplasm in the class C vpt mutants. N, nucleus; L,
lipid droplet; M, mitochondrion. Bars: (4, B, and C) 0.5 um; (D and E) 0.1 um,

class B, consisted of three complementation groups and was
characterized by an altered morphology in which the vacuole
was highly fragmented (Fig. 1 C). Mutants in the four class
C complementation groups had no discernible vacuoles (Fig.
1 D), but accumulated small vesicles and other novel mem-
brane-enclosed structures throughout the cytoplasm (Fig. 8).

The majority of the class A vpt mutants showed no appar-
ent abnormalities in the vacuole itself or in other cellular fea-
tures, as determined by electron microscopic analysis. In
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these mutants, at least some proteins presumably must con-
tinue to be properly targeted to the vacuole. Consistent with
this idea, many of the class A vpr mutants mislocalize only
a small fraction of CPY, PrA, PrB, or a CPY-Inv hybrid pro-
tein that contains vacuolar sorting information (46). It is pos-
sible that these mutants define functions which are only
peripherally involved in vacuole protein targeting. However,
other class A vpt mutants (vpr 1, 4, 6, 7, 15, 17, 29, and 30)
exhibit gross defects in the localization and processing of
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Figure 9 Heterozygous class C vpt zygotes form vacuoles within
one generation after mating. (A) wpr18 (MATa) and vpr33 (MAT2)
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 uM Na-citrate, pH 5.5, and 1 p! of 10 mg/ml
FITC was added. Cells were incubated for 10 min at 25°C, washed,
and mounted as described in Materials and Methods. (B) Two vpr33
alleles were mated and stained as described in A. Bar, 10 um.

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, vp?
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 vpr 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-

YPD (26°C) YPD (37°C) YPD (26 C)
1.5M NaCl

W

® 00 6
A BCD
Spore
Figure 10. Cosegregation of the s and osmotic-sensitive pheno-
types in tetrads resulting from the sporulation of a MATa vprl6/
MAT VPT* diploid. vpr16 was crossed with parental strain SEY6211
and diploids were selected. Diploids were sporulated and tetrads
dissected as described in reference 49. Segregants were patched
onto YPD medium and replica-plated onto YPD medium which
was incubated at 25°C or 37°C, or onto YPD medium containing
1.5 M NaCl (incubated at 25°C) as indicated. Segregants from four
tetrads are shown. In each tetrad, the s defect also was shown to

be linked to the originally selected vpt phenotype, secretion of the
CPY-Inv hybrid protein (46).
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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 VPT genes (e.g., VPT13)
encode subunits of the vacuolar Mg**-ATPase or other pro-
teins involved in maintaining the vacuolar (or prevacuolar/
endosomal) pH. Indeed, Stevens and colleagues {personal
communication) have recently obtained data indicating that
mutants in the vpr13 complementation group exhibit levels
of vacuolar ATPase activity that are tenfold lower than those
in the wild-type strain.

Unlike the class A vprs, 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 vp¢ 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 vpr mutants exhibited the most extreme defects
in vacuole assembly among the vpr 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. 1 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°C exhibited by these mutants 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 temperature of the or-
ganism.

The class C vp? mutants also exhibited an exaggeration of
other organelles including Bbs, which are presumably re-
lated to Golgi structures and represent an intermediate com-
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partment of the secretory pathway (36). The accumulation of
Golgi-like structures or Bbs observed in these and certain
other vpr 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 vpr mutants might correspond to

- essential components of a vacuolar protein sorting apparatus
or to structural proteins of the vacuole itself. Alternatively,
the class C VPT gene 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 vpr 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 mutants are sensitive
to osmotic stress (31, 35, 51). Singh and Sherman (52) have
suggested that, like zs mutations, alterations in a variety of
essential proteins may make cells unusually sensitive to
stressful growth conditions, in this case hypertonicity. Two
class A vpt mutants (vpr 15 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 vpt 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 processing and sorting
of CPY and PrA (46). On the basis of the class C-like pheno-
types exhibited by vpz 15 and 29, we propose that these mu-
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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, a-man-
nosidase (46), indicating that the sorting defect in these-mu-
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., a-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
multivesicular 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 vp! mutants exhibits the extreme defects in vacu-
ole morphology seen in the class C vpt mutants (46, 47; Roth-
man, J., 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 1, has a morphology simi-
lar to that of the class C vpr 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, end1 grows poorly on
glycerol (Dulic, V., and H. Riezman, personal communica-
tion) and is unable to grow under conditions of osmotic
stress or high temperature. Crosses between end 1 and vpr 11
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 prelysosomal
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
vpt 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 the vpr mutants (46). Although the class C
vpt mutants, as well as vpt 15 and 29, accumulate organelles
resembling those seen in certain sec mutants, complementa-
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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 vpr-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 s vpt mutants is allelic to act1 (unpub-
lished results). Likewise, although a deletion of the clathrin
heavy chain gene in yeast causes severe morphological and
growth defects, these cells continue to sort vacuolar proteins
properly (39). A recently isolated mutant, sipl, 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 vpr mutations. )

The class B and 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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