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Membrane Protein through a Combination of Retrieval and Retention
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Abstract. The localization of proteins to late-Golgi
membranes (TGN) of Saccharomyces cerevisiae is con-
ferred by targeting motifs containing aromatic residues
in the cytosolic domains of these proteins. These signals
could act by directing retrieval from a post-Golgi com-
partment or by preventing exit from the TGN. To in-
vestigate the mechanism of localization of yeast TGN
proteins, we used the heterologous protein A-ALP
(consisting of the cytosolic domain of dipeptidyl ami-
nopeptidase A [DPAP A] fused to the transmembrane
and luminal domains of the vacuolar protein alkaline
phosphatase [ALP]), which localizes to the yeast TGN.
Insertion of the aromatic residue-based TGN localiza-
tion motif (FXFXD) of DPAP A into the cytosolic do-
main of ALP results in a protein that resides in the

TGN. We demonstrate that the FXFXD motif confers
Golgi localization through retrieval from a post-Golgi
compartment by detecting a post-Golgi processed form
of this protein in the TGN. We present an assay that
uncouples retrieval-mediated Golgi localization from
static retention-based localization, allowing measure-
ment of the rate at which proteins exit the yeast TGN.
We also demonstrate that the cytosolic domain of
DPAP A contains additional information, separate
from the retrieval motif, that slows exit from the TGN.
We propose a model for DPAP A localization that in-
volves two distinct mechanisms: one in which the
FXFXD motif directs retrieval from a post-Golgi com-
partment, and a second that slows the rate at which
DPAP A exits the TGN.

posed of a series of membrane-bound organelles,

each with its own unique complement of compo-
nents. Transport of components between these organelles
is achieved by means of vesicular transport, which results
in a flow of membrane traffic throughout the pathway
(Rothman, 1994). To maintain its identity, an organelle
must ensure that its resident proteins do not get swept
with those proteins passing through en route to other des-
tinations in the cell. To achieve this localization, resident
proteins can either be retrieved once they have exited the
organelle, or they may be prevented from ever leaving that
organelle in the first place (Pelham, 1993). These two
mechanisms need not be mutually exclusive, since efficient
localization of a protein to an organelle could arise through
a combination of both mechanisms.

Both luminal and membrane proteins are localized to
the ER through continuous retrieval from a post-ER com-
partment after recognition of specific localization signals
(Lewis and Pelham, 1992; Townsley et al., 1993). In addi-
tion, it seems that the selection of cargo for entry into ves-
icles budding from the ER also plays an important role in
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Address all correspondence to Tom H. Stevens, Institute of Molecular Bi-
ology, University of Oregon, Eugene, OR 97403-1229. Tel.: (541) 346-
5884. Fax: (541) 346-4854. e-mail: stevens@molbio.uoregon.edu

O The Rockefeller University Press, 0021-9525/97/01/287/11 $2.00
The Journal of Cell Biology, Volume 136, Number 2, January 27, 1997 287-297

the retention of proteins in this organelle (Schekman and
Orci, 1996). The mechanism for localization of proteins to
the Golgi apparatus is less clearly understood, but it is
likely that both modes of localization are at work. Studies
on glycosyltransferases have shown that the transmem-
brane domains of these molecules are essential for Golgi
localization in both yeast and mammalian cells (Munro,
1991; Nilsson et al., 1991; Machamer et al., 1993; Chapman
and Munro, 1994; Graham and Krasnov, 1995; Lussier et al.,
1995). Current theories favor models in which the trans-
membrane domains prevent entry of resident proteins into
transport vesicles. This may be achieved either by the for-
mation of aggregates too large to enter transport vesicles
(Swift and Machamer, 1991; Nilsson et al., 1993) or by ex-
clusion of proteins from vesicles because of the length of
their membrane spanning domain (Bretscher and Munro,
1993). However, localization of the yeast glycosyltrans-
ferase, Ochlp, which resides in the cis-Golgi, requires re-
trieval from a more distal Golgi compartment (Harris and
Waters, 1996).

Other Golgi membrane proteins residing in the TGN
achieve their localization through more dynamic means.
TGN38, furin, and the mannose-6-phosphate receptor are
localized to the TGN of mammalian cells by virtue of aro-
matic residue containing signals in their cytosolic tails
(Bos et al., 1993; Wong and Hong, 1993; Humphrey et al.,
1992; Canfield et al., 1991; Takahashi et al., 1995; Voor-
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hees et al., 1995; Schafer et al., 1995). These proteins are
localized through a similar mechanism to that in operation
at the ER: they continuously exit the TGN and are later
retrieved from endosomal compartments (Kornfeld, 1992).

Although the morphology of the last definable subcom-
partment of the Golgi of Saccharomyces cerevisiae has not
been described at the ultrastructural level, it is taken as be-
ing functionally equivalent to the TGN of mammalian cells
(Graham and Emr, 1991; Wilcox and Fuller, 1991; Wils-
bach and Payne, 1993; Nothwehr et al., 1995). The yeast
TGN is defined as the compartment where proteins des-
tined for the cell surface are sorted from those destined for
delivery to the vacuole, and contains the three processing
proteinases involved in the maturation of the mating pher-
omone a-factor (Kex2p, Kexlp, and Stel3p; also called
dipeptidyl aminopeptidase A [DPAP A]'; Bryant and
Boyd, 1993; Nothwehr et al., 1993), as well as the vacuolar
protein sorting receptor (Vps10p; Marcusson et al., 1994;
Cereghino et al., 1995; Cooper and Stevens, 1996). The cy-
tosolic tail of each of these four integral membrane pro-
teins is required for localization in the yeast TGN (Rob-
erts et al., 1992; Wilcox et al., 1992; Cooper and Bussey,
1992; Cereghino et al., 1995; Cooper and Stevens, 1996),
and more specifically aromatic residues have been shown
to be essential for the proper localization of DPAP A,
Kex2p, and VpslOp (Wilcox et al., 1992; Nothwehr et al.,
1993; Cereghino et al., 1995; Cooper and Stevens, 1996).

The cytosolic tail of DPAP A is sufficient to localize the
transmembrane and luminal domains of the vacuolar
membrane protein alkaline phosphatase (ALP) in Golgi
membranes (Nothwehr et al., 1993). The resulting fusion
protein, A-ALP, has served as a model TGN marker pro-
tein and has been used to show that a 10-residue segment
(containing the motif FXFXD) within the cytosolic do-
main of DPAP A is critical for the protein’s localization to
Golgi membranes (Nothwehr et al., 1993). Insertion of this
motif into the cytosolic domain of ALP (RS-ALP; reten-
tion sequence ALP) results in a protein that colocalizes
with Kex2p in the yeast TGN (Nothwehr et al., 1993). Mu-
tagenesis of the FXFXD motif leads to delivery of the pro-
tein to the vacuole (Nothwehr et al., 1993), an observation
that contributed to the formulation of a model of how pro-
teins are retained in the S. cerevisiae TGN (Nothwehr and
Stevens, 1994; Nothwehr et al., 1995). In this model, pro-
teins continually leave the Golgi and enter a late endoso-
mal/prevacuolar compartment (PVC), from which they
are retrieved back to the Golgi apparatus after recognition
of the FXFXD motif.

Evidence in support of the above model comes from the
observation that the exaggerated PVC that accumulates in
class E vps mutants contains proteins normally resident to
the TGN (Vps10p, Kex2p, DPAP A, and A-ALP), as well
as vacuolar proteins and endocytosed proteins (Raymond
et al., 1992; Piper et al., 1995). Vps27p has been shown to
be involved in controlling traffic through the PVC, and it
functions to allow Vpsl0p to return to the TGN from the
PVC (Piper et al., 1995). These data support a model in

1. Abbreviations used in this paper: ALP, alkaline phosphatase; CPY, car-
boxypeptidase Y; DPAP A, dipeptidyl aminopeptidase A; E, extracellu-
lar; 1, intracellular; proCPY, CPY precursor; PM, plasma membrane;
PVC, prevacuolar compartment; RS-ALP, retention sequence ALP.
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which proteins resident to the yeast TGN enter the PVC,
from where they are efficiently retrieved back to the Golgi
apparatus.

To date, little direct evidence exists to discriminate be-
tween this sort of retrieval mechanism and a static reten-
tion mechanism where proteins would be excluded from
vesicles leaving Golgi membranes and, consequently, have
a longer residency period in the TGN.

The mechanistic role of the aromatic localization signals
identified in TGN proteins of S. cerevisiae is not known.
To determine the mechanism by which information within
the cytosolic tail of DPAP A confers Golgi localization, we
devised an assay to uncouple “retrieval”’-mediated Golgi
localization from “static retention”-mediated Golgi local-
ization by analyzing the trafficking of a series of A-ALP
mutants in vps27A cells. Here, we report that the aromatic
residue based motif FXFXD of the DPAPA tail mediates
retrieval from the PVC. We also report the discovery of a
second signal near the NH, terminus of the DPAP A tail
that acts independently of the retrieval mechanism to slow
the rate of departure of this protein from the TGN.

Materials and Methods

Materials

Enzymes used in DNA manipulations were purchased from New England
Biolabs (Beverly, MA), Boehringer Mannheim Biochemicals (Indianapo-
lis, IN), Bethesda Research Laboratories (Gaithersburg, MD), or United
States Biochemical Corp. (Cleveland, OH). Goat a-rabbit and goat a-mouse
HRP-conjugated antibodies, as well as the ECL kit used for the develop-
ment of immunoblots, were purchased from Amersham Corp. (Arlington
Heights, IL). Secondary antibodies used for indirect immunofluorescence
(all cross-species absorbed) were purchased from Jackson Immunore-
search Laboratories Inc. (West Grove, PA). mAbs specific for Vphlp
(10D7-A7-B2) and ALP (1D3-A10) were obtained from Molecular
Probes, Inc. (Eugene, OR). Fixed Staphylococcus aureus cells (Ig sorb)
were obtained from The Enzyme Center (Malden, MA). 33S-Express label
was from New England Nuclear (Boston, MA), and oxalyticase was from
Enzogenetics (Corvallis, OR). All other reagents were purchased from
Sigma Chemical Co. (St. Louis, MO).

Strains, Media, and Microbiological Techniques

The yeast strains used in this study are listed in Table I. Strains were con-
structed by standard genetic techniques and grown in rich media (1%
yeast extract, 1% peptone, 2% dextrose; YEPD) or standard minimal me-
dium (SD) with appropriate supplements as described by Sherman et al.
(1986). Strain NBY60 was constructed by transforming SNY36-9A with the
vps27A:LEU2 disruption cassette (BamHI/EcoRI fragment) from pKJH?2,
and by screening Leu* transformants first for the secretion of carboxypep-
tidase Y (CPY) and subsequently for loss of production of Vps27p, as
determined by immunoblot analysis of cell lysates. The PHOS gene of
MY1885 was disrupted to give rise to NBY67 by transforming pSN111 lin-
earized with Sall, selecting for Ura* colonies, and then selecting for Ura™
loop outs on media containing 5-fluoroorotic acid. Immunoblot analysis
was used to identify Ura™ loop outs lacking Pho8p. Yeast strains NBY68
and NBY69 were constructed by integrating the VPS10-10* allele into the
VPS10 locus of SNY36-9A and NBY60, respectively, as described by Coo-
per and Stevens (1996).

Plasmid Construction

This plasmids used in this study are listed in Table II. Deletions within the
cytosolic domain of A-ALP were constructed by oligonucleotide-directed
mutagenesis of pCJR71 according to the method of Kunkel et al. (1987).
To incorporate these deletions into the A-ALP fusion protein, Eagl-BglII
fragments from derivatives of pCJR71 carrying the appropriate deletions
were subcloned into the Eagl-BglII sites of pSN55. The following dele-
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Table 1. Yeast Strains Used in This Study

Strain Genotype Reference
SNY36-9A MATa ura3-52 leu2-3, 112 his3-A200 trp1-A901 suc2-A9 pho8A::ADE2 Nothwehr et al., 1995
SNY63 MATa ura3-52 leu2-3, 112 his3-A200 trp1-A901 lys2-801 pho8A::LEU2 pep4-3 Nothwehr et al., 1996
NBY60 MATa ura3-52 leu2-3, 112 his3-A200 trp1-A901 suc2-A9 pho8A::ADE2 vps27A::LEU2 This study

MY1885 MATa vps27-59 (vpl23-5) pep4-3 leu2-3,112 ura3-52 his4-519 gal2 Raymond et al., 1992
NBY67 MATa vps27-59 (vpl23-5) pep4-3 leu2-3,112 ura3-52 his4-519 gal2 pho8-AX This study

NBY68 MATa vps10-10*ura3-52 leu2-3,112 his3-A200 trp1 A901 suc2-A9 pho8D::ADE?2 This study

NBY69 MATa vps10-10*ura3-52 leu2-3,112 his3-A200 trpl A901 suc2-A9 pho8A::ADE2 vps27A::LEU2 This study

RPYS82 MATa pep4-3 leu2-3, 112 ura3-52 his4-519 gal2 vps27-123(ts) pho8A::LEU2 Tom Stevens

tions were made: pNB81 (A2-11), pNB82 (A2-21), pNB83 (A2-31), and
pNB84 (A2-41), where the deletion endpoints are indicated (e.g., A2-11 is
missing amino acid residues 2-11).

Radiolabeling and Immunoprecipitation

3Met labeling and immunoprecipitation of ALP fusion proteins, Vps10p-
related proteins, and CPY were performed as described previously (Piper
et al., 1994; Nothwehr et al., 1995; Cooper and Stevens, 1996). Briefly,
yeast cultures were grown overnight in selective synthetic media without
methionine to ODgy = 1. Cells were harvested and resuspended in fresh
media to the same ODg,. Cells were pulse labeled for 10 min with 100
mCi 3S-Express label/0.5 ODgy, followed by the addition of unlabeled
methionine and cysteine, both to 50 pg/ml. At specified times, samples
were removed and treated by the addition of sodium azide to 10 mM at
4°C. VpslOp, CPY, ALP, and related proteins were immunoprecipitated
from protein extracts of these cells using polyclonal antibodies specific for
these proteins, as described previously (Piper et al., 1994; Nothwehr et al.,
1995; Cooper and Stevens, 1996). Half-times of processing of ALP- and
VpslOp-related proteins were determined as described previously (Noth-
wehr et al., 1993; Cooper and Stevens, 1996) using a Radioanalytic Imag-
ing System (AMBIS, Inc., San Diego, CA), and linear regression analysis
plotting percentage total protein was processed as a function of time.

Cell Fractionation

Fractionation studies were carried out essentially as described using the
differential sedimentation of subcellular membranes followed by equilib-
rium gradient analysis (Becherer et al., 1996). In brief, cells were grown in
100 ml SD medium lacking uracil to an ODgy, = 1.0. Sodium azide was
added to a final concentration of 10 mM before the cells were harvested
and resuspended in 10 ml 200 mM Tris-HCI, pH 8.0, 20 mM EDTA, 1%
B-mercaptoethanol. After incubation at 30°C for 10 min, cells were har-
vested and resuspended in 1.2 M sorbitol, 50 mM KPO,, pH 7.3, 1 mM
MgCl, (spheroplast buffer) containing 200 pg/ml zymolyase. Cells were
incubated for 1 h at 30°C and washed twice with spheroplast buffer.
Spheroplasts were lysed in 1 ml 50 mM Tris-HCI, pH 7.5, 0.2 M sorbitol,
1 mM EDTA (lysis buffer) containing added proteinase inhibitors (PMSF
[1 mM], leupeptin [1 pg/ml], antipain [1 pg/ml], chymostatin [1 pg/ml],
and pepstatin [1 pg/ml]) using 10 strokes in a Dounce homogenizer (this

Table 11. Plasmids Used in This Study

and subsequent steps were all performed at 4°C). Cell debris and unlysed
cells were removed by centrifugation at 500 g for 5 min. Centrifugation at
13,000 g for 10 min yielded pellet (P13) and supernatant (S13) fractions.
The S13 fraction was further separated by centrifugation at 100,000 g for
30 min to yield a membrane pellet fraction. The 100,000 g membrane pel-
let was resuspended in 2 ml cold lysis buffer and loaded on the top of a 20—
50% sucrose step gradient. After centrifugation at 170,000 g for 18 h, 14 X
1-ml fractions were collected from the top of the gradient, and the pro-
teins from these fractions were precipitated using TCA. Equal percentages
of each fraction were subjected to immunoblot analysis after SDS-PAGE.

Immunofluorescence Microscopy

The preparation of fixed spheroplasted yeast cells, attachment to micro-
scope slides, and costaining of ALP fusion proteins using mAb 1D3-A10
(Molecular Probes) and Vphlp using affinity-purified polyclonal antibod-
ies were carried out as described previously (Nothwehr et al., 1996). Es-
sentially, fixed spheroplasts attached to slides were incubated with the fol-
lowing solutions, followed by extensive washing with 5 mg/ml BSA in PBS
after each step: (a) PBS-BSA containing a 1:3 dilution of mouse anti-ALP
mAb 1D3-A10 (Molecular Probes) and a 1:20 dilution of affinity-purified
rabbit anti-Vphlp polyclonal antibody; (b) 1:200 dilution of a biotin-con-
jugated goat anti-mouse IgG (heavy and light chains [H + L]); and (c) 1:200
dilution of both FITC-conjugated streptavidin and rhodamine-conjugated
goat anti-rabbit IgG (H + L). Staining using affinity-purified antibodies spe-
cific for Vps10p was also carried out as described previously (Cooper and
Stevens, 1996), using a 1:200 dilution of the affinity-purified polyclonal
antibody, followed by a 1:200 dilution of a biotin-conjugated goat anti—
mouse IgG (H + L) and, subsequently, streptavidin-conjugated FITC.

Temperature-sensitive Experiments

To assess the morphological redistribution of ALP fusion proteins and
Vps10p in cells harboring a temperature-sensitive allele of VPS27, cells
were grown in YEPD at 22°C to ODgy, = 1, at which time cycloheximide
was added to a final concentration of 100 wg/ml, and an aliquot of these
cells was fixed and prepared for immunofluorescence microscopy. To fol-
low the fate of these proteins upon loss of Vps27p function, the remainder
of the cells were warmed rapidly to 37°C, and the culture was moved to a

Plasmid Description Reference
pSNS5 CEN plasmid encoding A-ALP Nothwehr et al., 1993
pSN97 CEN plasmid encoding RS-ALP Nothwehr et al., 1993
pSN100 CEN plasmid encoding (F/A)A-ALP Nothwehr et al., 1993
pSNI111 pho8-AX allele in pRS306 Nothwehr et al., 1993
pKJH2 vps27A::LEU2 in pUC19 Raymond et al., 1992
pHYS CEN plasmid harboring VPS27 under GAL! promotor control Tom Stevens
pCIR71 650bp Eagl-Pstl STEI3 fragment in pKS™* Roberts et al., 1992
pSN25 CEN plasmid encoding A-ALP with residues 2-51 deleted Nothwehr et al., 1993
pSN27 CEN plasmid encoding A-ALP with residues 68—106 deleted Nothwehr et al., 1993
pNB81 CEN plasmid encoding A-ALP with residues 2—11 deleted This study

pNBS§2 CEN plasmid encoding A-ALP with residues 2-21 deleted This study

pNB83 CEN plasmid encoding A-ALP with residues 2-31 deleted This study

pNBg4 CEN plasmid encoding A-ALP with residues 2-41 deleted This study
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37°C water bath. Samples were removed at various times and fixed in
preparation for immunofluorescence microscopy.

Induction of Vps27p

To observe the fate of various ALP fusion proteins after their accumula-
tion in the PVC as a result of a loss of Vps27p function, vps27 mutant cells
harboring VPS27 under control of the GALI promoter (+) or empty plas-
mid (—) were grown to ODgy, = 1 in synthetic media containing 2% raffi-
nose. Galactose was added to a final concentration of 2%, and the cultures
were split in half. One half was treated immediately (— galactose) and the
other half was returned to 30°C for 90 min (+ galactose). At both time
points, samples were prepared for immunofluorescence microscopy, and
whole-cell extracts were prepared to monitor the induction of Vps27p
production by immunoblot analysis. 0.5 OD units were analyzed for CPY
secretion after pulse-chase labeling with [**S]methionine.

Results

A Late-Golgi Membrane Protein Is Retrieved From a
Post-Golgi Compartment

The cytosolic domain of DPAP A is necessary and suffi-
cient to retain the transmembrane and luminal domains of
the vacuolar protein ALP in the last definable Golgi sub-
compartment in yeast (Nothwehr et al., 1993), which is
functionally equivalent to the TGN of mammalian cells
(Franzusoff et al., 1991; Redding et al., 1991; Graham and
Emr, 1991). Mutational analysis identified the aromatic
residue—containing motif, FXFXD, as being essential for
the localization of the fusion protein A-ALP (consisting of
the cytosolic domain of DPAP A fused to the transmem-
brane and luminal domains of ALP) to the yeast TGN.
Forms of the A-ALP protein lacking this signal (such as
(F/IA)A-ALP, in which the two phenylalanine residues
have been mutated to alanines) fail to be retained in the
Golgi complex and are delivered to the vacuole (Roberts
et al., 1992; Wilcox et al., 1992; Cooper and Bussey, 1992).
Delivery of proteins containing the luminal domain of
ALP to the vacuole can be monitored by detecting a vacu-
olar protease-dependent (PEP4-dependent) cleavage,
which results in the production of a lower molecular
weight form of the protein (Klionsky and Emr, 1989;
Nothwehr et al., 1993).

Whereas ALP is delivered to the vacuole and processed
with a half-time of <10 min (Klionsky and Emr, 1989),
A-ALP is localized to the TGN and does not undergo any
significant processing (Nothwehr et al., 1993). Insertion of
the FXFXD motif into the cytosolic domain of ALP causes
the protein RS-ALP to be retained in the TGN, as deter-
mined by indirect immunofluorescence (Nothwehr et al.,
1993). Like A-ALP, RS-ALP has been shown to colocalize
with the TGN protein Kex2p (Nothwehr et al., 1993), but
RS-ALP undergoes PEP4-dependent proteolytic cleavage
with a half-time of 90 min in wild-type cells, whereas A-ALP
does not undergo proteolysis, even after chase times of up to
2 h (Fig. 1 B). These data indicate that even though RS-ALP
localizes to the TGN in the steady state, it becomes ex-
posed to vacuolar proteases in a post-Golgi compartment.

If RS-ALP is being retrieved back to the TGN from a
vacuolar protease—containing, post-Golgi compartment (i.e.,
the PVC), then proteolytically processed RS-ALP should
fractionate with TGN membranes. To test this possibility,
we separated yeast membranes by sucrose density gradi-
ent centrifugation. Membranes from cell lysates were sedi-
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Figure 1. (A) Schematic illustration of modifications made within
the cytosolic tail of DPAP A in the context of A-ALP. Deleted
regions are indicated by a single line. (B) Immunoprecipitation of
A-ALP from wild-type cells and RS-ALP from wild-type and
pep4-3 cells. SNY36-9A (PEP4) cells harboring pSN55 (A-ALP)
or pSN97 (RS-ALP) and SNY63 (pep4-3) cells harboring pSN97
(RS-ALP) were labeled with [*S]methionine for 10 min and
chased by adding unlabeled methionine and cysteine each to a fi-
nal concentration of 50 wg/ml. At the indicated times, the cells
were spheroplasted and extracts were immunoprecipitated with a
polyclonal antibody against ALP, followed by SDS-PAGE and
fluorography. The product of the initial PEP4-dependent pro-
teolysis is indicated by a single asterisk, with a double asterisk in-
dicating a further breakdown product of this primary product.
This breakdown pattern differs from that seen for A-ALP (which
has only one PEP4-dependent breakdown product, e.g., Fig. 6),
but clearly both of the lower bands shown here are produced in a
PEP4-dependent manner.

mented at 13,000 g to obtain a membrane pellet containing
ER, vacuolar, mitochondrial, and plasma membranes (Para-
vicini et al., 1992; Piper et al., 1994). The resulting super-
natant was subjected to centrifugation at 100,000 g, and
the resulting membrane pellet (containing ~10% of the
total cellular Vphlp and 80-90% of the total cellular
Pepl12p, Kex2p, and A-ALP or RS-ALP) was resuspended
and loaded on a 20-50% sucrose gradient. In this gradient,
the residual vacuolar membranes, defined by Vphlp (Manol-
son et al., 1992; Piper et al., 1994), and prevacuolar mem-
branes, defined by Pep12p (Becherer et al., 1996; Piper,
R.C., and T.H. Stevens, unpublished results), were found
at the top of the gradient (fractions 1-4, Fig. 2 A). By con-
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trast, TGN membrane proteins (A-ALP and Kex2p) frac-
tionated near the bottom of the gradient. Both the pro-
cessed and unprocessed forms of RS-ALP also cofractionated
with Kex2p in the TGN membrane fractions (Fig. 2 B).
These data indicate that RS-ALP has reached a post-Golgi
compartment containing activated vacuolar proteases, and
has been retrieved back to the TGN.

The FXFXD Motif Is Necessary and Sufficient for
Retrieval from the Prevacuolar Compartment

To investigate retrieval from the PVC in greater detail, we
turned to yeast cells harboring mutations in the VPS27
gene. VPS27 is required for the movement of traffic out of
the PVC, both back to the TGN and onto the vacuole
(Raymond et al., 1992; Piper et al., 1995). vps27 mutant
cells accumulate an exaggerated form of the PVC (the
class E compartment) containing endocytosed proteins, as
well as TGN membrane proteins and proteins en route to
the vacuole, such as activated vacuolar proteases (Fig. 3;
Raymond et al., 1992; Piper et al., 1995). We have fol-
lowed the fate of A-ALP, (F/A)A-ALP, and RS-ALP in a
vps27 mutant before and after induction of VPS27 under
control of the GALI promoter. Immunoblot analysis (Fig.
4 A) revealed that vps27 mutant cells carrying the GALI-
VPS27 plasmid (pHYS) produced Vps27p only after the
addition of galactose. Pulse-chase immunoprecipitation of
the vacuolar protease CPY demonstrated that secretion of
CPY was suppressed in vps27 mutant cells now producing
Vps27p (Fig. 4 B), indicating that the CPY sorting recep-
tor (Vps10p) had regained the ability to cycle between the
PVC and the TGN.

We performed indirect immunofluorescence to deter-
mine the fate of A-ALP, RS-ALP, and the retrieval-defec-
tive form of A-ALP, (F/A)A-ALP in vps27 mutant cells
after restoration of Vps27p function. All three proteins lo-
calized to the exaggerated PVC in vps27 mutant cells (Fig.
5 A), indicating that they are transported to the PVC, but
either fail to be retrieved to the TGN (A-ALP and RS-
ALP) or fail to be transported to the vacuole ((F/A)A-
ALP). Approximately 90 min after induction of Vps27p
synthesis by addition of galactose (Fig. 5 B), A-ALP and
RS-ALP redistributed to a punctate pattern as commonly
observed for Golgi proteins in wild-type cells (Franzusoff
et al., 1991; Redding et al., 1991; Roberts et al., 1992; Wil-
cox et al., 1992; Nothwehr et al., 1993). In the same cells in
which A-ALP and RS-ALP redistributed to the TGN, the
vacuolar membrane protein Vphlp redistributed from the
class E compartment to the vacuole (Fig. 5 B). By contrast
to A-ALP and RS-ALP, 90 min after induction of Vps27p
synthesis, (F/A)A-ALP colocalized to the vacuole mem-
brane with Vphlp (Fig. 5 B). Finally, in vps27 cells that
did not contain VPS27 under GALI control, A-ALP and
Vphlp remained in the class E compartment after the ad-
dition of galactose (data not shown). Taken together,
these data show that the FXFXD motif found in the
DPAP A cytosolic domain is both necessary and sufficient
for retrieval from the PVC to the TGN.

The Cytosolic Domain of DPAP A Slows Exit
From the TGN

We were interested to further investigate the observation
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Figure 2. Sucrose gradient fractionation of A-ALP/RS-ALP con-
taining membranes. High speed pellet membrane fractions
(100,000 g) were prepared from 100 OD units of SN'Y36-9A cells
harboring either pSN55 (A-ALP) or pSN97 (RS-ALP). These
membranes were fractionated by a 20-50% sucrose density step
gradient. After centrifugation, 14 X 1-ml fractions were collected
from the top of the gradient, and the proteins were precipitated
by the addition of TCA. Equal percentages of each fraction were
subjected to immunoblot analysis after SDS-PAGE to detect the
following proteins: A-ALP/RS-ALP using an anti-ALP mAb
(1D3-A10); Kex2p was used as a marker protein for TGN mem-
branes and detected using affinity-purified polyclonal antibodies;
anti-Vphlp mAb 10D7-A7-B2 was used to detect Vphlp as a
marker protein for vacuolar membranes; and Pepl2p, a marker
protein for membranes of the prevacuolar compartment, was de-
tected using affinity-purified polyclonal antibodies.

that whereas both A-ALP and RS-ALP localize to the
TGN, only RS-ALP undergoes measurable proteolytic
processing in wild-type yeast cells. One possibility, sug-
gested by the observation that (F/A)A-ALP is processed
with a half-time of 60 min while ALP is processed with a
half-time of <10 min (Nothwehr et al., 1993; Klionsky and
Emr, 1989), is that the cytosolic tail of DPAP A contains a
second signal, not present in RS-ALP, that slows its exit
from the TGN. To test this hypothesis, we designed an as-
say to estimate the rate of exit of membrane proteins from
the TGN. The assay is based on measuring the rate of pro-
teolytic processing of TGN proteins in vps27 mutant cells,
since these proteins accumulate in the class E compart-
ment and this compartment contains activated vacuolar
proteases (Raymond et al., 1992; Piper et al., 1995). There-
fore, we predict that proteins that exit the TGN slowly will
exhibit long half-times for proteolytic processing in vps27

291



WT

PM
Prevacuolar
Compartment
Golgi
Vacuole
4— CPY receptor
€ proCPY
§ mature CPY
=0 A-ALP
= RS-ALP
vps27A
PM
<l: l: g;
\®/ Prevacuolar
Compartment
Golgi
Vacuole

Figure 3. Model of Vps27p function in the retention of yeast
TGN membrane proteins. TGN membrane proteins such as
Vps10p, A-ALP, and RS-ALP continuously leave Golgi mem-
branes and enter the PVC, from which they are retrieved via a
mechanism that involves the recognition of an aromatic residue—
containing motif. This retrieval requires Vps27p, and in vps274A
cells, TGN membrane proteins accumulate in an exaggerated
form of the PVC, the class E compartment (Raymond et al., 1992;
Piper et al., 1995). The class E compartment is proteolytically ac-
tive, and the rate at which proteolytically sensitive proteins are
processed in vps27A cells can be used to measure the rate at
which they enter this compartment. This is the basis for the assay
to measure the leaving rates of A-ALP-and Vpsl0p-related pro-
teins from the TGN. WT, wild type.

mutant cells whether or not they are competent to be re-
trieved to the TGN. By contrast, proteins that exit rapidly
from the TGN would be rapidly proteolytically processed
in vps27 mutant cells independently of their potential to
be retrieved.

Pulse-chase immunoprecipitations (Fig. 6 and Table I1I)
revealed that whereas A-ALP was very stable in wild-type
cells, this protein became proteolytically processed with a
half-time of 70 min in vps27 mutant cells. By contrast, re-
trieval-defective A-ALP, (F/A)A-ALP, was proteolyti-
cally processed with a half-time of ~60 min in both wild-
type and vps27 mutant cells. RS-ALP was proteolytically
processed with half-times of 90 min in wild-type cells and
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Figure 4. Induction of synthesis of Vps27p in vps27 cells. NBY67
(vps27) cells harboring either pSN55 (A-ALP), pSN100 ((F/A)A-
ALP) or pSN97 (RS-ALP), and pHYS (VPS27 under GALI con-
trol) (+) or empty vector (—) were grown in synthetic media con-
taining 2% raffinose. At time ¢ = 0, galactose was added to a final
concentration of 2%, and cells were allowed to grow for an addi-
tional 90 min. At times ¢ = 0 (— galactose) and ¢ = 90 min (+ ga-
lactose), samples were removed and treated in the following ways
(also see Fig. 5): (A) Whole-cell extracts were prepared from 10
OD units of NBY67 cells harboring pSN97 and pHYS or empty
vector to detect the presence of Vps27p using immunoblot analy-
sis (similar results were obtained using the same cells harboring
either pSN55 or pSN100 in conjunction with pHYS; data not
shown); and (B) 0.5 OD units of cells were radiolabeled to deter-
mine whether the cells were secreting CPY.

15 min in vps27 cells, suggesting that RS-ALP exits rapidly
from the TGN and relies solely on retrieval for Golgi lo-
calization. These data indicate that the DPAP A cytosolic
domain indeed slows exit from the TGN, and that A-ALP
may avoid proteolytic processing in the PVC of wild-type
cells by only rarely exiting the TGN. A slow rate of TGN
exit would be consistent with the function of DPAP A,
which is to proteolytically process the a-factor polyprotein
in the TGN (Sprague and Thorner, 1992).

To extend the analysis of the exit rates of TGN mem-
brane proteins, we compared the rates of proteolytic pro-
cessing of the CPY sorting receptor, Vps10p, in wild-type
and vps27 mutant cells. To gain further insight into
Vps10p, we also determined processing rates for the recy-
cling-defective form of Vps10p (Vps10p-10*), which lacks
the cytosolic domain but otherwise binds CPY precursor
(proCPY) normally (Cereghino et al., 1995; Cooper and
Stevens, 1996). Whereas Vps10p was very stable in wild-
type cells, Vps10p-10* was cleaved by vacuolar proteases
with a half-time of ~20 min (Fig. 6 and Table III). Inter-
estingly, both Vps10p and Vps10p-10* were proteolyzed
with a half-time of ~20 min in vps27 mutant cells, sug-
gesting that Vps10p exits the TGN rapidly, independently
of the presence of the recycling/retrieval signal in the cyto-
solic domain. Rapid exit from the TGN by Vps10p is con-
sistent with its function as the CPY sorting receptor,
binding proCPY in the TGN and releasing it in the PVC
before recycling back for more rounds of vacuolar hydro-
lase sorting.

To further address the rate of protein exit from the
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Figure 5. Redistribution of A-ALP, (F/A)A-ALP, and RS-ALP upon induction of synthesis of Vps27p in vps27 cells. NBY67 (vps27)
cells harboring either pSN55 (A-ALP), pSN100 ((F/A)A-ALP), or pSN97 (RS-ALP) and pHYS (VPS27 under GALI control) (+) or
empty vector (—) were grown in synthetic media containing 2% raffinose. At time ¢ = 0, galactose was added to 2%, and cells were al-
lowed to grow for an additional 90 min. At times (A) ¢ = 0 (— galactose) and (B) ¢ = 90 min (+ galactose) (also see Fig. 4), cells were
fixed and prepared for immunofluorescence using anti-ALP antibodies in combination with biotin-linked secondary antibody and
streptavidin-conjugated FITC, as well as anti-Vphlp antibodies in combination with rhodamine-conjugated goat anti-rabbit IgG (H + L).

TGN, we followed the transfer of three membrane pro-
teins from the TGN to the PVC (class E compartment) in
vps27 mutant cells by indirect immunofluorescence. Yeast
cells carrying a temperature-sensitive allele of VPS27 ac-
cumulate Vps10p rapidly into the PVC upon shift to 37°C,
and this protein redistributes to Golgi membranes once
cells are returned to the permissive temperature (Piper et al.,
1995). The rapid onset of the transport defect in vps27-ts
cells allowed us to monitor the rate at which A-ALP, RS-
ALP, and VpslOp enter the exaggerated PVC. When
vps27-ts cells were maintained at 22°C, indirect immuno-
fluorescence revealed (Fig. 7) that A-ALP, RS-ALP, and
Vps10p exhibited staining patterns typical of Golgi mem-
brane proteins (5-10 dispersed dots) in a vast majority of
the cells (>90%). 10 min after shifting vps27-ts cells to
37°C, both RS-ALP and Vps10p had redistributed to the
exaggerated PVC, yet A-ALP staining appeared Golgi-
like as long as 60-120 min after the temperature shift.
These immunofluorescence data support the conclusion
that exit from the TGN is the rate-limiting step for A-ALP
processing in vps27 mutant cells. Therefore, by both pulse-
chase and indirect immunofluorescence analyses, A-ALP
has been shown to exit the TGN more slowly than RS-
ALP and Vps10p.

The Signal to Slow DPAP A Exit from the TGN Resides
Near the NH, Terminus

The differences in the rate of exit from the TGN between
A-ALP and RS-ALP/Vpsl0p could either arise through
information contained within the tails of ALP and Vps10p,
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specifying fast exit of the latter two proteins, or it could
arise through information contained within the tail of
DPAP A that acts to slow the exit of A-ALP. To deter-
mine whether tail sequences are responsible for slowing
the exit of A-ALP from the TGN, a series of deletions was
made in the 118-amino acid cytosolic tail of Stel3p in the
context of A-ALP (Fig. 1 A). The proteolytic processing
rates of a number of mutated A-ALP fusion proteins were
determined in both wild-type and vps27 mutant cells (Ta-
ble 11T and Fig. 1). The A-ALP protein lacking the first 50
amino acids of the DPAP A cytosolic domain ((A2-51)A-
ALP), which localizes to the TGN (Nothwehr et al., 1993;
our unpublished results), was found to behave like RS-
ALP. (A2-51)A-ALP was processed with a half-time of 85
min in wild-type cells and ~15 min in vps27 cells (Table
III), indicating that it exits the Golgi rapidly and achieves
its Golgi localization through retrieval alone. By contrast,
(A68-106)A-ALP behaved just like (F/A)A-ALP in that it
localized to vacuolar membranes (Nothwehr et al., 1993;
our unpublished results) and was processed with half-
times of ~60-65 min in both wild-type and vps27 mutant
cells (Fig. 8 and Table I1T) presumably since it contains in-
formation to slow exit from the TGN. These data indicate
that the signal to slow TGN exit resides in the first 50
amino acids of the DPAP A cytosolic domain.

In an experiment similar to that described above, vps27-ts
cells producing a version of DPAP A lacking residues 2-11
accumulated the protein in the class E compartment after
10-15 min at the restrictive temperature, whereas those
producing the full-length protein took longer (~60 min) to
accumulate Stel3p in the class E compartment (data not
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Figure 6. Kinetics of processing of A-ALP, (F/A)A-ALP, RS-
ALP, VpslOp, and Vpsl0p-10* (the recycling defective form of
Vpsl0p) in wild-type and vps27A cells. SNY36-9A (wild-type)
and NBY60 (vps27A) cells harboring pSN55 (A-ALP), pSN100
((F/A)A-ALP) or pSN97 (RS-ALP), as well as NBY68 (vpsI0-
10*%) and NBY69 (vps10-10* vps27A) cells were labeled with
[*3S]methionine for 10 min and chased by adding unlabeled me-
thionine and cysteine, each to a final concentration of 50 wg/ml.
At the indicated times, the cells were spheroplasted, and the
extracts were immunoprecipitated with polyclonal antibodies
against ALP and/or Vpsl0p, followed by SDS-PAGE and fluo-
rography. The products of PEP4-dependent proteolysis are indi-
cated using asterisks, as described in Fig. 1.

shown). These data indicate that amino acid residues 2-11
are important for slowing the exit of full-length, wild-type
DPAP A from the TGN.

Analysis of a set of deletions lacking various portions of
the cytosolic tail of DPAP A revealed that A-ALP missing

Table I1I. Processing and Immunolocalization of Membrane
Proteins

Half-time of processing?

Localization
WT vps27A by IIF
min
A-ALP >180 70 Golgi
(F/A)-ALP 60 60 Vacuolar
RS-ALP 90 15 Golgi
(A2-51)A-ALP 85 15 Golgi
(A2-41)A-ALP 95 20 Golgi
(A2-31)A-ALP 100 25 Golgi
(A2-21)A-ALP 85 15 Golgi
(A2-11)A-ALP 90 15 Golgi
(A68-106)A-ALP 65 60 Vacuolar
Vps10p >180 20 Golgi
Vps10p-10* 20 20 Vacuolar

#The kinetics of processing of the proteins listed in Table III were determined in
SNY36-9A (wild-type) and NBY60 (vps27A4) cells harboring the appropriate plasmid
or producing Vps10p-10%*. In brief, cells were labeled with [*>S]methionine for 10 min
and chased for various times by adding methionine and cysteine each to a final con-
centration of 50 pg/ml. Cells were spheroplasted and extracts were immunoprecipi-
tated with a polyclonal antibody against ALP and/or Vps10p, followed by SDS-PAGE
and fluorography. Half-times of processing were determined using linear regression
analysis, as described in Materials and Methods.

$The localization of each of the proteins was also determined in SNY36-9A (wild-
type) cells by indirect immunofluorescence (IIF) using affiniity-purified polyclonal
antibodies specific for ALP.
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only amino acid residues 2-11 exited the TGN with a rate
of 15-20 min (Fig. 8). These data indicate that the DPAP
A TGN retention signal can be mutationally separated
into two components, an NH,-terminal signal for slowing
exit from the TGN, and the FXFXD motif (residues 85-89
of the cytosolic domain), which directs retrieval back to
the TGN from the PVC.

Discussion

Eukaryotic cells face the challenge of maintaining the in-
tegrity of secretory organelles despite a continuous and
dynamic flow of membranes and proteins through the
pathway. The data presented in this paper demonstrate
that the yeast S. cerevisiae uses two different modes of re-
tention to ensure localization of DPAP A to the TGN.
There are two separable signals for Golgi localization of
DPAP A found in the cytosolic domain. The first is the
well-characterized motif containing aromatic amino acid
residues (FXFXD in DPAP A), which functions in re-
trieval from the prevacuolar compartment (PVC) back to
the TGN. A novel assay for measuring the rate of mem-
brane protein exit from the TGN revealed the second sig-
nal, which serves to slow exit from the TGN. These two re-
tention signals serve to efficiently localize DPAP A to the
yeast TGN.

The Aromatic Residue Signal Contained in the DPAP A
Cytosolic Domain Specifies Retrieval from the PVC

While Kex2p, DPAP A, and Vpsl0p have been shown to
contain Phe and/or Tyr residues in their cytosolic domains
that are required for Golgi localization (Wilcox et al.,
1992; Nothwehr et al., 1993; Cereghino et al., 1995; Cooper
and Stevens, 1996), the evidence that these localization
motifs direct retrieval from a post-Golgi compartment has
remained indirect. However, subcellular fractionation of
membranes from wild-type yeast cells expressing RS-ALP
(ALP containing FXFXD) revealed that the vacuolar pro-
tease-activated form of RS-ALP cofractionated with the
TGN membrane protein Kex2p. These data demonstrate
that the FXFXD retention motif of DPAP A functions as
a retrieval signal, and that RS-ALP was exposed to active
vacuolar proteases in a post-Golgi compartment and then
retrieved back to the TGN. Further evidence for the in-
volvement of the FXFXD motif in retrieval from the PVC
comes from our data that this motif is required to specify
redistribution of A-ALP from the class E compartment
(exaggerated PVC) to Golgi membranes after induction of
Vps27p synthesis, an experiment that also indicates that
the Golgi localization of A-ALP involves retrieval from
the PVC.

Having established that localization of A-ALP directed
through aromatic amino acid residues involves retrieval from
the PVC, we used vps27 mutant cells (which are blocked in
traffic from the PVC back to the Golgi apparatus) to mea-
sure the rate at which proteins exit the TGN and enter the
proteolytically active and exaggerated form of the PVC
(Raymond et al., 1992; Piper et al., 1995). As described be-
low, this assay successfully uncouples retrieval-mediated
localization from static retention-based Golgi localization
by blocking the retrieval mechanism. Comparison of pro-
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tein processing half-times in wild-type and vps27 mutant
cells allows us to determine whether a particular protein is
localized to Golgi membranes through retrieval from the
PVC, retarded exit from the TGN, or a combination of
both mechanisms. For example, when the signal that di-
rects retrieval from the PVC is defective, there is no differ-
ence between the half-time of processing in wild-type and
vps27 mutant cells. In contrast to this, when a signal that
acts to slow the exit of a protein from the TGN is defective,
increased processing in vps27 mutant cells is observed.

There Are Two Signals for TGN Localization
of DPAP A

Consistent with earlier work (Nothwehr et al., 1993), mu-
tations in the FXFXD retrieval motif in the cytosolic do-
main of DPAP A were found to result in vacuolar delivery
of the A-ALP fusion protein with a half-time of ~60 min.
To determine the molecular basis for the half-time of de-
livery of (F/A)A-ALP to the vacuole (~60 min) being so
much slower than for ALP (~5-10 min), we investigated
whether there was additional localization information in
the DPAP A cytosolic domain. vps27 mutant cells, in which
TGN membrane proteins accumulate in a proteolytically
active class E compartment (exaggerated PVC; Piper et al.,
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Figure 7. Redistribution of A-ALP, RS-ALP,
and Vpsl0p in vps27-ts cells. RPY82 (vps27-ts)
cells harboring either pSN55 (A-ALP) or pSN97
(RS-ALP) were grown in minimal media at 22°C,
and then shifted to 37°C. Aliquots were removed
and fixed at the times indicated. Fixed cells were
spheroplasted and labeled with anti-ALP mAbs
or affinity-purified anti-Vps10p polyclonal anti-
bodies in combination with biotin-linked second-
ary antibody and streptavidin-conjugated FITC.

1995), were used to estimate whether the various A-ALP
fusion proteins were all delivered to the PVC at the
same rate. Based on proteolytic processing of the lumenal
(COOH-terminal) propeptide of ALP, these studies re-
vealed that A-ALP and (F/A)A-ALP were delivered to
the PVC with a half-time of ~60 min, while RS-ALP and
(A2-51)A-ALP exhibited half-times of ~15-20 min. These
data indicate that there is information in the NH,-terminal
50 amino acids of the DPAP A cytosolic domain that con-
fers the slower rate of delivery of the A-ALP fusion pro-
teins to the PVC, and that this rate is independent of the
presence or absence of the aromatic amino acid-based re-
trieval motif located elsewhere (FXFXD, amino acids 85-89)
in the cytosolic domain. Since all our data indicate that the
A-ALP fusion proteins are delivered rapidly to the Golgi
(A-ALP receives Golgi modifications with similar kinetics
to ALP; Bryant, N.J., and T.H. Stevens, unpublished results),
the slow rate of transport of A-ALP (and (F/A) A-ALP)
to the PVC reflects a slow rate of exit from the TGN.
Vps10p, the CPY sorting receptor, is a yeast TGN mem-
brane protein that was found to be delivered rapidly to the
PVC (half-time of ~15-20 min). As with A-ALP, the rate
of VpslOp delivery to the PVC was independent of the
presence or absence (VpslOp-10%) of the Tyr-based re-
trieval motif. Therefore, Vps10p exits the Golgi at a rapid

295



WT vps27A
chase(min) 0 20 60 120 0 20 60 120

s S — ) B "~

(A6B-106)A-ALP - S Sy S . .‘.‘ "

Figure 8. Kinetics of processing of (A2-11)A-ALP and (A68-
106)A-ALP in wild-type and vps27A cells. SNY36-9A (wild-type)
and NBY60 (vps274) cells harboring either pNB81 ((A2-11)A-
ALP) or pSN27 ((A68-106)A-ALP) were labeled with [*S]me-
thionine for 10 min and chased by adding unlabeled methionine and
cysteine, each to a final concentration of 50 pg/ml. At the indicated
times, the cells were spheroplasted, and the extracts were immu-
noprecipitated with a polyclonal antibody against ALP, followed
by SDS-PAGE and fluorography. The products of PEP4-depen-
dent proteolysis are indicated using asterisks, as described in Fig. 1.

rate and achieves Golgi localization through retrieval,
whereas DPAP A contains both retrieval and static reten-
tion signals. Such a result is consistent with the biological
functions of the two proteins. DPAP A is involved in the
processing of the mating pheromone a-factor precursor as
this polyprotein passes through the Golgi apparatus be-
fore its packaging into secretory vesicles (Sprague and
Thorner, 1992). By contrast, Vps10p must continuously cy-
cle between the Golgi and the PVC, binding proCPY in
the Golgi and releasing it in the PVC before recycling
back to the Golgi to bind more ligand (Cereghino et al.,
1995; Cooper and Stevens, 1996). It is thus easy to rational-
ize the rapid TGN exit rate of VpslOp and the rather slow
rate of DPAP A. Consistent with this interpretation are
the observations that overexpression of Vps10p leads to
processing of A-ALP in wild-type cells, yet the rate of pro-
cessing of A-ALP in vps27A cells is unaffected by overex-
pression of VpslOp (Bryant, N.J., and T.H. Stevens, un-
published results). These observations suggest that Vps10p
and A-ALP compete for the retrieval machinery but not
for entry into TGN-derived vesicles bound for the PVC.

DPAP A NH, Terminus Specifies Static Golgi Retention

Deletion of the first 50 amino acids of the DPAP A cyto-
solic domain did not affect the localization of the resulting
(A2-51)A-ALP fusion protein (Nothwehr et al., 1993).
Aanalysis of the rate of delivery of (A2-51)A-ALP to the
PVC in vps27 mutant cells, however, revealed that this
protein rapidly exited the TGN just like RS-ALP, contain-
ing only the FXFXD retrieval motif. Conversely, deletion
of residues 68-106 of the DPAP A cytosolic domain pro-
duced a retention-defective form of A-ALP, (A68-106)A-
ALP (localized to the vacuole membrane), which was de-
livered to the PVC slowly (half-time of ~60 min) in vps27
mutant cells. These results indicate that the first 50 amino
acid residues of the DPAP A cytosolic domain are neces-
sary for slowing the TGN exit rate, and that the first 68 are
sufficient to slow the rate.

The region important to slow the rate of A-ALP from
the TGN was further narrowed by construction and analy-
sis of a set of deletions, each smaller by 10 amino acids.
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The smallest deletion, removing only residues 2-11 of the
DPAP A cytosolic domain, still eliminated the static mode
of retention. Thus, the first 11 amino acid residues of
DPAP A are required for static retention. Deletion of
these same amino acid residues from wild-type DPAP A
caused the protein to accumulate rapidly in the class E
compartment of vps27-ts cells (data not shown), indicating
that this static retention motif is important in the context of
the full-length protein. Additional studies will be required
to test whether this region is sufficient for static retention.

The presence of the static retention signal in the cytosolic
domain of DPAP A helps explain why both A-ALP and
RS-ALP are localized to the TGN, yet only RS-ALP gets
proteolytically processed by vacuolar proteases in a post-
Golgi compartment. While we cannot as yet rule out the
possibility that RS-ALP is retrieved from the vacuole itself,
it is most likely that both RS-ALP and A-ALP are trans-
ported to and retrieved from the same PVC, and that this
compartment contains low levels of activated vacuolar
proteases en route to the vacuole. Evidence for low levels
of activated vacuolar proteases in the yeast late-endosomal/
prevacuolar compartment comes from the work of Schim-
moller and Riezman, 1993, indicating that a-factor endo-
cytosed into late endosomes encounters proteases. There
is abundant evidence from mammalian cells that hydro-
lases are distributed throughout the endocytic pathway
(Blum et al., 1991). If RS-ALP and A-ALP are in fact re-
trieved from the same PVC, then the failure to detect pro-
teolytic processing of A-ALP must reflect its very slow
exit rate from the TGN, thus reducing the time A-ALP
spends in the PVC compared to RS-ALP. If RS-ALP is
being retrieved from the same PVC as Vpsl0p, then the
differential rate of proteolysis between these two proteins
in wild-type cells may reflect a differential susceptibility to
the low levels of proteases in the PVC.

Models for Localization of TGN Membrane Proteins
in Yeast

The data presented in this paper indicate that DPAP A re-
quires both static retention and retrieval for efficient local-
ization to the yeast TGN. It remains to be determined
whether the two other TGN proteins that have been iden-
tified (Kex1p and Kex2p) also contain signals to slow their
exit from the TGN. We propose that the NH, terminus of
DPAP A serves to keep this protein anchored in the TGN
membrane, and that this protein only occasionally exits
the Golgi apparatus (half-time of ~60 min). Molecules of
DPAP A that enter the PVC are efficiently recognized by
virtue of the FXFXD motif and are recycled back to the
TGN. Some proteins, such as the CPY sorting receptor
Vpsl0p, are only retained in the TGN by retrieval because
they must continually cycle between the TGN and PVC to
fulfill their function in the cell.

The identification of separable signals for retention of
DPAP A in the TGN enables us to determine whether the
recently identified grd mutants (Golgi retention defective;
Nothwehr et al., 1996) are defective in the static retention
of DPAP A, or defective in its retrieval from a post-Golgi
compartment. We are currently investigating whether the
Grd proteins are involved in recognition of either the static
or retrieval signals in the cytosolic domain of DPAP A.
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