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Novel Golgi to vacuole delivery pathway in yeast:
identification of a sorting determinant and required
transport component

several distinct sorting machineries function to sort andChristopher R.Cowles, William B.Snyder,
deliver proteins within the secretory pathway.Christopher G.Burd and Scott D.Emr1

One of the best-characterized sorting systems is that of
Division of Cellular and Molecular Medicine and Howard Hughes the mammalian mannose 6-phosphate receptor. Thistrans-
Medical Institute, University of California at San Diego, Golgi-localized receptor binds to mannose 6-phosphate
School of Medicine, La Jolla, CA 92093-0668, USA

on newly synthesized lysosomal proteins and directs
1Corresponding author their inclusion in vesicles destined for the endosome,
e-mail: semr@ucsd.edu an intermediate compartment en route to the lysosome

(Kornfeld and Mellman, 1989; Kornfeld, 1992). InMore than 40 vacuolar protein sorting (vps) mutants
Saccharomyces cerevisiae, a similar receptor-mediatedhave been identified which secrete proenzyme forms
machinery exists for sorting of the soluble hydrolaseof soluble vacuolar hydrolases to the cell surface. A
carboxypeptidase Y (CPY) to the lysosome/vacuole. CPYsubset of these mutants has been found to show selective
transits the early secretory pathway in precursor form.defects in the sorting of two vacuolar membrane
Upon arrival in the late Golgi, a sorting signal in precursorproteins. Under non-permissive conditions, vps45tsf
CPY is recognized by a transmembrane receptor, Vps10p,(SEC1 homolog) and pep12/vps6tsf (endosomal
resulting in diversion of CPY from bulk protein flow tot-SNARE) mutants efficiently sort alkaline phosphatase
the cell surface via packaging of precursor CPY into(ALP) to the vacuole while multiple soluble vacuolar
vesicles bound for the endosome (Marcussonet al., 1994).proteins and the membrane protein carboxypeptidase

Mutations in the vacuolar sorting signal of precursoryscS (CPS) are no longer delivered to the vacuole.
CPY result in secretion of mutant CPY to the cell surfaceVacuolar localization of ALP in these mutants does
(Johnsonet al., 1987; Valls et al., 1987), and severalnot require transport to the plasma membrane followed
genetic approaches have been employed to detect vacuolarby endocytic uptake, as double mutants ofpep12tsf and
protein sorting (vps) mutants which missort and secretevps45tsf with sec1and end3sort and mature ALP at the
soluble vacuolar hydrolases (Bankaitiset al., 1986;non-permissive temperature. Given the demonstrated
Robinsonet al., 1988). To date,.40 vpsmutant comple-role of t-SNAREs such as Pep12p in transport vesicle
mentation groups have been identified; in each of theserecognition, our results indicate that ALP and CPS
mutants, delivery of CPY to the vacuole is compromised.are packaged into distinct transport intermediates.
The majority ofvpsmutants also mislocalize the solubleConsistent with ALP following an alternative route to
hydrolases proteinase A (PrA) and proteinase B (PrB).the vacuole, isolation of avps41tsf mutant revealed that

Not all vacuolar proteins are affected by mutations inat non-permissive temperature ALP is mislocalized
VPS genes. For example, the type II integral vacuolarwhile vacuolar delivery of CPS and CPY is maintained.
membrane protein-repressible alkaline phosphatase (ALP)A series of domain-swapping experiments was used to
is localized to the vacuole invps1(Nothwehret al., 1995),define the sorting signal that directs selective packaging
vps15(Hermanet al., 1991; Raymondet al., 1992),vps34and transport of ALP. Our data demonstrate that the
(Stack et al., 1995), chc1 (Seeger and Payne, 1992),amino-terminal 16 amino acid portion of the ALP
vps8(Horazdovskyet al., 1996),vps21(B.F.Horazdovsky,cytoplasmic tail domain contains a vacuolar sorting
unpublished data) andvps45 (Raymond et al., 1992)signal which is responsible for the active recognition,
mutant cells, suggesting that ALP may use a vacuolarpackaging and transport of ALP from the Golgi to the
targeting machinery that is distinct from that required byvacuole via a novel delivery pathway.
CPY and other vacuolar proteases. The gene productsKeywords: ALP/PEP12/protein sorting/vacuole/VPS41
mutated in each of these strains are believed to function
in vesicle-mediated transport from the late Golgi to the
endosome (Horazdovskyet al., 1995). Observations of
ALP vacuolar localization in thevps45mutant strain are

Introduction of particular interest due to the purported role of Vps45p
(a Sec1p homolog) in endosomal targeting and/or fusionCorrect delivery of newly synthesized proteins to their
of Golgi-derived transport vesicles (Cowleset al., 1994;resident organelles is required for maintenance of a eukary-
Piper et al., 1994). Vacuolar delivery of ALP in thisotic cell’s compartmentalized structure. For a protein
mutant suggests that ALP trafficking might bypass thetransiting the secretory pathway, numerous potential
endosome and invokes the possibility of post-Golgi ALPdestinations exist, including the endoplasmic reticulum
transit involving a transport intermediate and delivery(ER), the multiple distinct regions of the Golgi apparatus,
route distinct from that of CPY, PrA and PrB.the plasma membrane and the lysosome/vacuole. Sorting

Little is known regarding the mechanism that localizessignals have been identified for many resident proteins of
the ER, Golgi and lysosome/vacuole, suggesting that ALP to the vacuole. Initial studies of ALP localization
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that used an ALP–invertase fusion protein implicated a
vacuolar sorting determinant within the amino-terminal
52 amino acid residues of ALP (Klionsky and Emr, 1990),
yet more recent studies of avps1 mutant strain suggest
that ALP is capable of reaching the vacuole by a mechan-
ism which involves transit via the plasma membrane
(Nothwehr et al., 1995). Here we present evidence that
ALP reaches the vacuole invps45mutant cells, as well
as in cells harboring mutations in the gene encoding the
endosomal t-SNARE,PEP12(Bechereret al., 1996), via
a route which does not involve the late secretory pathway.
This Pep12p-independent pathway requires the function
of Vps41p for the vacuolar delivery of ALP. Entry into
this pathway requires a sorting signal present in the amino-
terminal cytoplasmic tail of ALP. Carboxypeptidase yscS
(CPS) (Spormannet al., 1991; Spormannet al., 1992),
another type II membrane protein that is also delivered to
the vacuole, lacks this signal and follows a Pep12p-
dependent, Vps41p-independent route to the vacuole.

Results

Differential sorting of alkaline phosphatase and
carboxypeptidase yscS is observed in pep12tsf and
vps45tsf mutants
More than 40 genes are required for the proper localization
of soluble vacuolar hydrolases such as CPY (Stack and
Emr, 1993). A subset ofvps mutants, the class Dvps
mutants, affect transport of CPY between the late Golgi

Fig. 1. Temperature-conditional sorting of CPS and ALP inpep12tsf
and the pre-vacuolar endosome and are thus required for

andvps45tsf mutant cells. (A) Topology of the ALP and CPS proteins,
one of the earliest steps in theVPS pathway (Stack with PEP4-dependent cleavage sites indicated by arrows, and branched
and Emr, 1993). We generated temperature-conditional chains illustrating glycosylation sites. (B) Mutant cells harboring the

pep12tsf or vps45tsf alleles were incubated at permissive (26 or 30°C)mutations in two class DVPSgenes (see Materials and
or non-permissive (37°C) temperature for 10 min, labeled for 10 minmethods):PEP12, encoding an endosomal vesicle receptor
with Tran35S-label, then chase periods were initiated via addition of(t-SNARE), andVPS45, a SEC1family member required unlabeled methionine and cysteine to the incubations. Cells were

for Golgi to endosome transport (Cowleset al., 1994; harvested either immediately upon chase initiation or 45 min after
chase initiation. Cell extracts were generated, and CPS and ALP werePiper et al., 1994). When grown at permissive tempera-
isolated by immunoprecipitation. Immunoprecipitated proteins weretures,pep12tsf andvps45tsf mutant cells contained vacuoles
resolved via SDS–PAGE and visualized by fluorography.that were competent to mature CPY, ALP and CPS

(Figures 1B and 3). However, whenpep12tsf or vps45tsf

cells were incubated at non-permissive temperature, CPY Upon delivery to the vacuole, precursor CPS is cleaved in
a PEP4-dependent fashion adjacent to its transmembraneaccumulated in Golgi-modified precursor form (p2CPY)

and was secreted from these cells (Figure 3C), indicating domain, yielding soluble 77 and 74 kDa mature forms of
the enzyme (see Figure 1A). The precursor (proCPS) andthat these mutations resulted in a temperature-conditional

missorting of CPY. In order to examine processing of the mature (mCPS) forms of CPS are collapsed to single
bands of 73 and 69 kDa, respectively, whenN-linkedtwo vacuolar type II membrane hydrolases ALP and CPS

in these tsf mutants, haploid strains harboringpep12tsf oligosaccharides are removed from immunoprecipitated
samples via endoglycosidase H treatment. Thepep12tsf(Figure 1B, lanes 1–4) andvps45tsf (Figure 1B, lanes 5–

8) alleles were incubated for 10 min at permissive (26 or mutant matured CPS at permissive temperature (26°C)
following a 45 min chase period, based on the appearance30°C) or non-permissive (37°C) temperature, pulse-labeled

with [35S]methionine/[35S]cysteine (Tran35S-label) for 10 of a 69 kDa mature form of CPS (Figure 1B, lane 2), but
failed to process CPS within the same chase period atmin and chased with unlabeled methionine and cysteine

for 0 (Figure 1B, lanes 1, 3, 5 and 7) or 45 min (Figure non-permissive temperature (37°C; Figure 1B, lane 4).
Like CPS, ALP is a type II membrane protein that is1B, lanes 2, 4, 6 and 8). Labeled cells were lysed and

subjected to immunoprecipitation with antisera raised delivered to the vacuole in proenzyme form. Upon arrival
at the vacuole, precursor ALP is cleaved at a site near theagainst CPS (see Materials and methods; Figure 1B, top

panels) and ALP (Figure 1B, bottom panels). Following carboxy-terminus in aPEP4-dependent manner to yield a
mature, membrane-spanning form of the hydrolase (seesynthesis, CPS transits the early secretory pathway and is

differentially glycosylated, receivingN-linked oligo- Figure 1A). When ALP processing was examined in a
pep12tsf mutant, the protein was found to mature rapidlysaccharide modifications at either two or three distinct

sites within the protein (Spormannet al., 1992). These from the 74 kDa precursor form (proALP) to a 72 kDa
vacuole-localized mature form (mALP) at both permissivemodifications produce both 81 and 78 kDa transmembrane

precursor forms of the enzyme (Spormannet al., 1992). and non-permissive temperatures. Both precursor and
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mature ALP were observed in thepep12tsf mutant follow-
ing 0 min of chase at either temperature (Figure 1B, lanes
1 and 3), and complete maturation of labeled ALP had
occurred at both temperatures within 45 min of chase
initiation (Figure 1B, lanes 2 and 4).

Similar results were obtained when the same experiment
was performed on avps45tsf mutant (Figure 1, lanes 5–
8). At the permissive temperature of 30°C, the vast
majority of both CPS and ALP were matured within a 45
min chase period in thevps45tsf mutant (Figure1, lane 6).
Whenvps45tsf cells were shifted to 37°C for 10 min prior
to labeling and chasing at 37°C, the bulk of labeled CPS
failed to mature following a 45 min chase. In contrast,
most labeled ALP matured in thevps45tsf mutant at the
elevated temperature, though a very small amount of
precursor ALP was still detected at the 45 min chase point
(Figure 1, lane 8). These data suggest that vacuolar
localization of CPS requires Pep12p and Vps45p function,
whereas vacuolar localization of ALP does not.

ALP is delivered to the vacuole in the absence of
Pep12p and Vps45p function
Unlike pep12tsf and vps45tsf mutant cells, the vacuoles
of pep12 and vps45 deletion mutants are processing
incompetent due to an absence of soluble proteases. Even
properly vacuole-localized ALP cannot be matured in Fig. 2. Immunolocalization of ALP. Wild-type (SEY6210),pep12∆2

(CBY31) andvps45∆2 (CCY120) cells were fixed, labeled withthese deletion mutants. For this reason, in order to examine
antibodies recognizing ALP and viewed using a fluorescentthe effects of pep12 and vps45 deletion/disruption
microscope equipped with Nomarski optics and a 546 nm filter (ALPmutations on ALP localization, wild-type (SEY6210), staining).

pep12 deletion mutant (pep12∆2) and vps45 deletion
mutant (vps45∆2) (Cowleset al., 1994) cells were visual-
ized via indirect immunofluorescence following treatment 1980).pep12tsf/sec1-1 and vps45tsf/sec1-1 mutant cells

were incubated at permissive (26°C) or non-permissivewith antisera directed against ALP (Pringleet al., 1989;
Raymond et al., 1990, 1992). Wild-type cells were (37°C) temperature for 10 min prior to labeling for 10

min. Cells were then chased for 0 or 45 min and convertedobserved to contain multiple vacuoles when viewed with
Nomarski optics (Figure 2), and ALP immunoreactivity to spheroplasts. Spheroplast pellets (I, internal fraction)

were separated from culture media (E, external fraction),was observed at the vacuolar membrane in these cells
(Figure 2). Whenpep12∆2 andvps45∆2 mutant cells were and ALP, CPS and CPY in each fraction were visualized

after immunoprecipitation and SDS–PAGE. In Figure 3A,visualized under identical conditions, Nomarski optics
revealed cells containing single, enlarged vacuoles (Figure mature ALP was detected following a 45 min chase at

either permissive or non-permissive temperature in the2, left panels), as are characteristic of class Dvpsmutants
(for a description ofvps mutant classification, refer to pep12tsf/sec1-1and vps45tsf/sec1-1mutant cells (Figure

3A, lanes 3 and 7). Identical results for ALP maturationRaymond et al., 1992). As in wild-type cells, ALP
immunoreactivity was localized to the vacuolar membrane were obtained when thevps45tsf mutant was combined

with the endocytic pathway mutant,end3-1 (Benedetti(Figure 2, right panels). These results are consistent with
previous observations of ALP vacuolar localization in a et al., 1994; data not shown). Figure 3B depicts immuno-

precipitation results for CPS inpep12tsf/sec1-1andvps45tsf/strain containing avps45mutant allele (Raymondet al.,
1992) and confirm that vacuolar localization of ALP does sec1-1mutant cells following a 45 min chase. At the

permissive temperature of 26°C, the bulk of labeled CPSnot require thePEP12andVPS45gene products.
was processed to its vacuole-localized mature form (Figure
3B, lanes 1 and 5), while.90% of labeled CPS remainedVacuolar delivery of ALP in pep12tsf and vps45tsf

mutants does not require late secretory pathway in precursor form following a 45 min chase at non-
permissive temperature (37°C) in both mutants (Figurefunction

Recent studies of avps1 mutant strain have implicated 3B, lanes 3 and 7).
Following synthesis in wild-type cells, CPY is observedthe plasma membrane as an intermediate destination for

biosynthetic ALP during transit to the vacuole (Nothwehr initially in ER-modified p1 precursor form (67 kDa), and
then is converted rapidly to p2 precursor form (69 kDa) viaet al., 1995). To test whether ALP follows such a route

in pep12tsf or vps45tsf mutants, haploid strains combining extension of core oligosaccharides in the Golgi apparatus.
Upon delivery to the vacuole, p2CPY is converted toeither of these alleles with the temperature-sensitive late

secretory pathway mutant,sec1-1, were generated (Novick mature CPY (61 kDa) via aPEP4-dependent cleavage
event. When the processing state of labeled CPY waset al., 1980). Thesec1-1mutation results in intracellular

accumulation of 100 nm secretory transport vesicles which examined inpep12tsf/sec1-1and vps45tsf/sec1-1mutant
cells following 45 min of chase, mature CPY was observeddo not fuse with the plasma membrane (Novicket al.,
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Fig. 3. Intracellular sorting of vacuolar hydrolases inpep12tsf/sec1-1andvps45tsf/sec1-1double mutants. Yeast cells were incubated for 10 min at
permissive (26°C) or non-permissive (37°C) temperature prior to labeling for 10 min with Tran35S-label. Unlabeled methionine and cysteine were
added, and cells were harvested immediately or following a 45 min chase period. Harvested cells were converted to spheroplasts and separated into
pellet (I, internal) and supernatant (E, external) fractions. (A) ALP, (B) CPS and (C) CPY were immunoprecipitated from these fractions, resolved
via SDS–PAGE, and viewed by fluorography. The yeast strains used in this analysis includedpep12tsf (CBY9), pep12∆2/sec1-1(CBY34)
transformed with a single copy (CEN) plasmid containing thepep12tsf allele and strainsvps45∆2 (CCY130) andvps45∆2/sec1-1(CCY143)
harboring thevps45tsf allele on aCEN plasmid.

in cell pellet fractions of both mutants grown at permissive pep12tsf and vps45tsf single mutants at non-permissive
temperature (Figure 3C, lanes 3 and 4). These resultstemperature (Figure 3C, lane 5), yet predominately Golgi-

modfied precursor CPY (p2CPY) was present in cell pellet demonstrate that vacuolar localization of ALP does not
involve transport via the plasma membrane in eitherfractions of both mutants incubated at non-permissive

temperature (Figure 3C, lane 7). These results verify the pep12tsf or vps45tsf mutants.
following: first, a temperature-dependent block in CPY
processing had been induced in both double mutants; andA vps41tsf mutant mislocalizes ALP but not CPY or

CPSsecond, a secretory block had occurred at non-permissive
temperature in bothpep12tsf/sec1-1 and vps45tsf/sec1-1 The differential processing of ALP and CPS observed in

vps45tsf and pep12tsf mutant cells is consistent with ALPmutant cells, as little precursor CPY was observed in
media fractions generated from either double mutant at and CPS transiting distinct pathways from the Golgi

to the vacuole. Just as mutations invps45 and pep12non-permissive temperature (Figure 3C, lane 8). This
intracellular retention of precursor CPY in the double preferentially affect vacuolar delivery of CPS and CPY

relative to ALP, mutations in genes which act primarilymutant strains contrasts with the predominant extracellular
localization of precursor CPY seen in identically treated in an ALP vacuolar delivery pathway would be expected
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38°C for 10 min prior to a 10 min labeling followed by
a chase period. Labeled cells were harvested at 0, 15, 30
and 45 min of chase, lysed and subjected to immunopre-
cipitation with antibodies directed against ALP, CPY and
CPS. Following a 45 min chase period at the permissive
temperature of 26°C,vps41tsf mutant cells were observed
to process 80–90% of labeled ALP, CPY and CPS to
mature form, consistent with proper vacuolar localization
of all three hydrolases (though ALP transport kinetics
were ~2-fold slower than observed for wild-type cells).
In contrast, ALP was observed predominately in a Golgi-
modified precursor form following a 45 min chase period
in vps41tsf cells incubated at non-permissive temperature
(38°C; Figure 4A, lanes 5–8). A small amount of mature
ALP, as well as a pool of aberrantly processed ALP
(Figure 4A, lanes 7 and 8; asterisk), was also observed in
the vps41tsf mutant at high temperature. While ALP
maturation was largely compromised invps41tsf cells at
non-permissive temperature, the maturation kinetics of
CPY and CPS were similar at both permissive and non-
permissive temperatures in this mutant (Figure 4A, lanes
5–8). These results suggest that the primary defect in
vps41tsf mutant cells is missorting of ALP. CPY and
CPS sorting defects are secondary: only upon extended
incubations (3 h or greater) at non-permissive temperature
do vps41tsf cells begin to mislocalize CPY to the cell
surface (data not shown).

In order to investigate the intracellular localization of
the misprocessed pool of ALP observed invps41tsf cells
at non-permissive temperature, ALP localization was
inspected via subcellular fractionation ofvps41tsf cells
incubated at both permissive and non-permissive tempera-Fig. 4. Temperature-conditional missorting and mislocalization of ALP

in vps41tsf cells. (A) Mutant cells harboring thevps41tsf allele were tures. Labeled spheroplasts were lysed and subjected to
incubated at permissive (26°C) or non-permissive (37°C) temperature differential centrifugation, resulting in a P13 (13 000g)
for 10 min, labeled for 10 min with Tran35S-label, then chase periods pellet fraction, a P100 (100 000g) pellet fraction and anof the indicated durations were initiated via addition of unlabeled

S100 (100 000g) supernatant fraction. Membranes of themethionine and cysteine to the incubations. Cells were harvested and
extracts were generated. ALP, CPY and CPS were isolated by vacuole, ER and plasma membrane are highly enriched
immunoprecipitation, resolved via SDS–PAGE and visualized by in the P13 fraction (Marcussonet al., 1994), while the
fluorography. An aberrantly processed form of ALP is indicated with P100 fraction is enriched for membranes of the Golgi
an asterisk (*). (B) Mutant cells harboring thepep12tsf andvps41tsf

apparatus, transport vesicles and endosome (Vidaet al.,alleles were converted to spheroplasts and incubated for 10 (pep12tsf)
1993; Marcussonet al., 1994). Consistent with labeledor 0 min (vps41tsf) prior to addition of Tran35S-label for 15 min.

Labeling was halted via addition of unlabeled methionine and cysteine, ALP reaching the vacuole inpep12tsf cells at non-
and chase periods of 30 min were implemented. Labeled spheroplasts permissive temperature, mature ALP was observed almost
were then lysed and subjected to sequential differential centrifugation. exclusively in a P13 pellet fraction in these cells (FigureEquivalent amounts of the 13 000g pellet (P13), 100 000g pellet

4B, left). A similar localization and processing state of(P100) and 100 000g supernatant (S100) were subjected to
quantitative immunoprecipitations with antisera directed against ALP. labeled ALP was observed forvps41tsf cells at permissive
The immunoprecipitates were resolved by SDS–PAGE, and labeled temperature: ALP was found predominately in mature
ALP was visualized via fluorography. form in a P13 pellet fraction (Figure 4B, middle). In

contrast, subcellular fractionation ofvps41tsf cells labeled
and chased at non-permissive temperature revealed thatto affect ALP localization more severely than localization

of CPS and CPY. labeled precursor ALP accumulated in a P100 fraction
while the mature form of ALP that escaped thevps41tsfDeletion mutants ofvps41exhibit a strong inhibition

of ALP processing and vacuolar localization, in addition block was found in a P13 fraction (Figure 4B, right). The
presence of the aberrantly processed form of ALP in anto secretion of p2CPY (Radiskyet al., submitted). The

VPS41gene encodes a 992 amino acid protein with no S100 fraction (Figure 4B, right, asterisk) indicated that
this form of ALP had been cleaved off the membrane andsignificant homology to any other protein of known

function (YPD:YDR080W; SwissProt:D4446; Radisky released from an osmotically fragile compartment.
et al., 1997). To examine the primary effects of loss of
Vps41p function, a functionally temperature-conditional The vps41tsf mutant accumulates novel

membrane-enclosed structuresallele ofvps41, vps41tsf, was generated (see Materials and
methods). In Figure 4A, haploid strains harboring the The mislocalization of ALP observed invps41tsf cells at

non-permissive temperature suggested that these cellsvps41tsf mutation were incubated at the permissive tem-
perature of 26°C or at the non-permissive temperature of accumulate ALP in non-vacuolar structures which might
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Fig. 5. Morphology of thevps41tsf mutant strain. Mutant cells harboring thevps41tsf allele were incubated at permissive (26°C;A) or non-permissive
(38°C) temperature for 1 (B) or 3 (C–E) h prior to preparation for electron microscopic analysis. The arrow points to an aberrant tubular membrane
structure. In (A), (B), (C) and (E), n identifies the nucleus; v, vacuole. Bars in (A), (B), (C) and (E): 0.5µM. The broken line box region in (C) is
enlarged in (D) to show a multivesicular body-like structure. Bar in (D), 0.1µM.

correspond to intermediates in the pathway responsible a portion of cells. In addition, tubular membrane networks
were observed in several cells following both 1 and 3 hfor delivering ALP to the vacuole. A deletion mutant of

vps41 exhibits severe vacuolar fragmentation (Radisky shifts to non-permissive temperature (Figure 5B and E).
Many of the vps41tsf cells incubated at non-permissiveet al., 1997), consistent with identification of thevps41

mutant as a class Bvps mutant (Raymondet al., 1992) temperature for 3 h exhibited a more exaggerated accumu-
lation of membranous structures, while near normaland a vacuolar morphology mutant (vam2) (Wadaet al.,

1992). In order to examine the initial effects of loss of vacuoles were still present (Figure 5E). Indeed, aberrant
membrane structures appeared rapidly upon loss of Vps41pVps41p function on cellular morphology,vps41tsf cells

were incubated at permissive (26°C) or non-permissive function, but structural integrity of the vacuole was largely
maintained in these cells (Figure 5B–E).(38°C) temperature for 1 or 3 h, then examined by

electron microscopy.vps41tsf cells incubated at permissive
temperature resembled wild-type cells: nuclei and intact A portion of overexpressed ALP shifts into a

PEP12-dependent vacuolar sorting pathwayvacuoles were observed to be the most prominent structures
present in these cells (Figure 5A) (Cowleset al., 1994). To address whether the machinery responsible forPEP12-

independent vacuolar delivery of ALP is saturable, pro-Whenvps41tsf cells incubated at non-permissive tempera-
ture were examined, many cells were found to accumulate cessing of ALP was examined in apep12tsf strain harboring

the PHO8 gene (encoding ALP) on a 2µ-based (highaberrant membrane structures (Figure 5B, arrow; D), yet
maintain an intact vacuole (Figure 5B–E). Membrane- copy) plasmid. These mutant cells, which overexpressed

ALP at ~20-fold wild-type levels (data not shown), wereenclosed vesicles reminiscent of mammalian multivesicu-
lar bodies (Figure 5C–E) (Hopkins, 1983) accumulated in incubated for 15 min at either permissive (30°C) or non-
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does enter the Pep12p-dependent vacuolar delivery
pathway.

Differential sorting of ALP and CPS is mediated by
a cytosolic tail determinant in ALP
The differential sorting of ALP and CPS apparent in
pep12 and vps45 mutants implicates the presence of
distinct vacuolar sorting signals in one or both of these
hydrolases. In order to map such a signal, a PCR-mediated
approach was used to create two gene fusions, termed
AAC and CCA (see Figure 7 and Materials and methods).
The AAC gene fusion consists of thePHO8promoter and
regions of thePHO8gene encoding the cytosolic tail and
transmembrane domain of ALP fused in-frame withCPS1
sequences encoding the lumenal domain of CPS. Likewise,
the CCA fusion consists of theCPS1 promoter and
cytosolic tail- and transmembrane domain-encoding
sequences fused in-frame with the region ofPHO8encod-
ing the lumenal domain of ALP. Single copy (CEN)
plasmids harboring these two gene fusions, AAC and
CCA, as well as plasmids containing wild-typeCPS1and
PHO8 genes, were transformed intopep4∆ mutant cellsFig. 6. Processing of overexpressed ALP and CPS inpep12tsf mutant
(TVY1) or pep12tsf mutant cells containing genomic dele-cells.pep12tsf cells transformed with high copy (2µ) plasmids

containing (A) the PHO8 gene or (B) the CPS1gene were incubated tions of eitherPHO8 or CPS1. Immunoreactive proteins
for 15 min at permissive (30°C) or non-permissive temperature (37°C) of the predicted molecular weights were produced in strains
prior to initiation of a 5 min labeling period with addition of Tran35S- harboring each of these plasmids, and the processing of
label. Unlabeled methionine and cysteine were then added to the

CPS, ALP and AAC proteins occurred as predicted inincubations, and cells were harvested immediately (0 min chase) or
pep12tsfcells at permissive temperature (Figure 8). Surpris-following a 45 min chase period. Cell extracts were generated and

ALP and CPS were isolated via immunoprecipitation. The ingly, the CCA fusion protein underwent two distinct
immunoprecipitates were resolved by SDS–PAGE and visualized via processing events at permissive temperature in thepep12tsf
fluorography. Percentages of (A) mature ALP and (B) mature CPS mutant (Figure 8). One processing event was the expectedobserved following 45 min of chase are notated.

cleavage of the ALP lumenal domain at a site near the
carboxy-terminus of the protein, while the other cleavage
event appeared to occur just lumenal to the transmembranepermissive (37°C) temperature prior to labeling for 5 min.

Cells were then chased for 0 or 45 min, lysed and subjected domain of the CCA fusion protein. Neither AAC nor CCA
proteins were processed in thepep4∆ mutant (data notto immunoprecipitation with ALP antisera. At permissive

temperature, only 75% of ALP matured following a 45 shown), verifying that processing of each fusion protein
could be used as a direct indication of vacuolar delivery.min chase period (Figure 6A, left panel), consistent with

overexpressed ALP having saturated its delivery and/or When processing of the AAC fusion protein was examined
in pep12tsf mutant cells, the fusion protein exhibitedprocessing machinery. Surprisingly, only 25% of over-

expressed ALP was found in its vacuole-localized mature processing at both permissive and non-permissive tempera-
tures (Figure 8). Conversely, when sorting of the CCAform at non-permissive temperature in this mutant strain

(Figure 6A, right panel), suggesting that a significant fusion protein was examined, the fusion protein showed
processing only at permissive temperature in thepep12tsfportion of overexpressed ALP in this mutant had been

renderedPEP12 dependent for processing. This result strain (Figure 8), akin to the processing of wild-type CPS
in this mutant (Figure 8). These results indicate that thecontrasts the completelyPEP12-independent maturation

observed for endogenously expressed ALP (Figure 1B). vacuolar sorting determinant(s) of ALP and/or CPS map to
the tail and transmembrane domains of these two proteins.When a similar experiment was performed to assess

CPS processing in apep12tsf strain overexpressing CPS In order to assess the relative importance of cytosolic
tail versus transmembrane domain regions in mediatingat ~20-fold wild-type levels, a defect in CPS maturation

was observed at permissive temperature, with only 60% of alternative sorting of CPS and ALP, the cytosolic tail
sequences of the CCA and AAC gene fusions wereCPS found in its vacuole-localized mature form following a

45 min chase period in these cells (Figure 6B, left panel). swapped with one another to generate the ACA and CAC
gene fusions, respectively (Figure 7). As before,CEN-This defect in CPS processing implicates a saturation of

the CPS delivery and/or processing machinery in this based plasmids containing these gene fusions were trans-
formed intopep12tsf cells, and vacuolar processing of themutant. Consistent with prior observations of a CPS

processing block at non-permissive temperature in the two fusion proteins, ACA and CAC, was examined at
permissive and non-permissive temperatures. The ACApep12tsf mutant (Figure 1B, chromosomal CPS expres-

sion), no mature CPS was observed at non-permissive fusion protein was processed rapidly to mature form at
both permissive and non-permissive temperatures (Figuretemperature in apep12tsf mutant overexpressing CPS

(Figure 6B, right panel). This finding suggests that over- 8). In contrast, processing of the CAC fusion protein was
almost entirelyPEP12dependent. More than 80% of theexpressed CPS does not enter a Pep12p-independent

vacuolar delivery route, whereas some overexpressed ALP CAC protein was processed to mature form following
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Fig. 7. Schematic diagram of ALP–CPS fusion proteins. Regions of fusion proteins corresponding to CPS fragments are depicted in dark gray, while
ALP fragments contained within fusion proteins are featured in light gray. The precise amino acid residue composition of cytosolic tail regions is
depicted for all fusion proteins.

Fig. 8. Processing of fusion proteins inpep12tsf mutant cells.pep12tsf cells expressing the indicated fusion proteins were incubated for 15 min at
permissive (30°C) or non-permissive (37°C) temperature, then labeled for 5 min with Tran35S-label. Chase periods of the indicated duration were
initiated via addition of unlabeled methionine and cysteine. Labeled cells were harvested, cell extracts were generated and fusion proteins were
immunoprecipitated with either ALP (fusions containing the ALP lumenal domain) or CPS (fusions containing the CPS lumenal domain) antisera.
Immunoprecipitates were resolved via SDS–PAGE and visualized by fluorography.
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45 min of chase in thepep12tsf mutant at permissive an indirect route via the plasma membrane. Whenvps45tsf,
pep12tsf andvps8(Horazdovskyet al., 1996) mutant allelestemperature, while the vast majority of CAC protein was

blocked in precursor form following a 45 min chase at were combined with the late secretory pathway mutant,
sec1, or the endocytic pathway mutant,end3, ALP wasnon-permissive temperature (Figure 8). When combined

with processing results obtained for the AAC and CCA localized to the vacuole at non-permissive temperature,
indicating that the exocytic and endocytic pathways aregene fusions, these ACA and CAC gene fusion results

implicate the cytosolic tail regions of ALP and CPS in not required for vacuolar localization of ALP in these
mutants. Thus, our results demonstrate the existence of aconferring differential sorting of the two proteins.

The preceding fusion results, together with evidence new Golgi to vacuole pathway that is functional in the
presence ofpep12andvps45mutations, but that may bethat overexpressed ALP shifted into a Pep12p-dependent

delivery pathway, indicate that an active sorting signal dependent on Vps1p. The role of this alternative pathway
is not yet clear; however, it may be advantageous forexists in the cytosolic tail of ALP, and a final gene fusion

was constructed to test for such a determinant. The A*CCA certain cargoes to bypass the Pep12p-dependent endosomal
intermediate.gene fusion combines thePHO8 promoter and sequences

encoding the first 16 amino acid residues of ALP with Formation of distinct Golgi to vacuole transport inter-
mediates probably occurs at the late Golgi, since boththe CCA gene fusion (starting at the second amino acid

residue of CCA; see Figure 7). When tested forPEP12- CPY and ALP receiveα1,3-mannose linkages (Esmon
et al., 1981; Klionsky and Emr, 1989; Graham and Emr,dependent vacuolar processing, the vast majority of the

A*CCA fusion protein was processed to mature form at 1991). One issue yet to be resolved is whether newly
synthesized ALP transits the Kex2p-containing compart-both permissive and non-permissive temperatures in the

pep12tsf mutant (Figure 8). ment of the Golgi, which is where CPS and CPY are
thought to be packaged into vesicles destined for the
endosome. It is possible that ALP-containing transportDiscussion
intermediates bud from an earlier Golgi compartment than
CPS-containing transport intermediates because (i) theThis study has uncovered distinct genetic requirements

for the trafficking of the vacuolar hydrolases ALP and ALP delivery pathway is incapable of carrying CPS as
cargo, even under conditions of CPS overexpression andCPS. CPS follows a Pep12p- and Vps45p-dependent

pathway to the vacuole, whereas ALP transits to the Pep12p inactivation (Figure 6B) and (ii) a portion of
overexpressed ALP may be transported via the ‘morevacuole via a Pep12p- and Vps45p-independent route.

The Pep12p- and Vps45p-independent route that delivers distal’ CPS transport pathway (Figure 6A).
Regardless of the specific Golgi compartment that givesALP to the vacuole functions in the presence of a late

secretory pathway (sec1-1) or endocytic pathway (end3-1) rise to ALP-containing transport intermediates, delivery
of ALP and CPY to the vacuole via disparate pathwaysblock, suggesting that newly synthesized ALP does not

reach the vacuole via a plasma membrane/endocytosis might occur in a manner similar to the parallel trafficking
of invertase and Pma1p from the Golgi to the plasmaroute in thepep12tsf and vps45tsf mutants. In agreement

with ALP transiting a vacuolar delivery pathway which membrane (Harsay and Bretscher, 1995). Generation of
CPY- and ALP-containing transport intermediates couldis distinct from the one followed by CPS, avps41tsf mutant

shows a preferential block in ALP delivery and processing resemble budding of separable secretory vesicle popula-
tions from the late Golgi. Furthermore, the machineryrelative to CPS, suggesting that Vps41p functions primarily

in the pathway responsible for vacuolar delivery of ALP. responsible for the eventual targeting and consumption of
Golgi to vacuole transport intermediates at the vacuoleFusion protein studies have revealed that the cytosolic

amino-terminal 16 amino acids of ALP contain a sorting might be shared by both ALP- and CPY-trafficking path-
ways, just as the late secretory pathway proteins, Sec1p,signal which directs inclusion of ALP as cargo in this

alternative vacuolar delivery route. Sec4p and Sec6p, are required for fusion of both popula-
tions of Golgi-derived secretory vesicles at the plasmaPrevious studies have implicated Pep12p (endosomal

t-SNARE) and Vps45p (Sec1p homolog) to function in membrane (Harsay and Bretscher, 1995). Future studies
of both parallel pathways (Golgi to vacuole and Golgi totargeting and/or fusion of Golgi-derived vesicles with the

endosome (Cowleset al., 1994; Piperet al., 1994; Becherer plasma membrane) should clarify whether such com-
parisons remain valid.et al., 1996). If ALP, CPY and CPS were packaged at the

late Golgi into a common vesicle carrier, mutations in The presence of a delivery pathway to the vacuole that
is distinct from the one followed by CPY and CPS predictsPEP12 and VPS45 would be expected to affect the

vacuolar delivery of all three of these hydrolases, not just the existence of transport components which function
directly in that pathway. Mutations in genes encodingthat of CPY and CPS. Since ALP delivery is unaffected

in pep12and vps45 mutant cells, the existence of two components of the trafficking route that delivers ALP to
the vacuole could result in compromised vacuole functiondistinct Golgi-derived transport intermediates, one con-

taining ALP and the other carrying CPY and CPS, is the due to mislocalization of other cargoes (e.g. a vacuolar
t-SNARE) transported by the same pathway. Suchmost plausible explanation for the vacuolar delivery of

ALP observed in these mutants (see Figure 9). mutations could cause secondary defects in soluble
vacuolar protein sorting. Indeed, this appears to be thePrior studies of ALP localization invps1mutant cells

have indicated that functional secretory and endocytic case, asvps41mutants secrete p2CPY (Raymondet al.,
1992; data not shown), yet characterization of avps41tsfpathways are required for vacuolar delivery of ALP in the

vps1mutant (Nothwehret al., 1995). These observations mutant strain revealed dramatic mislocalization of ALP
at non-permissive temperature in the presence of rapidsuggest that invps1mutants, ALP reaches the vacuole by
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Fig. 9. Model of ALP sorting. An unidentified cytosolic factor recognizes a signal contained within the first 16 amino acid residues of pALP,
directing post-Golgi transport of ALP to the vacuole via a Vps41p-dependent pathway. Trafficking of ALP is distinct from trafficking of CPS and
CPY due to this ALP sorting determinant, as CPY and CPS are packaged at the late Golgi into vesicles destined for the early endosome. Endosomal
targeting and/or fusion of Golgi-derived vesicles carrying CPY and CPS requires the function of Vps45p and Pep12p proteins, whereas vacuolar
targeting of ALP-containing intermediates probably bypasses this proposed site of Pep12p/Vps45p activity.

CPY and CPS maturation (Figure 4). Soluble hydrolase we examined processing of the CCA fusion protein, which
is comprised of the cytosolic tail and transmembranesecretion is not manifested in thevps41tsf mutant until

several hours after incubation at non-permissive tempera- domains of CPS fused with the lumenal domain of ALP,
we found that vacuolar delivery of this fusion protein wasture (data not shown). Although no precise site of action

may be assigned to Vps41p at present, electron micro- entirely Pep12p dependent (Figure 8). In contrast, addition
of the amino-terminal 16 amino acids of ALP to the CCAgraphs of vps41tsf cells at non-permissive temperature

revealed an accumulation of structures that resemble fusion protein yielded the A*CCA fusion protein, which
now localized to the vacuole in an entirely Pep12p-mammalian multivesicular bodies (Figure 5C and D)

(Hopkins, 1983), as well as various aberrant tubular independent manner (Figure 8). These data identify an
active vacuolar sorting determinant within the amino-network structures (Figure 5B–E). Such structures might

correspond to intermediates in the pathway that delivers terminal 16 amino acids of ALP. Several other membrane
proteins contain cytoplasmic targeting sequences that inter-ALP to the vacuole. Studies are presently underway to

elucidate the function of Vps41p in membrane protein act with sorting/trafficking machinery, including the di-
lysine ER retention/retrieval motif of Wbp1p withtraffic, as well as to determine whether any other known

VPSgenes are involved directly in trafficking of ALP (i.e. coatomer (Cosson and Letourneur, 1994), and the cytosolic
tail of the cation-dependent mannose 6-phosphate receptor,other vps mutants that exhibit morphological defects

similar to vps41: vps39, vps43, ypt7, vam3; Raymond which interacts with clathrin adaptor proteins (Glickman
et al., 1989; Johnson and Kornfeld, 1992; Leborgneet al.,et al., 1992; Wadaet al., 1992; Wichmannet al., 1992).

Prior studies have implicated the vacuole as a default 1993). By analogy, it is likely that the tail of ALP directly
associates with transport components (e.g. vesicle coatdestination for membrane protein traffic in yeast (Cooper

and Bussey, 1992; Robertset al., 1992; Wilcox et al., proteins) that package ALP (and other proteins) into a
novel class of Golgi to vacuole transport intermediates1992). However, the Pep12p- and Vps45p-independent

vacuolar localization of ALP observed inpep12tsf and (see Figure 9). Although these transport intermediates
could target first to the pre-vacuolar endosome and thenvps45tsf mutants involves an active sorting signal. When
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locus. To generate thevps41tsf allele,VPS41was amplified by PCR withbe delivered to the vacuole, recent evidence indicates that
oligonucleotides VPS41UP, which anneals 154 nucleotides 59 of thethe ALP carrier targets directly from the Golgi to the
ATG encoding the start methionine of Vps41p, and VPS41DOWN,

vacuole. In a temperature-conditional class Evpsmutant, which anneals 218 nucleotides 39 of the VPS41 stop codon. PCR
vps4tsf, that blocks CPY transport out of the pre-vacuolar amplification was performed by standard reaction conditions withTaq

polymerase andTaq Extender™ (Stratagene). The resulting 3.3 kbendosome at high temperature, ALP transport to the
product was then co-transformed into WSY41 at equimolar amountsvacuole is not affected (Babstet al., 1997). Future studies
with gel-purified PstI-digested pWS24, and the cells were plated towill be directed towards isolating the ALP carrier, defining selective media at 26°C. Transformants were screened for temperature-

its cargo and identifying other transport components conditional secretion of CPY–invertase following a 6 h incubation at
38°C by previously described methods (Stacket al., 1995). One suchspecific to this novel pathway. Similar studies in mam-
mutant plasmid containing thevps41-85allele (pVPS41-85) was usedmalian cells may uncover an analogous alternative Golgi
to generate thevps41tsf strain characterized in this study. Generation ofto lysosome transport pathway.
pCB49 (containing thepep12tsf allele) and CBY9, the genomically
integratedpep12tsf strain employed in this study, will be described
elsewhere (Burdet al., 1997).

Materials and methods Creation ofPHO8-containing plasmids was achieved viaStuI–KpnI
digestion of a pSEYC58 (CEN ARS1) plasmid containing thePHO8

Materials gene (Klionsky and Emr, 1989), gel isolation of the resulting 3.0 kb
Escherichia coliwere grown in LB supplemented with ampicillin (Miller, fragment, and ligation of thisPHO8-containing fragment intoHindIII
1972). Saccharomyces cerevisiaewere propagated in yeast extract– (blunted by a Klenow fill-in reaction)–KpnI-digested pRS416 (CEN
peptone–dextrose (YPD), yeast extract–peptone–fructose (YPF) or syn-URA3) (Sikorski and Hieter, 1989). The resulting plasmid, pALP1, was
thetic dextrose (SD) augmented with amino acids as required (Shermanthen digested withXbaI and KpnI, and the excisedPHO8-containing
et al., 1979). Restriction and modifying enzymes were purchased from 3.0 kb fragment was gel isolated and ligated intoXbaI–KpnI-digested
Boehringer Mannheim, New England Biolabs and Stratagene. TA cloning pRS426 (2µ URA3) (Sikorski and Hieter, 1989) to yield pALP4.CEN-
kits were supplied by Invitrogen. Zymolyase 100-T (Kirin Brewery Co.) and 2µ-basedCPS1-containing plasmids were fashioned in the following
was from Seikagaku Kogyo Co. (Tokyo, Japan). Glusulase was purchasedmanner: a plasmid harboring theCPS1gene, pDP83 (Spormannet al.,
from DuPont Co. 5-Bromo-4-chloro-3-indoyl-β-D-galactoside and 1991), was used as template in PCR amplification reactions involving
α2-macroglobulin were supplied by Boehringer Mannheim. Tran35S- oligonucleotides CPSPRIC (59-AACCTCTGAATTCCCA-39) and CPS39
label was obtained from ICN Biochemicals. [α-35S]dATP was from (59-GCAAAACGGTGTATGG-39); reactions were performed in duplic-
Amersham Corp. A fusion protein containing TrpE and lumenal Cps1p ate usingTaqpolymerase under standard PCR conditions (Perkin-Elmer
residues was expressed, purified and used to immunize New ZealandCetus Corp., Norwalk, CT), and the resulting 2.4 kb product was ligated
White rabbits as previously described (Horazdovsky and Emr, 1993). into the TA cloning kit vector, pCRTMII (Stratagene); theCPS1-
Collected antiserum was screened and titrated by immunoprecipitation containing insert was then excised via digestion withEcoRI and ligated
of labeled yeast cell extracts. Production of antisera to vacuolar zymogens into EcoRI-digested pRS414 (CEN TRP1) and pRS424 (2µ TRP1)
CPY and ALP has been detailed previously (Klionskyet al., 1988; (Sikorski and Hieter, 1989) to yield pCPS1 and pCPS3, respectively.
Klionsky and Emr, 1989). All other reagents were purchased from Sigma. Generation of gene fusions employed the gene Splicing by Overlap

Extension (‘gene SOEing’) technique (Yon and Fried, 1989; Horton
et al., 1990). All PCRs occurred in the presence ofTaq polymerase andPlasmid constructions and nucleic acid manipulations

Construction of plasmids utilized recombinant DNA techniques described Taq Extender™ (Stratagene). Gene fusion AAC employed oligonucleo-
tides ALP59 (59-CTTGCTGTGCAGAAACAG-39), ACPS39 (59-GAG-previously (Maniatiset al., 1989), with the exception of DNA fragment

isolations performed by the glass bead method of Vogelstein and Gillespie GTGGTGCTGGGTGTGATGCAGAACGTATAGCAAAACTG-39),
ACPS59 (59-CAGTTTTGCTATACGTTCTGCATCACACCCAGCACC-(1979). Bacterial DNA transformations employed the protocols of

Hanahan (1983). Temperature-conditional alleles ofVPS45, PEP12and ACCTC-39) and CPS39 in amplifications of templates pALP1 and pDP83.
Synthesis of the CCA gene fusion utilized oligonucleotides CPSPRIC,VPS41were generated by PCR mutagenesis (Muhlradet al., 1992; Stack

et al., 1995). PCR amplification ofVPS45 utilized oligonucleotides CSAPATHN (59-GTGTGATGCAGAACGGAGACCCGAAGTGAGG-
39), CSAPATHC (59-CCTCACTTCGGGTCTCCGTTCTGCATCACAC-CC451, which anneals 215 nucleotide 59 of the ATG encoding the start

methionine of Vps45p, and CC452, which anneals 220 nucleotides 39 39) and ALP3NSIN (59-GCGGTTATTCTTTCG-39) in amplifications of
pALP1 and pDP83. Creation of the CAC gene fusion employed PCRof the VPS45stop codon. PCR reactions were performed usingTaq

polymerase under standard reaction conditions (Perkin-Elmer Cetus primers CPSPRIC, CA239 (59-GACCACAGTGGATACTATTATTCTG-
TGCCTTTGCCATAGGG-39), CA259 (59-CCCTATGGCAAAGGCAC-Corp., Norwalk, CT) modified by the presence of 0.1 mM MnCl2 and

500 µM dATP. The 2.2 kb PCR product resulting from these reactions AGAATAATAGTATCCACTGTGGTC-39) and CPS39 in amplifications
of pDP83 and the AAC gene fusion. Generation of the ACA fusionwas co-transformed with equimolar amounts of gel-purifiedHpaI–BglII-

digested pVPS45-10 (Cowleset al., 1994) (Trp1) into CCY130 (vps45∆2 utilized oligonucleotides ALP59, AC239 (59-GGCAACTATTCCACTA-
ATAAAGGCCTTCGATCTCTTCGAGATCC-39), AC259 (59-GGATCT-CPY-Inv), and cells were plated to selective media. Selections for

temperature-conditional secretion of CPY–invertase were performed as CGAAGAGATCGAAGGCCTTTATTAGTGGAATAGTTGCC-39) and
ALP3NSIN in amplifications of pALP1 and the CCA gene fusion.previously described (Stacket al., 1995). One plasmid which conferred

temperature-conditional secretion of CPY–invertase in CCY130, Creation of gene fusion A*CCA involved use of PCR primers ALP59,
A1-16C39 (59-CTACTGGTAAGGCCATTCCAGGAACAAGACGT-pVPS45-28, was isolated and digested withApaI andSacI. The resulting

ApaI–SacI fragment containingvps45tsf coding sequence was ligated GTC-39), A1-16C59 (59-CGTCTTGTTCCTGGAATCGCCTTACCAGT-
AGAGAAG-39) and ALP3NSIN in amplifications of pALP1 and thewith ApaI–SacI-digested pRS415 (Sikorski and Hieter, 1989) to generate

pVPS45-37. pVPS45-37 was then transformed into CCY120 (vps45∆2) CCA gene fusion.
Gene fusions containing CPS lumenal domain sequence (AAC, CAC)cells to generate thevps45tsf strain utilized in this study.VPS41was

cloned from a yeast centromeric library (LEU2, CEN; Philip Hieter) as were initially ligated into pCR™II (Stratagene), then excised from
pCR™II via EcoRI digestion and ligated intoEcoRI-digested pRS414described elsewhere (Radiskyet al., 1997). A 4.25 kbNheI–PvuII

fragment containingVPS41(YPD:YDR080W; SwissProt:D4446) was (Sikorski and Hieter, 1989) to generate pAAC and pCAC, respectively.
Fusions containing the ALP lumenal domain sequence (CCA, ACA,subcloned into pRS414 (CEN TRP1) (Sikorski and Hieter, 1989) that

had been digested withXhoI, filled in with Klenow polymerase, and A*CCA) were ligated into pCR™II, then excised from pCR™II via
digestion with EcoRI and NarI and ligated into gel-isolatedEcoRI–then digested withXbaI. The resulting plasmid, pWS24, was digested

with KpnI and SacI to release theVPS41-containing fragment from the NarI-digested pALP1 vector to generate pCCA, pACA and pA*CCA,
respectively. Each gene SOE product was generated in duplicate frommultiple cloning site and ligated intoKpnI–SacI-digested pBluescriptSK1

to generate pBS41. A deletion ofVPS41was then generated by replacing parallel, independent reactions. All gene fusion plasmids were denatured
and purified over 2 ml of Sephacryl spun columns using the protocol ofthe PstI–HindIII fragment of pBS41 withLEU2. This pBS41∆ plasmid

was digested withScaI and BglII to release a fragment containing the Pharmacia MiniprepKit Plus manual. Resultant denatured single-
stranded templates were hybridized to either CPSSEQ (59-CTAAT-vps41∆1::LEU2 which was used to transform SEY6210 to Leu1, thus

generating thevps41deletion mutant strain WSY41 (see Table I). The CCTGCATCATCAC-39) or ALPSEQ (59-GCCAGCAAGTGGCTAC-39)
and then subjected to dideoxy chain termination sequence analysisdeletion mutant was confirmed by PCR amplification of the mutant
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Table I. Strains used in this study

Strain Genotype Reference or source

S.cerevisiae

SEY6210 MATα leu2-3,112 ura3-52 his3-∆200 trp1-∆901 lys2-801 suc2-∆9 Robinsonet al. (1988)
BHY10 SEY6210;leu2-3,112::pBHY11 (CPY-InvLEU2) Horazdovskyet al. (1994)
EGY111-2 MATa leu2 ura3 suc2-∆9 his3 sec1-1 Gaynor and Emr (1997)
SEY5017 MATa leu2-3,112 ura3-52 suc2-∆9 sec1-1 lab strain
TVY1 SEY6210;pep4∆::LEU2 Tom Vida
CCY120 SEY6210;vps45∆2::HIS3 Cowleset al. (1994)
CCY130 BHY10;vps45∆2::HIS3 Cowleset al. (1994)
CCY143 MATa leu2-3,112 ura3-52 suc2-∆9 vps45∆2::HIS3 sec1-1 this study
CBY9 BHY10; pep12tsf Burd et al. (1997)
CBY31 SEY6210;pep12∆2::HIS3 Burd et al. (1997)
CBY34 MATa leu2-3,112 ura3-52 his3-∆200 trp1-∆901 suc2-∆9 pep12∆2::HIS3 sec1-1 this study
DKY6280 MATa leu2-3,112 ura3-52 his3-∆200 trp1-∆901 ade2-101 suc2-∆9 pho8∆::TRP1 Klionsky and Emr (1989)
CCY236 CBY9;pho8∆::TRP1 this study
YD19 MATα his3-11 his3-15 ura3∆5 leu2::ura3∆SE canR [cir°] cps1∆::URA3 Spormannet al. (1992)
CCY239 CBY9;cps1∆::URA3 this study
WSY41 SEY6210;vps41∆1::LEU2 this study

E.coli

XL1-Blue supE44 thi-1 lac endA1 gyrA96 hsdR17 relA1[F9 proAB lacIq Z∆M15 Tn10] Bullock et al. (1987)

(Sangeret al., 1977) using the Sequenase sequencing protocol (US CBY9. Ura1 transformants were selected, andcps1deletion/disruption
mutants were confirmed by both PCR and immunoprecipitation.Biochemical Corp.). All gene fusion regions were verified, and noTaq-

induced mutations were detected in readable sequence (~300 nucleotides)
of any gene fusion. Indirect immunofluorescence

Immunolocalization of ALP was performed as previously described
(Reddinget al., 1991), with modifications as described (Gaynor andGenetic manipulations
Emr, 1997), using affinity-purified ALP antisera (Raymondet al.,Standard yeast genetic procedures were followed as previously described
1990, 1992).(Miller, 1972; Shermanet al., 1979). Yeast transformations utilized a

LiAc treatment protocol (Itoet al., 1983). Apep12∆2::HIS3 disruption
Electron microscopy analysisconstruct was generated as follows: pBSPEP12, containing aClaI–NsiI
WSY41 (vps41∆1) mutant cells harboring thevps41tsf allele on a lowyeast genomic DNA fragment encodingPEP12(Bechereret al., 1996),
copy (CEN) plasmid (pVPS41-85) were grown in SD supplemented withwas cut with PstI and HindII, and a PstI–SmaI-cut DNA fragment
the required amino acids at 26°C to an absorbance at 600 nm (A600) ofcontaining HIS3 was cloned into this vector, resulting in pCB34.
0.15, then incubated at either 26 or 38°C for 2 h. Following this 2 hPCR was used to amplify a DNA fragment of pCB34 with primers
incubation, a portion of cells from the 26°C population were incubatedcomplementary to ends of thePEP12ORF, and this DNA was used to
at 38°C for 1 h, while other incubations were allowed to continue fordisrupt the wild-typePEP12 locus by homologous recombination-
1 h. Approximately 50A600 units of cells were harvested by centrifuga-mediated transformation of SEY6210. To confirm that thePEP12locus
tion, fixed at either 26 or 38°C and processed for electron microscopyhas been disrupted, several His1 colonies were screened by PCR with
as described previously (Burdet al., 1996).primers designed to amplify thePEP12 locus. A strain derived from

one colony that yielded a PCR product of the size corresponding to the
Cell labeling and immunoprecipitationsize predicted for the disruptedpep12∆2::HIS3 locus was renamed
Yeast cells were propagated to anA600 of 0.8 in SD supplemented withCBY31 (pep12∆2). A vps45∆2/sec1-1double mutant, CCY143, was
the required amino acids. For experiments in which ALP, CPS and CPYobtained by crossing CCY120 (vps45∆2) (Cowles et al., 1994) with
were immunoprecipitated, 5A600 units of cells per time point wereSEY5017 (sec1-1). Diploid colonies were selected, sporulated and
harvested by centrifugation and resuspended in 1 ml per time point ofresulting asci were dissected. Double mutants were selected from tetrads
SD medium. A 10 min (Figures 1, 3 and 4) or 15 min (Figures 6 andshowing 2:2 segregation ofTR/tsat 38°C. Spores harboring thesec1-1
8) incubation at either permissive or non-permissive temperature precededmutation were selected based on their inability to grow at 37°C, while
addition of 100µCi of Tran35S-label per time point. Labeling proceededspores containing avps45deletion were selected on the basis of secretion
for either 10 min (Figures 1, 3 and 4) or 5 min (Figures 6 and 8), andof p2CPY at 30°C (Robertset al., 1991). CCY143 was transformed
was terminated via addition of methionine, cysteine and yeast extract towith pVPS45-37 to generate thevps45tsf/sec1-1double mutant used for
final concentrations of 5 mM, 1 mM and 0.2%, respectively. For theexperiments shown in Figure 3. To construct a double mutantsec1-1/
experiments whose results are shown in Figure 3, cells were convertedpep12∆2::HIS3 strain, EGY111-2 (Gaynor and Emr, 1997) was trans-
to spheroplasts following cell labeling and chase periods (Horazdovskyformed with thepep12∆2::HIS3disruption construct, andpep12∆2::HIS3
and Emr, 1993). After spheroplasting, cultures were centrifuged attransformants were confirmed by PCR as described above. This strain,
13 000g for 1 min to yield an intracellular (I) fraction and an extracellularCBY34, was transformed with pCB49, encodingpep12tsf. The pho8
(E) media fraction. Total protein was recovered from all fractions viadeletion/disruption strain, DKY6280 (Klionsky and Emr, 1989), was
trichloroacetic acid precipitation. The presence of CPS, ALP and CPYemployed in creating CCY236, a deletion/disruption ofPHO8 in the
in each fraction was determined by immunoprecipitation (Klionskypep12tsf strain, CBY9. Genomic DNA was isolated from the DKY6280
et al., 1988; Robinsonet al., 1988). Endoglycosidase H treatment was(pho8∆) strain and used as PCR template for amplification of theTRP1-
performed as previously described (Gaynoret al., 1994) on all CPSdisrupted portion ofPHO8 with primers ALP59 and ALP3NSIN. The
samples, as well as on ALP samples presented in Figure 6.product of this reaction was gel isolated and used to transform CBY9.

Trp1 transformants were selected, andpho8deletion/disruption mutants
were confirmed by both PCR and immunoprecipitation. To create Subcellular fractionation

Subcellular fractionations were performed as previously describedCCY239, a cps1 deletion/disruption in CBY9, genomic DNA was
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