





























Figure 8. Immunolocalization of AA-B and A-BB. JHRY20-1A (stel 34 dap24) cells containing plasmids expressing either AA-B (pCJR64,
A-C) or A-BB (pCIR67, D-F) were fixed, spheroplasted, and stained with DPAP A antibody and Vat2p mAb. The cells were viewed
by Nomarski optics (4 and C) and by epifluorescence using filter sets specific for fluorescein (B and E) and rhodamine (C and F) fluores-

cence.

DPAP B, this deletion delays exit of the fusion proteins from
the ER; however, upon exit from the ER, the enzymatically
active A22-AAA and A22-AA-B fusion proteins were trans-
ported to the vacuole. Thus, the cytoplasmic domain is both
necessary and sufficient for the retention of DPAP A in the
Golgi apparatus, and the signal for the retention of DPAP A
maps to a 22-amino acid segment within the 118-residue cy-
toplasmic domain.

Transport to the Vacuole Does Not Involve prior
Delivery to the Plasma Membrane

We have previously shown that the transport of DPAP B to
the vacuole does not involve delivery to the plasma mem-
brane followed by endocytic targeting to the vacuole (Rob-
erts et al., 1989). This was demonstrated by expressing
DPAP B in a secl mutant, which at 34°C is blocked at a late
stage of the secretory pathway and accumulates secretory
vesicles (Novick et al., 1981; Salminen et al., 1987). To ad-
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dress the possibility that the mutant constructs analyzed in
this study were mislocalized to the plasma membrane fol-
lowed by rapid endocytic uptake to the vacuole, indirect im-
munofluorescence experiments were performed on BB-Inv,
B-A-B, A20-BB, and A22-AA-B expressed in a sec! strain at
34°C. As a positive control for accumulation in secretory
vesicles, the localization of the fusion protein Fusl-LacZp
was analyzed (Trueheart et al., 1987). The FUSI gene prod-
uct is required for the breakdown of the cell walls after the
fusion of a and « cells during conjugation (McCaffrey et
al., 1987; Trueheart et al., 1987), and has been shown
by protease treatment of whole yeast cells to be a plasma
membrane protein (Trueheart and Fink, 1989). The fusion
protein Fusl-LacZp, consisting of the 254 NH,-terminal
amino acids of Fuslp fused to the lacZ gene product (3-galac-
tosidase), has been shown by immunofluorescence micros-
copy to be localized to the plasma membrane after induction
during mating (Trueheart et al., 1987).
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A22-AAA

A22-AAB

For these experiments, the expression of these proteins
was under the control of the inducible GAL! promoter (see
Materials and Methods; Johnston and Davis, 1984). Neither
Fusl-LacZp, BB-Inv, B-A-B, or A20-BB showed any signal be-
fore addition of galactose (data not shown). Fig. 10 (4-F)
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Figure 9. Immunolocalization of A22-
AAA and A22-AA-B. JHRY20-1A (stel 34
dap24) cells containing plasmids ex-
pressing either A22-AAA (pSN59, A-F)
or A22-AAB (pSN58, G-L) were fixed,
spheroplasted, and stained with DPAP B
(A-F) or DPAP A (G-L) antibody, and
Vat2p mAb. The cells were viewed by
Nomarski optics (4, D, G, and J) and by
epifluorescence using filter sets specific
for fluorescein (B, E, DPAP A antibody;
H, K, DPAP B antibody) and rhodamine
(C, E 1, and L; Vat2p antibody) fluores-
cence.

shows that Fusl-LacZp was localized to the plasma mem-
brane in a SEC* strain after 2 h of induction at 34°C, but
accumnulated intracellularly, presumably in secretory vesi-
cles, in a secl strain under the same conditions. No co-
localization with the vacuolar marker, ALP, was detected.

Rhod

Figure 10. Immunolocalization in SEC* and
secl strains. JHRY20-1A (SEC*) and SEY-
5016 (secl) cells containing plasmids en-
coding Fusl-LacZp (pCJR114) or B-A-B
(pCJR79) under the control of the GALI
promoter were grown to log phase in media
containing raffinose, then shifted to 34°C at
the same time that galactose was added to
the cultures. After 2 h, the cells were fixed,
spheroplasted, and prepared for immuno-
fluorescence. Cells expressing Fusl-LacZp
were stained with anti-3-galactosidase
mAb and anti-ALP polyclonal antibody,
and were viewed using filter sets specific
for fluorescein and rhodamine fluores-
cence, respectively. Cells expressing B-A-B
were stained as in Fig. 5.



Table Il. Quantitation of Immunolocalization Observations
after Induction in secl cells

Intracellular, Plasma
Protein Vacuoles$ non-vacuolart membrane
Fus-LacZp, SEC+ 0 0 100
Fusl-LacZp, secl 0 97 3
BB-Inv, secl 100 0 0
B-A-B, sec! 77 23 0
A20-BB, secl 98 2 0

* For each construct, the percentages refer to the fraction of stained cells that
exhibited staining of a particular organelle. SEYS016 cells (secl-I) or
JHRY20-1A cells (SEC#) containing plasmids encoding either Fusl-LacZp
(pCIR114), BB-Inv (pCIRS1), B-A-B (pCIR79), or A20-BB (pCIRS6) were
grown to log phase, then shifted to 34°C at the same time that galactose was
added to the culture, and incubated for 2 h. The cells were then fixed, sphero-
plasted, and stained with either LacZp antibody (Fusl-LacZp), NH,-terminal
DPAP B antibody (BB-Inv), or COOH-terminal DPAP B antibody (B-4-B and
A20-BB) for indirect immunofluorescence as described in Methods. For all
constructs, >70% of the cells in the population showed a signal, and of those
at least 100 cells were quantified for each construct.

+ Vacuolar localization was determined both by coincidence of staining with
the vacuole membrane as determined by Nomarski optics and by co-localiza-
tion with either ALP (Fusl-lacZ) or Va2p (BB-Inv, B-A-B, and 420-BB).

Typically, Fusl-LacZp accumulated in a large patch in the
bud and bud neck region of budded cells, and near the cell
periphery of unbudded cells. BB-Inv, B-A-B, and A20-BB
were each localized to the vacuole under these conditions
(e.g., Fig. 10, G-I; Table II), as defined by co-localization
with Vat2p. The intracellular, non-vacuolar signal occasion-
ally observed for B-A-B (23 %; Table II) was different from
that of Fusl-LacZp, in that the signal looked reminiscent of
the Golgi signal observed for DPAP A (data not shown). This
was also observed for B-A-B in SEC* cells at 34°C, sug-
gesting that the kinetics of delivery of this protein is slowed
at elevated temperatures. The analysis of A22-AA-B in the
secl strain was complicated by the fact that expression of the
protein was leaky; ~50% of the cells in the population
showed a weak vacuolar staining pattern before galactose ad-
dition. However, addition of galactose to the culture after
shifting the cells to 34°C resulted in ~90% of the cells ex-
hibiting an intense vacuolar signal (data not shown). These
data show that the BB-Inv, B-A-B, A20-BB, and A22-AA-B
proteins are targeted directly from the Golgi apparatus to the
vacuole without transient appearance at the cell surface;
thus, these proteins follow the same route to the vacuole as
wild type vacuolar membrane proteins (Roberts et al.,
1989).

Discussion

The search for the vacuolar localization determinant of
DPAP B led to the surprising conclusion that neither the cy-
toplasmic, transmembrane, nor lumenal domain of the pro-
tein was necessary for vacuolar delivery. Analysis of the
Golgi retention signal of DPAP A led to the equally surpris-
ing observations that both overproduction of the protein and
mutations in the cytoplasmic domain resulted in mislocaliza-
tion of DPAP A to the vacuole, not the plasma membrane.
These resuits were unexpected, given that the targeting of
soluble vacuolar proteins in yeast and soluble and membrane
proteins of the lysosomes of animal cells require targeting in-
formation to prevent delivery to the cell surface (Valls et al.,
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1990; Kornfeld and Mellman, 1989; Williams and Fukuda,
1990; Machamer, 1991).

The fusion proteins analyzed in this study are appropriate
tools for these experiments for the following reasons. All of
the proteins were stable, enzymatically active, membrane-
bound, and glycosylated when expressed in yeast, indicating
that they have the correct membrane topology. In addition,
all of the fusion proteins containing the DPAP B lumenal do-
main, i.e., A20-BB, A27-BB, B-A-B, and A22-AA-B, were
transported to the vacuole after receiving glycosyl modifica-
tions in the Golgi apparatus. Finally, each of these fusion
proteins was transported to the vacuole directly from the
Golgi apparatus, without prior delivery to the plasma mem-
brane followed by endocytic uptake to the vacuole.

Other Golgi membrane proteins have also been shown to
be mislocalized to the vacuole rather than the plasma mem-
brane. Both mutations in the cytoplasmic domain of Kexlp
as well as its overproduction result in mislocalization of the
protein to the vacuolar membrane (A. Cooper and H. Bus-
sey, manuscript submitted for publication). Similarly, a sin-
gle amino acid change in the cytoplasmic domain of Kex2p
results in its transport to the vacuole (C. Wilcox, K. Red-
ding, R. Wright, and R. Fuller, manuscript submitted for
publication). Whereas this result might appear to conflict
with earlier published data on Kex2p, more recent analysis
indicates that membrane-bound forms of Kex2p that fail to
be retained in the Golgi are found in the vacuole rather than
the plasma membrane, when these proteins are expressed at
wild type or modestly elevated levels (C. Wilcox, K. Red-
ding, R. Wright, and R. Fuller, manuscript submitted for
publication).

Given that several Golgi membrane proteins all show mis-
sorting to the vacuole when either mutant or overproduced,
the model we favor to explain these data is the vacuolar de-
fault model, which states that vacuolar membrane proteins
do not require sorting information, because the default path-
way for membrane proteins of the secretory pathway leads
to the vacuole. Alternatively, one could argue that, given the
similarity between DPAP B and DPAP A, both proteins
could contain vacuolar targeting information in their trans-
membrane domains, even though no significant similarity is
apparent from the amino acid sequence data (C. A. Flana-
gan, D. A. Barnes, M. C. Flessel, and J. Thorner, manu-
script submitted for publication). Mutations in the Golgi
retention signal of DPAP A, or saturation of the retention ap-
paratus, would then result in the delivery of DPAP A to the
vacuole. This model requires that both Kex2p and Kexlp
must also have cryptic vacuolar targeting signals. With re-
gard to the cryptic vacuolar targeting signal model, we have
found that replacement of the membrane spanning domains
of DPAP A and A22-AAA with a 21 residue hydrophobic se-
quence, L(LALV)s, creating the proteins AXA and A22-
AXA, results in the retention of AXA in the Golgi and the
transport of A22-AXA to the vacuole (S. Nothwehr and T.
Stevens, unpublished data). These data suggest that the
transmembrane domain of DPAP A does not contain vac-
uolar targeting information, and thus support the vacuolar de-
fault model. The vacuolar default model is directly testable
by analyzing potential localization signals of yeast plasma
membrane proteins.

In apparent conflict with the vacuolar default model is the
observation that the majority of Kex2p (70%) is missorted
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to the plasma membrane in cells deficient for clathrin heavy
chain (Payne and Schekman, 1989). However, DPAP A is
missorted to the cell surface to a lesser extent (30 %; Seeger
and Payne, 1992q). It is possible that the majority of DPAP
A and a significant percentage of Kex2p are missorted to the
vacuole in cells lacking clathrin heavy chain. Mutations in
clathrin may affect both the retention of Golgi membrane
proteins and the functional integrity of the sorting pathway
(Seeger and Payne, 1992b). This could obscure the default
pathway for membrane proteins, resulting in the transport of
Golgi membrane proteins to the plasma membrane as well
as the vacuole.

An alternative explanation of the data is that one or more
of the DPAP A and DPAP B fusion or mutant proteins ana-
lyzed in this study were in a partially unfolded state, and thus
recognized as abnormal and transported directly from the
ER to the vacuole via a “garbage” pathway. There is no clear
evidence for the existence of such a pathway in yeast or ani-
mal cells. However, several cases have been described in ani-
mal cells in which non-lysosomal membrane proteins were
transported to lysosomes, either due to mutations (Arm-
strong et al., 1990), or in the case of the heptameric T-cell
antigen receptor, complexes lacking the { subunit are
degraded in lysosomes (Minami et al., 1987). In these cases,
the proteins were transported through the Golgi apparatus,
and it is unclear whether the proteins were transported to
lysosomes by a “garbage” pathway, or by the uncovering of
a cryptic lysosomal targeting signal. In the great majority of
cases, mislocalized membrane proteins of the secretory
pathway in animal cells accumulate at the plasma membrane,
which is presumed to be the default destination for these pro-
teins (e.g., Williams and Fukuda, 1990). It is well estab-
lished that proteins that are slow to reach the folded state are
retained in the ER due to the action of proteins such as BiP
(Pelham, 1989; Rothman, 1989), and proteins that are un-
able to fold or oligomerize properly are degraded in the ER
(Klausner and Sitia, 1990). Several of the proteins analyzed
in this study (i.e., A20-BB, A27-BB, A22-AAA, and A22-
AA-B) showed increased retention in the ER. However, all
of these proteins eventually exited the ER, were enzymati-
cally active, and were transported through the Golgi com-
plex to the vacuole.

The 22-amino acid segment of the cytoplasmic domain of
DPAP A presumably contains the recognition domain for a
“retention protein” of the Golgi apparatus. This protein could
be a permanent resident of the Golgi apparatus; alternatively,
the “retention protein” could reside in a post-Golgi compart-
ment and function as a salvage receptor, such as the proposed
receptor for soluble ER proteins (Pelham, 1989). It is in-
teresting to note that the 22-amino acid stretch identified as
the DPAP A Golgi retention signal contains five phenylala-
nine residues (Fig. 1). In animal cells, one or more aromatic
amino acids in the cytoplasmic domains of cell surface
receptors have been shown to comprise part of the signal for
the clustering into coated pit regions of the plasma mem-
brane (Chen et al., 1990; Johnson et al., 1990; Lobel et al.,
1989; McGraw et al., 1991). That the phenylalanine residues
in the A22 region may play a direct role in Golgi retention
is supported by the observation that mutations in just two of
these residues resuit in a substantial level of missorting of
DPAP A to the vacuole (S. Nothwehr and T. Stevens, unpub-
lished data).

The results of this study suggest that the default pathway
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for membrane proteins of the yeast secretory pathway may
be different from that of certain mammalian cell lines that
have been examined, where mutant forms of ER, Golgi, and
lysosomal membrane proteins are mislocalized to the plasma
membrane with the bulk flow of membrane (Machamer and
Rose, 1987; Jackson et al., 1990; Williams and Fukuda,
1990; Wieland et al., 1987; Karrenbauer et al., 1990;
Machamer, 1991). However, in polarized epithelial cells, it
remains unclear which membrane serves as the default desti-
nation for membrane proteins (Simons and Wandinger-Ness,
1990; Mostov et al., 1992). Even if the default compart-
ments for membrane proteins of the secretory pathways of
yeast and certain animal cells are different, the same
mechanistic considerations apply, that is, positive sorting in-
formation is required for proteins to avoid delivery to the de-
fault compartment.

According to the vacuolar default model for yeast mem-
brane protein sorting, not only must ER and Golgi mem-
brane proteins have sorting signals specifying their retention
in the appropriate compartment, but plasma membrane pro-
teins are predicted to have sorting information that prevents
their localization to the vacuole. We are currently investigat-
ing whether yeast plasma membrane proteins have targeting
signals that prevent their transport to the vacuole.
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