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Abstract. The dynamic vesicle transport processes at
the late-Golgi compartment of Saccharomyces cerevi-
siae (TGN) require dedicated mechanisms for correct
localization of resident membrane proteins. In this
study, we report the identification of a new gene,
GRDI19, involved in the localization of the model late-
Golgi membrane protein A-ALP (consisting of the cy-
tosolic domain of dipeptidyl aminopeptidase A [DPAP
Al] fused to the transmembrane and lumenal domains
of the alkaline phosphatase [ALP]), which localizes to
the yeast TGN. A grd19 null mutation causes rapid mis-
localization of the late-Golgi membrane proteins
A-ALP and Kex2p to the vacuole. In contrast to previ-
ously identified genes involved in late-Golgi membrane
protein localization, grd19 mutations cause only minor
effects on vacuolar protein sorting. The recycling of the
carboxypeptidase Y sorting receptor, Vps10p, between

the TGN and the prevacuolar compartment is largely
unaffected in grd19A cells. Kinetic assays of A-ALP
trafficking indicate that GRD19 is involved in the pro-
cess of retrieval of A-ALP from the prevacuolar com-
partment. GRD19 encodes a small hydrophilic protein
with a predominantly cytosolic distribution. In a yeast
mutant that accumulates an exaggerated form of the
prevacuolar compartment (vps27), Grd19p was ob-
served to localize to this compartment. Using an in
vitro binding assay, Grd19p was found to interact phys-
ically with the cytosolic domain of DPAP A. We con-
clude that Grd19p is a component of the retrieval ma-
chinery that functions by direct interaction with the
cytosolic tails of certain TGN membrane proteins dur-
ing the sorting/budding process at the prevacuolar com-
partment.

acterized by a variety of distinct membranous sub-

compartments. Despite the continuous flow of
membrane components through the secretory pathway,
the localization of resident proteins of the different or-
ganelles must be maintained (for review see Rothman and
Wieland, 1996). Two mechanisms are proposed to confer
proper localization to membrane proteins in the secretory
pathway: (a) they are separated from exiting proteins dur-
ing the vesicle budding process and therefore never leave
the compartment (retention), or (b) they leave the or-
ganelle together with other proteins but are recognized in
a subsequent compartment and selectively transported
back (retrieval; Pelham and Munro, 1993; Pelham, 1995,
1996). The TGN is the site of multiple vesicular sorting
processes separating proteins destined for the plasma

T HE internal organization of eukaryotic cells is char-
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membrane or endosomes/lysosomes (Griffiths and Si-
mons, 1989). The targeting and localization of resident
membrane proteins to the TGN is therefore a complex
process and not well understood. Most membrane proteins
studied so far seem to use a combination of retrieval and
retention mechanisms to be localized efficiently (Luzio and
Banting, 1993; Machamer, 1993). In mammalian cells, where
the destination for membrane proteins is the plasma mem-
brane (Pfeffer and Rothman, 1987), it could be demon-
strated that two membrane proteins of the TGN, furin and
TGN38, are predominantly localized by a retrieval process
from the plasma membrane (for review see Wilsbach and
Payne, 1993a) using endocytotic internalization signals in
the cytosolic tail domains (Bos et al., 1993; Humphrey et
al., 1993; Wong and Hong, 1993; Voorhees et al., 1995).
The late-Golgi compartment in Saccharomyces cerevi-
siae is the functional equivalent of the mammalian TGN
(Graham et al., 1994). It is defined by the presence of
three enzymes, dipeptidyl aminopeptidase A (DPAP A;!

1. Abbreviations used in this paper: ALP, alkaline phosphatase; CPY, car-
boxypeptidase Y; DPAP A, dipeptidyl aminopeptidase A; HA, hemagglutinin;
OREF, open reading frame.
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encoded by STEI3 gene), Kex2p, and Kex1p (Franzusoff
et al., 1991; Redding et al., 1991; Cooper and Bussey,
1992). All three proteins are integral membrane proteins
involved in the proteolytic processing of the secreted mat-
ing pheromone a-factor (Fuller et al., 1988). The carboxy-
peptidase Y (CPY) sorting receptor, VpslOp, also pre-
dominantly localizes to the yeast TGN (Marcusson et al.,
1994; Cereghino et al., 1995; Cooper and Stevens, 1996). In
contrast to mammalian cells, yeast membrane proteins,
which carry no further targeting information, by default
are transported to the vacuole (Roberts et al., 1992), which
is the equivalent of the mammalian lysosome (for review
see Nothwehr and Stevens, 1994). The signals for localiza-
tion of DPAP A, Kex2p, and Vps10p to the TGN were
found to reside in their cytosolic domains (Wilcox et al.,
1992; Nothwehr et al., 1993; Cereghino et al., 1995; Cooper
and Stevens, 1996). Aromatic amino acids, forming a se-
quence motif resembling the coated pit localization signals
of mammalian plasma membrane receptors, have been
identified as being critical components of localization mo-
tifs within these domains specifying their retrieval from a
prevacuolar compartment (Wilcox et al., 1992; Nothwehr
and Stevens, 1994; Cereghino et al., 1995; Cooper and
Stevens, 1996). In addition to the aromatic amino acid-
containing motif, the cytosolic domain of DPAP A also
contains a static retention signal, preventing it from leav-
ing the TGN as rapidly as proteins en route to the vacuole
(Bryant and Stevens, 1997). In contrast to the processing
enzymes that function exclusively in the TGN, the func-
tion of the cargo receptors of lysosomal or vacuolar hydro-
lases, like the mammalian mannose-6-phosphate receptor
(Kornfeld and Mellman, 1989; Ludwig et al., 1995) and the
yeast CPY receptor Vpsl0p (Cereghino et al., 1995; Coo-
per and Stevens, 1996), requires them to cycle continu-
ously between the TGN and a post-Golgi compartment for
an efficient sorting process.

Little is known about the machinery that acts in the lo-
calization of late-Golgi membrane proteins. CHCI, the gene
encoding the clathrin heavy chain protein, and VPSI, which
encodes a yeast homologue of the mammalian protein dy-
namin implicated in budding of transport vesicles from the
late-Golgi membrane, have been shown to be required for
the correct localization of late-Golgi membrane proteins
(Seeger and Payne, 1992a,b; Wilsbach and Payne, 1993b;
Nothwehr et al., 1995; Redding et al., 1996b). Several ge-
netic approaches have been undertaken in yeast to iden-
tify additional proteins involved in TGN membrane pro-
tein localization. Using the properties of a mutation in the
retention signal of Kex2p, three allele-specific suppressor
mutants, soil-soi3, which increased the efficiency of reten-
tion of the mutated Kex2p, were discovered (Redding et
al., 1996a). A genetic screen based on the mislocalization
of A-ALP (a model late-Golgi membrane protein consist-
ing of the cytosolic domain of DPAP A fused to the trans-
membrane and lumenal domains of ALP) to the vacuole
identified 18 complementation groups, named grd for
Golgi retention deficient (Nothwehr et al., 1996). Most of
these mutants also exhibited vacuolar protein sorting de-
fects, and significant overlap was found between the GRD
and VPS (vacuolar protein sorting) genes (Banta et al., 1988,;
Raymond et al., 1992a,b). Interestingly, a subset of grd
mutants exhibited normal vacuolar protein sorting and
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thus seemed to be defective specifically in the retention of
DPAP A and/or Kex2p.

By performing a second round of the grd screen we have
identified a new gene, GRDI19, which is specifically in-
volved in the localization of DPAP A and Kex2p. Se-
quence analysis showed that Grd19p contains a PX do-
main that is conserved among a family of proteins that
includes sorting nexin-1 (SNX1), Mvplp, and VpsSp (Pon-
ting, 1996). GRDI9 is not required for vacuolar protein
sorting or the recycling of the CPY cargo receptor Vps10p.
Assays of the exit and retrieval rates of a TGN membrane
reporter protein revealed that GRD19 is required for the
retrieval step. In vitro binding assays revealed that Grd19p
binds to the cytosolic domain of DPAP A but not Vps10p.

Materials and Methods

Materials

Enzymes used in DNA manipulations were from New England Biolabs
(Beverly, MA), Boehringer Mannheim Biochemicals (Indianapolis, IN),
Bethesda Research Laboratories (Gaitherburg, MD), or U.S. Biochemicals
(Cleveland, OH). FITC-conjugated streptavidin, Texas red—conjugated
goat anti-rabbit, and biotin-conjugated goat anti-rabbit were purchased
from Jackson Immunoresearch Inc. (West Grove, PA). The anti-CPY and
ALP polyclonal antibodies have been reported previously (Raymond et
al., 1990; Bryant and Stevens, 1997). The anti-ALP monoclonal antibody
1D3 (Molecular Probes, Eugene, OR) was used as reported previously
(Bryant and Stevens, 1997). Fixed Staphylococcus aureus cells (IgG Sorb)
were obtained from The Enzyme Center (Malden, MA). *S-Express label
was from New England Nuclear (Boston, MA). Oxalyticase was from En-
zogenetics (Corvallis, OR). All other chemicals were of high purity com-
mercial grade.

Plasmids

A DNA fragment encoding the cytosolic tail of DPAP A comprising the
amino-terminal 117 amino acids was synthesized by PCR. The templates
used were pSNS5S5, encoding the fusion protein A-ALP with the full-length
tail (for construction of pWV11), and pSN37, which contains the DPAP A
cytosolic tail with a deletion of the FXFXD retrieval signal between
amino acids 85 and 92 (for construction of pWV12). The fragments were
digested with BamHI/BglII (both sites were introduced with the primer
sequences) and were cloned into pQE70 (Qiagene, Chatsworth, CA) so
that a 6x histidine tag was added in frame at the carboxy terminus of the
DPAP A tail fragment. pWV16 contains the full-length open reading
frame (ORF) of GRD19 including 500 bp of genomic sequences in both
the 5" and 3’ direction. The DNA fragment was obtained by PCR amplifi-
cation from genomic DNA purified from strain SNY36. The produced
fragment was cut with BamHI and Sall (sites introduced by PCR primers)
and ligated in pRS313 (Sikorski and Hieter, 1989). A PCR fragment gen-
erated from genomic DNA of strain WVY12, which included the ORF
with the HA epitope tag and 500 bp each of 5'- and 3’-flanking DNA, was
cloned in YEp352 to generate the plasmid pWV32 for overexpression of
Grd19p-HA. pWV36 was constructed by removing the insert of pNB81 by
digestion with Sacl/EcoRV and ligation into pRS315 (Sikorski and Hieter,
1989), which was cut by Sacl/Smal.

Strains

For the construction of the grd19A deletion strain WVY4, a PCR frag-
ment was generated using oligonucleotides complementary to 45 bp di-
rectly up- and downstream of the GRD19 OREF, followed by a sequence
complementary to sequences of the plasmid pRS304 flanking the marker
gene TRPI. The fragment was transformed into strain SNY36, and Trp*
colonies were analyzed by the Grd plate assay (Nothwehr et al., 1996). De-
letion of the GRD19 ORF was confirmed by PCR-Southern blot. Strain
WVYS5 was obtained by deletion of the PEP4 gene in strain WVY4 by us-
ing a PCR-generated deletion fragment amplified from genomic DNA of
strain JHRY20. To obtain strain WVY12 the triple-hemagglutinin (HA)
epitope was integrated into the ORF of GRDI9 directly in front of the
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Table I. Yeast Strains Used in This Study

Strain Genotype

Source

SNY36

SNY63  MATa leu2-3,112 ura3-52 his3-A200 trp1-901 suc2-A9 pho8A::LEU2 pep4-3

NBY17  MATa leu2-3,112 ura3-52 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A::TRPI

NBY67  MATa vps27-59 pep4-3 leu2-3,112 ura3-52 his4-519 gal2 pho8AX

AHY41  MAT« leu2-3,112 ura3-52 his3-A200 trp1-901 lys2-801 suc2-A9 pho8A::LEU2 vps5A::HIS3

AACY30 MATa leu2-3,112 ura3-52 his3-A200 trp1-901 suc2-A9 vps10A::URA3

MATa leu2-3,112 ura3-52 his3-A200 trp1-901 ade2-101 suc2-A9 pho8A::ADE2

(Nothwehr et al, 1993)
(Nothwehr and Hindes, 1997)
T.H. Stevens

(Bryant et al., 1997)
(Nothwehr and Hindes, 1997)
(Cooper et al., 1996)

JHRY20 MATa leu2-3,112 ura3-52 his3-A200 canl pep4A::LEU2 T.H. Stevens
WVY4 MATa leu2-3,112 ura3-52 his3-A200 trp1-901 ade2-101 suc2-A9 pho8A::ADE2 grd19A::TRP1 This study
WVY5 MATa leu2-3,112 ura3-52 his3-A200 trp1-901 ade2-101 suc2-A9 pho8A::ADE2 grd19A::TRP1 pep4A::LEU2  This study
WVY10 MATa leu2-3,112 ura3-52 his3-A200 trp1-901 ade2-101 suc2-A9 pho8A::ADE2 grd19A::TRP1 vps27A::LEU2 This study
WVY12 MATa leu2-3,112 ura3-52 his3-A200 trp1-901 ade2-101 suc2-A9 pho8A::ADE2 GRD19::HA This study
WVY19  MATa vps27-59 pep4-3 leu2-3,112 ura3-52 his4-519 gal2 pho8AX grd19A::kan” This study
WVY20 MATa leu2-3,112 ura3-52 his3-A200 trp1-901 ade2-101 suc2-A9 pho8A::ADE2 GRD19::HA vps27A::LEU2  This study
WVY21  MATa leu2-3,ura3-52 his3-A200 trp1-901 ade2-101 suc2-A9 pho8A::ADE2 vps27A::LEU2 This study

stop codon using a PCR-based method (Schneider et al., 1995). Strains
WVY10, WVY20, and WVY21 were made by transforming strains
WVY4, WVY12, and SNY36, respectively, with the vps27A disruption
cassette (BamHI/EcoRI fragment from plasmid pCKR203) as described
(Piper et al., 1995). WVY19 was obtained by disrupting the complete
OREF of GRD19 with a PCR fragment using the initial disruption oligonu-
cleotides but amplifying the Escherichia coli kanamycin-resistance gene
kan” from plasmid pFA6-kanMX2 (Wach et al., 1994),” which was trans-
formed into strain NBY67. Strains were constructed using standard ge-
netic techniques and grown in rich media (1% yeast extract, 1% peptone,
2% dextrose; YPD) or standard minimal medium (S) with appropriate
supplements. A summary of yeast strains used in this study is given in Ta-
ble II.

grd Mutant Screen and ALP Activity Assays

Strain SN'Y36 carrying plasmid pSN55 was mutagenized by a recombina-
tive integration of a yeast genomic library with random integrations of a
Tn3-LacZ transposon construct (Seifert et al., 1986; Burns et al., 1994).
The plasmid library was cut with NotI before transformation. The activity
of ALP was measured on the plate as described (Chapman and Munro,
1994; Nothwehr et al., 1996), and mutant colonies were identified. After a
rescreen procedure, mutants were analyzed for CPY secretion with a col-
ony overlay assay (Roberts et al., 1991) and subsequently subjected to
complementation analysis with the vps and grd mutant collections (Roth-
man and Stevens, 1986; Robinson et al., 1988; Raymond et al., 19924;
Nothwehr et al., 1996). Diploid phenotypes were analyzed either for CPY
secretion or processing of A-ALP, in cases where no Vps~ phenotype
could be detected. Mutants chosen for further analysis were backcrossed
against the parental wild-type strain NBY17, sporulated, and the resulting
tetrads checked for linkage of the transposon integration and the grd phe-
notype. Mutants were transformed with plasmid pRSQ304 cut by BamHI/
Sacl to introduce a bacterial origin of replication at the position of the
transposon integration. Yeast genomic DNA was recovered, cut with

Table 1. Plasmids Used in This Study

EcoRlI, religated, and transformed in E. coli. A plasmid was recovered
that contained part of the transposon sequence and adjacent genomic se-
quence from the insertion site. This DNA sequence was determined by
automated sequencing (ABIPRISM; Pharmacia Fine Chemicals, Piscat-
away, NJ) using the “—40” sequencing primer (U.S. Biochemicals), and
the corresponding reading frame was found by data base search (BLAST
at the Saccharomyces genome database).

Pulse—Chase Labeling and Immunoprecipitation

Labeling and immunoprecipitation experiments for determining the sta-
bility of A-ALP constructs, Kex2p, Vps10p, and CPY were performed as
described previously (Piper et al., 1994; Cooper and Stevens, 1996; Noth-
wehr et al., 1996). Labeled proteins were detected and quantified using
storage phosphor technology (Phosphorlmager; Molecular Dynamics).
Half-times of processing or degradation were determined by linear regres-
sion analysis, plotting percentage of total and processed protein as a func-
tion of time.

Immunofluorescence

Indirect immunofluorescence microscopy for the localization of ALP,
Vphlp, and Vps10p was performed as described previously (Roberts et al.,
1991). Cells were grown in YPD at 30°C before fixation. For cells harbor-
ing plasmids, cells were grown to 1 OD/ml in minimal media and then re-
suspended in YPD to 0.25 OD/ml and allowed to grow for 2 h before fixa-
tion. For experiments using induction from the GALI promoter, cells
were grown overnight at 30°C in synthetic media containing 2% raffinose.
For induction of expression, 2% galactose was added, and samples were
removed at the indicated time points for direct fixation. Cells were fixed in
3% formaldehyde for 30 min, followed by incubation in 2% paraformal-
dehyde/50 mM KPO,, pH 7.0 for 18 h. Cells were spheroplasted and per-
meabilized with 5% SDS for 5 min. After washing in 1.2 M sorbitol, cells
were allowed to adhere to poly-L-lysine—coated slides. Incubation of cells

Plasmid Description Reference
pSN37 pBluescript SK containing Stel3p cytoplasmic tail with deletion of aa 85-92 T.H. Stevens

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)
pNBS81 CEN plasmid encoding A-ALP with residues 2-11 deleted (A10-A-ALP) (Bryant and Stevens, 1997)
pRSQ304 derivative of pRS304 containing part of LEU2 T.H. Stevens

pHYS CEN plasmid harboring VPS27 under GALI control T.H. Stevens

pFvM8 pGEX2 expressing the carboxy-terminal tail of Vps10p fused to GST T.H. Stevens

pWVl1l1 pQE70 expressing the DPAP A 117-aa amino-terminal tail as 6xHis fusion protein This study

pWVI12 PQE70 expressing the DPAP A tail with aa 85-92 deleted as 6xHis fusion protein This study

pWVI16 CEN plasmid harboring GRD19 under own promoter This study

pWV32 2 plasmid harboring GRD19::HA under own promoter This study

pWV36 CEN plasmid encoding A10-A-ALP containing LEU2 marker This study

Voos and Stevens Grd19p Functions
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with the primary antibody was performed at 4°C overnight followed by 1-h
incubations of secondary and tertiary antibodies at 22°C. For experiments
requiring labeling of A-ALP and Vphlp in the same cells, the anti-ALP
1D3 monoclonal antibody was visualized using biotinylated secondary an-
tibody in combination with FITC-labeled streptavidin, and the rabbit anti-
Vphlp was visualized using Texas red-labeled antibody. For double labeling
of A-ALP and Vps10p, the anti-ALP monoclonal antibody was visualized
with FITC-labeled goat anti-mouse antibody. Vps10p was detected using
an affinity-purified rabbit antibody preparation, which was adsorbed
against fixed vpsI0A cells and visualized using the biotin-enhancement
protocol as described above. Images were captured using the Kodak
DCS20 digital camera system with a 100X oil immersion lens (Carl Zeiss,
Oberkochen, Germany) on a fluorescence microscope (Axioplan; Carl
Zeiss). Images were adjusted with standard settings using Adobe Photo-
shop™.

Cell Fractionation

Intracellular localization studies were performed by a differential sedimen-
tation procedure essentially as described (Piper et al., 1994). The follow-
ing subcellular fractions were obtained: low speed pellet (P13), by centrif-
ugation at 13,000 g for 10 min); membrane pellet (P100), by centrifugation at
100,000 g for 30 min, and the remaining supernatant (S100). Equal por-
tions of each fraction were separated by SDS-PAGE and analyzed by
Western blot.

Expression of the Cytosolic Domains and Binding Assay

200 ml of E. coli cells (XL1 blue; Stratagene, La Jolla, CA) containing ei-
ther plasmid pQE70, pWV11, pWV12, pGEX2X, or pFvM8 were grown
in LB-Medium with 100 pg/ml Ampicillin to 0.7 to 0.8 OD/ml at 37°C, and
protein expression was induced by adding 1 mM IPTG. After 5 h incuba-
tion, cells were harvested and resuspended in 25 ml LPg, (30 mM Tris-
HCL, pH 7.5, 300 mM NaCl, 60 mM imidazole, and 1 mM PMSF). Cells
were lysed by a French Press, and cell debris and insoluble proteins were
removed by 15 min centrifugation with 15,000 g at 4°C. Cell extracts were
then incubated with 2 ml Ni-NTA sepharose (Qiagen) for 2 h at 4°C with
gentle agitation. Unbound proteins were removed by washing the sepha-
rose matrix with 20 ml LPg,.

For binding assays with yeast proteins, the sepharose matrix with the
bound expressed proteins was equilibrated to binding buffer (0.2 M sorbi-
tol, 50 mM Tris-HCI, pH 7.5, 150 mM KCl) containing 5 mM magnesium-
acetate, ]| mM DTT, and 0.1% Triton X-100. 30 pl wet volume of the ma-
trix was incubated with 50 ul (250 pg total protein/sample) yeast cytosol
extract (S100) in a total volume of 200 wl binding buffer. Extracts were
prepared from SNY36-9a containing plasmid pWV32 or pAH37 as de-
scribed above, except that spheroplasts were lysed in binding buffer. After
1.5 h incubation at 4°C the sepharose matrix was washed 4 times with 300 .l
binding buffer, and all bound proteins were eluted by incubating in 300 .l
LP,5, (same as LPg, but containing 250 mM imidazole). Proteins were sep-
arated by SDS-PAGE and analyzed by Western blot. Mvplp was detected
directly by antibodies, whereas Grd19p and Vps5p were detected by the
introduction of 3xHA tags and decoration with antibody directed against
the tag.

Results

Identification and Cloning of GRD19

Yeast mutants defective in Golgi membrane protein reten-
tion (grd) were identified using A-ALP, a fusion protein
that contains the cytosolic tail of DPAP A (encoded by the
STEI3 gene) and the transmembrane and lumenal do-
mains of ALP (encoded by the PHOS gene) as a reporter
molecule. In wild-type cells A-ALP is localized to the late-
Golgi compartment but becomes mislocalized to the vacu-
ole in localization-defective strains (Nothwehr et al., 1996).
Mislocalization of A-ALP to the vacuole results in pro-
cessing by vacuolar proteases (PEP4 dependent) at the
carboxy-terminal end of A-ALP and gain of alkaline phos-
phatase activity. Mutations were introduced into strain
SNY36 (pho84) by transformation of a genomic plasmid
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library containing random transposon integrations into
yeast DNA fragments (Seifert et al., 1986). Colonies with
alkaline phosphatase activity were detected by a colori-
metric assay (Nothwehr et al., 1996). Selected mutants
were backcrossed with wild-type strains to confirm linkage
of mutant phenotype with the transposon insertion (Leu*).
The obtained mutant alleles were tested by complementa-
tion analysis for genetic overlap with previously identified
grd and vps mutants.

One mutant, subsequently called grd19, complemented
each representative of the grd and vps mutant collections
and therefore represents a new grd complementation
group. Genomic sequences neighboring the transposon in-
sertion site were recovered and sequenced. Comparison
with the S. cerevisiae genome database revealed that the
transposon insertion took place in the previously unidenti-
fied ORF YOR357c. To obtain a well-defined null mutant,
the entire ORF YOR357c was replaced by the TRPI gene,
yielding a grd19A strain which was used for further analy-
sis. The deletion of GRDI19 did not result in any growth
defects (data not shown).

GRD19 Is a Member of a Protein Family Involved in
Protein Sorting and Vesicular Traffic

GRD19 encodes a small hydrophilic protein of 162 amino
acids (Fig. 1 A) with a predicted molecular mass of 18.7 kD.
The amino acid sequence shows no obvious modification
motifs or targeting signals. Protein sequence comparisons
(BLAST at NCBI) revealed significant homology to sev-
eral other yeast and mammalian proteins (Fig. 1 B). Inter-
estingly, the most similar protein found in the database is
Mvplp, which is also implicated in vesicle transport pro-
cesses between the Golgi compartment and the vacuole
(Ekena and Stevens, 1995). The homology between Grd19p
and Mvplp is mainly restricted to a sequence, ~100 amino
acids long, near the carboxy terminus of Grd19p. A similar
homologous region was found in Vps5p (Horazdovsky
et al., 1997), which was also identified as Grd2p (Noth-
wehr and Hindes, 1997). Grd2p/VpsSp is also involved in
vacuolar sorting processes and is required for the localiza-
tion of A-ALP, Kex2p, and VpslOp. An extensive set of
experiments was performed to determine whether there
are any genetic interactions between the GRDI19, VPS5,
and MV PI genes. The Golgi localization defects of grd19A
cells could not be suppressed by overexpression of VPS5
or MVPI. Additionally, analysis of the double deletion
mutants grd19A vps5A and grd19A4 mvpl A did not reveal
any synthetic phenotypes concerning growth, CPY secre-
tion, or A-ALP localization (data not shown).

A mammalian protein, sorting nexin-1 (SNX1), shares
homology with Grd19p, Mvplp, and VpsS5p. SNX1 was
shown to interact with the cytosolic domain of the EGF re-
ceptor and influences its rate of degradation (Kurten et al.,
1996). All the proteins show on average an amino acid iden-
tity of 30 to 40% (50-60% similarity) within this domain
(Fig. 1 C) but differ substantially in other regions. YHR105w,
another yeast ORF with unknown function, exhibited the
greatest overall similarity to Grd19p, with respect to size
and sequence homology (26 % identity, 48% similarity). A
null mutant of this gene was constructed, but cells deleted
for ORF YHR105w showed no defects in morphology,
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A

gtact ttcttgaggtecttgtocttgttgtggtgagaaattectatcagte -450
attatgcgagtaaacaatcctgatgetgecaaatgegtcacaactettacattatctectatt tattctt -375
cttctttgettacgeggtattatagecagetaaggaagettaatcteccggaagecaatcttaagggageegteccac =300
gcaaatttaagtttaactacggaaaagggagcacaacactcttcgattttgacatttegggatttctacacteta -225

gtaagtattgege ggga: tttactat tggctatgggy attgcataagtga -150
act agcttt atcacgtactaagtgatatgtattgatatgtaaacctgcaatgaatgaatgg =75
attaaaacggatcttaatactgcat ggtacgcatctacacaaagt o
at ttcaaatcctttgggy et tctttgetgtcaaaaggacatggagagectagttac 75
M P R E F K S F G S T EEK S LUL S K GHGE P S Y 25

tat gagattgaggtgca taaaac accaaatggg 150
S E I Y A E P ENVFL ETIEV HNUPI KTHTIUZPNG 50
atggattcgaaggggatgtttacagattacgaaataatatgccgtacaaacttgecaagtttteacaagagggta 225
M D S K G M DY EI I CRTNTZLUPZSESEFHI KR RYV 75

tcgaaagtaaggagacgatactcagactttgaattcttecegcaaatgettgatcaaggaaatttetatgettaat 300
S K VRRURY SDFETFTFRI KT CTZLTITZ KTETISMTILN 100
ca tcatggtacctcattt taaaattctcttgagtaatagatttagtaacgaagtcattgaa 375
H P X V M V P HLUPGE X IULULSNU RTFSNETVTITE 125
gagaggagacaaggtttgaatacctggatgcaatcggtageccgggecaceegettttacaatctggttctaaagtt 450
ERRQGULNTWMOQS YV AGHUPTULILZGQSG S KV 150
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Figure 1. Nucleotide and amino acid sequence of GRD19 gene
region. (A) Underlined nucleotide sequence represents the se-
quence of the oligonucleotides used for cloning the full-length
GRDI19 gene. The region was identified in the yeast genome da-
tabase as ORF YOR357c. (B) Schematic drawing showing pro-
teins related to Grd19p and the relative position of the conserved
PX domain. (C) Sequence comparison between the PX domains
of several proteins that were aligned by the ClustalW program.
The sequence data are available from EMBL/DDBJ/Genbank
under accession numbers: Mvplp (U16137), VpsSp (U84735),
SNX1 (U53225), and Grd19p (AF016101).

vacuolar protein sorting, or Golgi membrane protein re-
tention (data not shown). In addition, deleting ORF
YHR105w in a grd19A strain did not amplify or suppress
any of the phenotypes due to the grd19A mutation (data
not shown). The region of homology shared between
Grd19p, Mvplp, VpsSp, and SNX1p, called PX domain,
classifies them as members of a large group of proteins
(Ponting, 1996).

Resident Late-Golgi Membrane Proteins Are Degraded
in the Vacuole in grd19A Cells

Kex2p and A-ALP reside in the yeast TGN, and a failure
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Figure 2. grd19A cells mislocalize late-Golgi membrane proteins.
(A) Wild-type (SNY36), grd19A (WVY4), and grd19A pep4A
(WVYS5) cells carrying plasmid pSN55 (encoding the reporter fu-
sion protein A-ALP) were analyzed by pulse—chase labeling and
immunoprecipitation with antibodies against ALP. pWV16 car-
ries the full-length GRD19 gene under its own promoter on a CEN-
based plasmid (pRS313). Indicated are the mature protein (m),
the vacuolar processing product (p) and an additional typical de-
gradation product (*). (B) Labeling and immunoprecipitation
were performed as above, except that antibodies against Kex2p
were used for immunoprecipitation. As a positive control for ra-
pid Kex2p degradation the strain vps5A4 (AHY41) was included.

in retention leads to the proteolytic processing of A-ALP
(Nothwehr et al., 1993) and degradation of Kex2p by vacu-
olar proteases (Wilcox et al., 1992). These processes can
be quantitatively assessed by pulse-chase labeling and im-
munoprecipitation experiments. We determined the sta-
bility of A-ALP and Kex2p in grd19A cells. As expected,
A-ALP was a stable protein in wild-type cells with a half-
time of processing of >180 min. In grd19A cells the stabil-
ity of A-ALP was greatly reduced with its half-time of pro-
cessing decreased to 55 to 60 min (Fig. 2 A). Kex2p also
showed a significantly increased rate of degradation in
grd19A cells with a half-time of 20 to 25 min as compared
to wild-type cells in which the half-time of Kex2p degrada-
tion was 120 min (Fig. 2 B). To determine whether this
processing or degradation reaction was dependent on the
action of vacuolar proteases, identical pulse—chase experi-
ments were performed using grd19A pep4A double mu-
tants, which lack vacuolar protease activity. Those cells
showed virtually no degradation of A-ALP and Kex2p,
confirming the mislocalization of the two proteins to the
vacuole in grd19A cells. We conclude that the function of
Grd19p is necessary for stabilization of the resident late-
Golgi membrane proteins A-ALP and Kex2p.

grd19A Cells Sort the Vacuolar Hydrolase CPY and the
CPY Sorting Receptor Vps10p Normally

Since many of the recently identified grd mutants also ex-
hibit Vps~ phenotypes (Nothwehr et al., 1996), we tested
whether a deletion of GRD19 also affects CPY sorting using
pulse—hase labeling and immunoprecipitation experiments.



Newly synthesized CPY was immunoprecipitated from in-
ternal and external fractions of grd/9A and wild-type cells,
as well as cells carrying a wild-type copy of GRDI9 on a
centromere-based plasmid. As a control for a strain with
severe defects in CPY sorting, the experiment included a
vps10A strain. As shown in Fig. 3 A, grd19A cells exhibited
only a minor defect in the sorting of CPY. grd19A cells
missorted ~16% of the Golgi-modified (p2) form of CPY
to the cell surface, compared to 6% in wild-type cells. By
constrast, vpsI0 cells secreted 86% of CPY, and virtually
none of the CPY reached the vacuole.

Since the sorting of CPY is closely coupled to the recy-
cling of its cargo receptor VpslOp between late-Golgi and
prevacuolar compartments, we also analyzed the stability
of Vpsl0p directly by pulse—chase labeling and immuno-
precipitation (Fig. 3 B). Compared to wild-type cells, grd19A
cells show only a slight decrease in Vps10p stability due to
mislocalization to the vacuole. The half-life of Vps10p in
wild-type cells was typically much longer than 180 min
(Cooper and Stevens, 1996). In grd19A cells the half-life
was slightly decreased to 150 to 160 min. By contrast, in
vpsSA cells, which have been shown to have severe defects
in both A-ALP localization and CPY sorting (Nothwehr
and Hindes, 1997), the stability of Vps10p was decreased
significantly, to a half-time of ~40 min. Interestingly, while
overexpression of Vps5p did not suppress the mislocaliza-
tion of A-ALP (data not shown), elevated levels of VpsSp
did suppress the low level of CPY secretion in grd19A cells
(Fig. 3 C). We conclude that the slight effect of mutations
in GRD19 on the sorting of CPY is likely to be an indirect
effect, since the overexpression of a protein more directly
involved in CPY sorting (VpsSp) reverses the slight CPY
sorting defect without suppressing the A-ALP cycling de-
fect. Therefore, in comparison to the previously identified
grd genes (Nothwehr et al., 1996), GRDI9 is involved in
late-Golgi membrane protein localization in a very specific
way, affecting the resident proteins A-ALP and Kex2p,
but not the recycling cargo receptor Vps10p.

Since the degradation of the late-Golgi membrane pro-
teins is an indirect assay for mislocalization to the vacuole,
we performed immunofluorescence experiments to deter-
mine the actual intracellular localization of several mem-
brane proteins. Double staining of wild-type cells with
antibodies against A-ALP and Vps10p revealed a colocal-
ization of both proteins to disperse, punctuate structures
in the yeast cytosol indicative of the yeast TGN (Fig. 4 A4;
Nothwehr et al., 1993; Cooper and Stevens, 1996). How-
ever, in grd19A cells A-ALP was localized to ring-shaped
structures indicative of vacuolar membranes. The vacuolar
localization was confirmed by double staining experiments
using antibodies against the 100-kD subunit of the vacu-
olar ATPase, encoded by the VPHI gene (Kane et al., 1992;
Manolson et al., 1992; Fig. 4 B). In contrast to the vacuolar
localization of A-ALP in grd19A cells, Vps10p was still lo-
calized to Golgi structures in these same cells as shown by
the punctuate staining pattern (Fig. 4 A). The essentially
wild-type-like staining of grd19A cells with antibodies to the
vacuolar membrane protein Vphlp (Fig. 4 B) also demon-
strates that mutations in GRD19 do not generally perturb
vacuolar morphology or vacuolar biogenesis. These data
reveal that Grd19p is not required for Golgi localization of
Vps10p or vacuolar biogenesis in general, but instead sug-
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Figure 3. Sorting of CPY and the cycling of Vps10p are normal in
grdl9A cells. (A) Wild-type (SNY36), grd19A (WVY4), and
vps10A (AACY30) cells were labeled for the indicated times and
analyzed for sorting of CPY by immunoprecipitation from intra-
cellular () and extracellular (E) fractions as described. Indicated
are the mature protein (m), the ER/early-Golgi precursor form
(p1) and the fully glycosylated form (p2). (B) The same strains as
in Fig. 2 B were analyzed for the stability of VpslOp by pulse—
chase labeling and immunoprecipitation using antibodies against
Vps10p. Indicated are the mature form (m) and the vacuolar deg-
radation product (d). (C) Colony overlay assay with wild-type cells
carrying pAH37 (2.-VPS5) show relative rates of CPY secretion.

gest that Grd19p function is more specifically involved in the
localization mechanism of A-ALP and Kex2p to the TGN.

Grd19p Is Required for the Retrieval from the
Prevacuolar Compartment

VPS27 is 1 of 13 genes required for membrane traffic out
of the prevacuolar compartment (Raymond et al., 1992a4;
Piper et al., 1995), and vps27A cells accumulate an exag-
gerated prevacuolar compartment (Raymond et al., 19924;
Piper et al., 1995). The localization of A-ALP to the yeast
TGN has been shown to involve both static retention and
retrieval from the prevacuolar compartment (Bryant and
Stevens, 1997). To assess whether Grd19p functions in
static retention or retrieval, we employed assays that allow
us to distinguish between these functions. The prevacuolar
compartment that accumulates in vps27A mutant cells con-
tains active forms of vacuolar proteases, and thus the pro-
cessing half-time of A-ALP and related proteins in these
cells has been shown to reflect the rate at which they exit
Golgi membranes (Bryant and Stevens, 1997). Different
variants of A-ALP with mutations in the cytosolic domain
were analyzed for their processing kinetics in vps27A and
grd19A strains. A schematic drawing of the analyzed fu-
sion proteins is shown in Fig. 5 A. In wild-type cells, the
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Figure 4. A-ALP, but not Vps10p is mislocalized to the vacuole
in grd19A cells. Wild-type (SNY63) and grd19A pep4A (WVYS)
cells containing pSNS55 were fixed, spheroplasted, and analyzed
by indirect immunofluorescence. (A) Cells were double stained
with antibodies against ALP and Vps10p. After treatment with
fluorochrome-conjugated secondary antibodies, the cells were
viewed by differential interference contrast optics (DIC) and by
epifluorescence through filters specific for fluorescein and Texas
red. (B) Cells were double-stained and analyzed as described in
(A) using antibodies against ALP and the 100-kD subunit of the
vacuolar ATPase (encoded by VPH]I) which is an integral mem-
brane protein of the vacuole.

full-length A-ALP is localized to the late-Golgi compart-
ment by a combination of retention and retrieval mecha-
nisms and has a processing half-time of >180 min (Bryant
and Stevens, 1997). In vps27A cells, membrane traffic from
the prevacuolar compartment back to the Golgi is blocked
and the processing half-time of A-ALP is reduced to 60
min, reflecting its rate of exit from the late-Golgi compart-
ment (Bryant and Stevens, 1997). Similar reductions in
stability could be observed in wild-type cells with the con-
struct (F/A)A-ALP, in which the retrieval signal has been
rendered nonfunctional by mutating the phenylalanine
residues in the retrieval signal (FXFXD) to alanines (Noth-
wehr et al., 1993; Bryant and Stevens, 1997). A different
construct, which has a 10 amino acid deletion at the amino-
terminal end (A10A-ALP), showed slightly reduced stabil-
ity in wild-type cells but a very fast processing half-time of
~20 min in vps27A cells (Bryant and Stevens, 1997). This
deletion in the A-ALP cytosolic domain results in a loss of
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Figure 5. Processing kinetics of mutant A-ALP fusion constructs
in grd19A cells. (A) Schematic drawing of the analyzed fusion
proteins between the cytosolic domain of DPAP A and the trans-
membrane and lumenal domains of ALP. The dark-shaded box
represents the sequence in the DPAP A domain, which was pre-
viously identified as necessary and sufficient for localization to
the late-Golgi compartment. (B) Table represents the halftimes
of PEP4-dependent processing of the respective fusion proteins
in wild-type (SNY36), grd194 (WVY4), vps27A (WVY21), and
grdl19A vps27A strains. Values were determined by pulse—chase
labeling and immunoprecipitation experiments as described in
the legend of Fig. 2, and represent the mean value of at least
three independent experiments.

static retention and hence a fast exit rate of A-ALP from
the late-Golgi compartment without affecting the effi-
ciency of retrieval (Bryant and Stevens, 1997).

To gain insight into which of the localization mecha-
nisms is affected in grd19A cells, the processing kinetics of
the different A-ALP reporter proteins were now analyzed
in grdl19A-mutant and grd19A vps27A-double mutant cells
and compared to cells carrying the vps27A mutation alone.
As shown in Fig. 5 B, the processing kinetics of all three
fusion protein constructs in grd19A cells were indistin-
guishable from those in vps27A cells. In addition, neither
A-ALP nor (F/A)A-ALP were processed more rapidly in
grd19A vps27A-double mutant cells compared to either
single mutant alone, suggesting that Grd19p is not in-
volved in static retention of A-ALP. Moreover, the pro-
cessing kinetics of A-ALP in grdI9A were identical to
those of (F/A)A-ALP in wild-type cells, which strongly
suggests that Grd19p is involved in the retrieval pathway
from the prevacuolar compartment back to the TGN.

Since the processing experiments allow only an indirect
assessment about the involvement of grd/9A in the re-
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Figure 6. Retrieval of A-ALP but not Vps10p from the prevacuolar compartment is blocked in grd19A cells. Cells of the strains NBY67
(GRD19 vps27) and WVY19 (grd19A vps27), each containing the plasmids pH Y5 (GALI:VPS27) and pWV36 (expressing ALOA-ALP),
were grown on synthetic medium with raffinose as carbon source. Expression of wild-type Vps27p was induced by the addition of 2% ga-
lactose. After the indicated incubation times, aliquots were taken and prepared for indirect immunofluorescence as described. Cells were
stained with antibodies against ALP and Vps10p and viewed by epifluorescence and differential interference contrast optics (DIC).

trieval process, we used a second assay that directly studies
the redistribution of membrane proteins from the accumu-
lated prevacuolar compartment in vps27-mutant cells (Bry-
ant and Stevens, 1997). We used a vps27-mutant strain
where we could accumulate the late-Golgi membrane pro-
teins AI0A-ALP and Vps10p in the prevacuolar compart-
ment. Exit from the prevacuolar compartment was then
induced by expressing wild-type Vps27p under the control
of the GALI promoter. AIOA-ALP was used since it local-
izes almost exclusively to the prevacuolar compartment
in vps27-mutant cells, yet A10A-ALP shows essentially
the same behavior as A-ALP in the redistribution from
the prevacuolar compartment (Bryant and Stevens, 1997).
The induction of Vps27p was performed in both vps27-
mutant and vps27 grd19A-double mutant cells to directly
assess the involvement of Grd19p on the retrieval reac-
tion. Samples were taken 0, 45, and 90 min after induction
of Vps27p synthesis; cells were fixed; and the distribution
of both A10A-ALP and Vps10p or A10A-ALP and Vphlp,
respectively, was analyzed in the same cells by indirect im-
munofluorescence (Fig. 6). The amount of cells displaying
a particular staining pattern indicative of the morphologi-
cal features of Golgi membranes, vacuolar membranes,
and the exaggerated prevacuolar compartment (class E
compartment; Raymond et al., 1992a) was quantified (Ta-
ble III).

Before induction >80% of both cell types clearly showed
the accumulation of A10A-ALP, Vpsl10p, and Vphlp in the
class E prevacuolar compartment (Table I1T). 45 min after
induction of Vps27p activity, a redistribution of the stain-
ing pattern was already observed for both proteins, and
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the redistribution was essentially complete 90 min after in-
duction of Vps27p synthesis. In >80% of the GRD19 cells,
both A10A-ALP and Vps10p localized to the same smaller
multiple dots, which are typically seen for late-Golgi mem-
brane proteins, whereas Vphlp traveled to the vacuole as
expected. However, in grd19A cells, A10A-ALP exited the
prevacuolar compartment and traveled to the vacuole to-
gether with the vacuolar membrane protein Vphlp instead
of redistributing back to the TGN. Almost 80% (65 +
13% and 58 + 20%) of the grd19A cells exhibited predom-
inantly the ring-shaped vacuolar staining pattern for both
A10A-ALP and Vphlp 90 min after induction of Vps27p
expression. On the other hand, the majority of Vps10p re-
distributed to Golgi structures in grd19A cells. More than
80% of the cells eventually showed a Golgi staining pat-
tern for Vps10p. A small portion of Vps10p also appeared
to be mislocalized to vacuolar structures in grd19A cells,
consistent with the observed slight decrease in its stability
compared to wild-type cells, as shown in Fig. 3 B. We con-
clude that both retrograde and anterograde traffic path-
ways from the prevacuolar compartment are essentially
intact in grd19A cells, but Grd19p function is indeed re-
quired specifically for the retrieval of A-ALP from the
prevacuolar compartment back to the TGN.

Grd19p Is a Cytosolic Protein Found on the Surface of
the Prevacuolar Compartment in vps27A Cells

To assess the intracellular localization of Grd19p, we in-
troduced an influenza hemeagglutinin epitope (HA) at the
carboxy terminus of the protein. The GRDI19::HA fusion
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Table I1I. Quantification of Retrieval Assay

Staining pattern (%)

Class E and
vacuolar

Multiple

Class E Vacuolar dots (Golgi)

Time
after
Stained Geno-  induction
protein type (min)
77 6 2 15

A10A-ALP GRDI19 0

45 39 10 2 49

90 16 3 <1 81

grd194 0 78 7 4 11

45 37 26 26 11

90 13 13 65 9

VpslOp  GRDI9 0 91 3 0 6
45 14 2 0 84

90 10 3 0 87

grd194 0 80 0 0 20

45 16 4 0 80

90 7 6 4 83

Vphlp GRDI9 0 81 13 4 2
45 59 20 20 <1

90 17 19 63 <1

grd194 0 76 16 5 3

45 48 24 28 0

90 20 20 58 2

Quantification of membrane protein redistribution after accumulation in the exagger-
ated prevacuolar compartment (“class E” compartment; Raymond et al., 1992) of
vps27 cells and restoration of Vps27p function by galactose-induced expression (see
also Fig. 6). Except for the mutation in vps27, cells were either wild-type (GRD19) or
grd19A. Proteins were visualized by indirect immunofluorescense as described in Ma-
terials and Methods, and at least 100 cells were quantified for each single time point.

was integrated at the genomic locus of GRD19, and by all
criteria the GRDI19::HA gene fully complemented the
grd19A mutation (data not shown). Using antibodies against
the HA epitope we detected Grd19p—-HA as a 28-kD pro-
tein by Western blot analysis (Fig. 7 A). The HA-tagged
Grd19p was found predominantly together with the cyto-
solic marker protein PGK in subcellular fractionation ex-
periments, but a minor amount was found associated with
membrane fractions in the low speed pellet (Fig. 7 B).
Consistent with a predominantly cytosolic localization for
Grd19p, immunofluorescence experiments using antibod-
ies against the HA epitope revealed only a low level and
diffuse staining in GRDI19::HA cells (Fig. 7 C). Since the
correct localization of late-Golgi membrane proteins has
been found to involve recycling between the late-Golgi
membrane and a post-Golgi prevacuolar compartment
(Nothwehr and Stevens, 1994), we also analyzed the local-
ization of Grd19p in a yeast mutant (vps27A4) that accumu-
lates an exaggerated prevacuolar compartment. Interest-
ingly, a distinct staining pattern of Grd19p-HA was
observed in vps27A cells, and this staining pattern over-
lapped with that of the 100-kD subunit of the V-ATPase,
the protein marker for the accumulated prevacuolar com-
partment (Fig. 7 C). To exclude that the Grd19p-HA
staining pattern is not the result of an artificial accumula-
tion of HA-crossreactive structures due to the vps274 mu-
tation, we included a vps27A mutant that expresses no HA
epitope as a control. This control showed no staining, and
as can be seen from the DAPI stained panels, the staining
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Figure 7. Grd19p is a soluble cytosolic protein. (A) Total cell ex-
tracts of wild-type (SN'Y36) and cells expressing Grd19p with an
amino-terminal HA-epitope tag (WVY12) were prepared. Pro-
teins were separated by SDS-PAGE and analyzed by Western
blot. The epitope-tagged Grd19p-HA was detected by immu-
nodecoration with antibodies against the HA epitope. (B) Sub-
cellular fractions were prepared from GRDI19:HA (WVY12)
cells as described in Materials and Methods, separated by SDS-
PAGE, and analyzed by Western blot. The fractions were deco-
rated with antibodies against the HA epitope, phosphoglycerate
kinase (PGK) as a cytosolic marker protein, Dpmlp (ER mem-
branes), and Vphlp (vacuolar membrane). (C) Grd19p associates
with the prevacuolar compartment in vps27A cells. Cells from the
strains WVY12 (GRD19:HA), WVY20 (GRD19:HA vps27A)
and WVY20 (vps27A4) were analyzed by indirect immunofluores-
cence as described in the legend of Fig. 4. The intracellular distri-
bution of Grd19p and vacuolar membranes was visualized by
double-staining with antibodies against the HA epitope of
Grd19p-HA and against Vphlp (100-kD subunit of the vacuolar
ATPase). Nuclear DNA was viewed by staining with DAPIL.
Yeast cells were viewed by differential interference contrast op-
tics (DIC).

pattern of Grd19p-HA was also clearly distinct from nu-
clear staining. The subcellular localization experiments in-
dicate that Grd19p is localized predominantly in the cytosol,
but becomes associated with the prevacuolar compart-
ment in vps27A cells, suggesting that Grd19p may function
at the periphery of this organelle.
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Grd19p Interacts Physically with the Cytosolic Domain
of DPAP A

The previous experiments established that Grd19p is
likely to function in sorting and/or transport of certain
TGN membrane proteins from the prevacuolar compart-
ment back to the TGN. Additionally, Grd19p seems to
confer a certain specificity to the sorting reaction of mem-
brane proteins since it is not necessary for the cycling of
the late-Golgi cargo receptor VpslOp but rather is re-
quired for the retrieval of the proteases DPAP A and
Kex2p. To determine whether Grd19p functions by physi-
cally interacting with the cytosolic domain of DPAP A, we
tested whether it can bind to the protein in vitro. We used
a fusion protein consisting of the first 117 amino acids of
DPAP A (the entire cytosolic domain) and a 6xHis tag,
which was introduced in place of the transmembrane do-
main to enhance the formation of the native conformation
of the cytosolic domain. The fusion protein was expressed
in E. coli and purified using a Ni-Agarose resin under na-
tive conditions (see Materials and Methods). The immo-
bilized DPAP A tail was incubated with yeast cytosolic ex-
tracts obtained from a strain expressing Grd19p-HA. In
addition, a Vps10p cytosolic domain expression construct
was used in the same binding assay. In this case, the carboxy-
terminal tail domain was fused to glutathione-S-trans-
ferase (GST). To determine if Grd19p might bind di-
rectly to the FXFXD retrieval signal motif within the
DPAP A cytosolic domain, we also analyzed a DPAP A-tail
expression construct that had an eight amino acid residue
deletion that removes the FXFXD motif. After extensive
washing of the matrix material, all bound proteins were
eluted, and the presence of Grdl19p was detected by
SDS-PAGE followed by Western blot analysis using anti-
HA antibodies.

As shown in Fig. 8 A, Grd19p bound to the expressed
cytosolic domain of DPAP A (lane 3). In contrast, similar
amounts of expressed Vpsl0p tail domain did not show
any binding of Grd19p in the in vitro binding assay (Fig.
8 A, lane 5). As control reactions, a mock sample that con-
tained empty Ni-NTA resin and a sample expressing the
GST moiety alone were included. No significant binding
could be detected in the control samples (Fig. 8 A, lanes 2
and 4), confirming the specificity of the binding reaction.
The related proteins Vps5p and Mvplp, which show par-
tial sequence homology to Grd19p, the PX domain (Pont-
ing, 1996), were also tested for binding to the cytosolic do-
mains of DPAP A or Vps10p under conditions where the
interaction with Grd19p could be detected. VpsSp could
not be detected in the eluate fractions, and Mvp1p showed
only a low-level, nonspecific binding to the columns
whether protein was attached or not (Fig. 8 A). To exclude
the possibility that cytosolic proteins were nonspecifically
retained during the incubations and washing steps, we
probed all samples with antibodies against the abundant
cytosolic protein phosphoglycerate kinase (PGK) but could
not detect it in the elution fractions. The binding of Grd19p
to the DPAP A cytosolic domain was dependent on the
presence of Mg?" ions in the medium (Fig. 8 B). Under the
conditions used, ~10% of the added Grd19p in the yeast
extract bound to the DPAP A tail. Under the chosen con-
ditions, Grd19p also bound to the DPAP A tail construct
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Figure 8. Grd19p physically interacts with the cytosolic domain
of DPAP A. (A) Cytosolic extracts of yeast cells carrying plasmid
pWV32 were prepared and incubated with empty Ni-NTA resin
(mock), E. coli expressed DPAP A cytosolic tail (DPAP A), GST
or VpslOp cytosolic tail fused to GST (Vpsi0Op) as described in
Materials and Methods. Bound proteins were either eluted with
250 mM imidazole or 5 mM Glutathione, TCA-precipitated and
separated by SDS-PAGE. The presence of Grd19p-HA, Vps5p-
HA, Mvplp, and PGK in the eluate was detected by Western
blot. To compare the efficiency of binding 10% of the starting
material was included in the analysis (10% load). (B) Binding as-
says were performed as described, except that the binding and
washing reactions were done in the presence of 5 mM EDTA
(—Mg?") or in the presence of 5 mM magnesium acetate (+Mg?*).
(C) Binding assays were performed as described above in the
presence of Mg?*. In addition, E. coli expressed DPAP A tail
with a deletion of the retrieval motif (DPAP A A8) was included.
(D) Proteins were bound to cytosolic domains of DPAP A as de-
scribed above. The column material containing the bound pro-
teins was first washed by 15 min incubation with 800 mM NaCl
(Ist elution). Bound proteins were then eluted by the addition of
250 mM imidazole (2nd elution).

missing the FXFXD retrieval sequence (DPAP A-tail AS8;
Nothwehr et al., 1993) as well as the full-length tail construct
(Fig. 8 C). However, the complex with Grd19p and the
DPAP A-tail A8 construct seemed to be less stable since in-
cubations in buffer with elevated salt concentrations led to
the release of significant amounts of the bound Grd19p from
the column, whereas the binding of Grd19p to the full-length
DPAP A tail was not affected by 800 mM NacCl (Fig. 8 D).

We conclude that Grd19p interacts specifically with the
cytosolic domain of DPAP A in the in vitro binding assay.
The related proteins VpsSp and Mvplp are not part of the
complex between Grdl19p and the cytosolic domain of
DPAP A. The presence of the FXFXD retrieval motif con-
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tributes to the stability of that interaction. The specificity
of Grd19p involvement in the retrieval of resident late-
Golgi membrane proteins is correlated with its ability to
physically interact with the cytosolic domain of DPAP A
but not with the cytosolic domain of the CPY sorting re-
ceptor Vps1Op.

Discussion

In this study we report the identification of a novel yeast
gene, GRD19, and provide data to support a model for its
function in the retrieval process of membrane proteins of
the TGN from the prevacuolar compartment. GRDI9 is a
nonessential gene that encodes a small hydrophilic protein
with a calculated molecular mass of 18.7 kD. In grd19A
cells the resident late-Golgi membrane proteins A-ALP
and Kex2p are mislocalized to the vacuole. Mutations in
GRD19 did not affect vacuolar biogenesis, vacuolar pro-
tein sorting, or vacuolar morphology (Raymond et al.,
1992a). The vacuolar hydrolase CPY was sorted with al-
most wild-type efficiency. The observed slight increase in
CPY secretion in grd19A cells correlates well with a minor
decrease in the stability of the CPY cargo receptor Vps10p
(Cereghino et al., 1995; Cooper and Stevens, 1996). Since
overexpression of VpsSp suppresses the slight CPY sorting
defect in grd19A cells, this defect is likely to result indi-
rectly from the loss of Grd19p function. The steady-state
localization of Vps10p in the late-Golgi compartment and
its ability to redistribute back to late-Golgi structures from
an accumulated prevacuolar compartment suggest that in
grd19A cells Vps10p cycles normally between the late-Golgi
and prevacuolar compartments and is able to sort and
transport most of the newly synthesized CPY to the vacu-
ole. Therefore, mutations in GRD19 do not affect the gen-
eral vesicle traffic between the yeast Golgi and vacuole,
but rather specific sorting processes involving the resident
late-Golgi membrane proteins DPAP A and Kex2p. These
properties make GRDI9 unique among the components
required for TGN membrane protein localization, since all
other genes identified so far are also required for vacuolar
protein sorting (Seeger and Payne, 1992a; Nothwehr et al.,
1996; Redding et al., 1996a,b; Nothwehr and Hindes, 1997;
Seaman et al., 1997).

Since the correct localization of A-ALP in the yeast TGN
has been shown to involve both static retention and re-
trieval from the prevacuolar compartment, we investi-
gated whether GRD19 might be involved specifically in
one of these modes of A-ALP localization. An analysis of
the exit rates of A-ALP from the late-Golgi compartment
(Bryant and Stevens, 1997) showed that A-ALP exits the
TGN with normal kinetics in grd19A4 cells. The processing
kinetics of A-ALP in grd19A cells were very similar to
those measured in a vps27A mutant, a mutant already
shown to be defective for membrane traffic from the pre-
vacuolar compartment (Piper et al., 1995). The processing
rate of A-ALP was not further accelerated in grdi9A
vps27A-double mutant cells. In addition, the half-time of
processing of A-ALP in grdl9A cells is similar to that of
the retrieval defective (F/A)A-ALP construct in wild-type
cells (Nothwehr and Stevens, 1994). Taken together, these
data indicate a role for GRDI9 in the retrieval of specific
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TGN membrane proteins from the prevacuolar compart-
ment.

The function of GRDI19 in the retrieval process could
be directly demonstrated by an assay based on the redis-
tribution of membrane proteins accumulated in the pre-
vacuolar compartment of vps27-mutant cells (Bryant and
Stevens, 1997). Cells carrying the grd19A mutations were
not able to retrieve A-ALP from the prevacuolar compart-
ment upon restoration of Vps27p function. Instead it redis-
tributed to the vacuole like the vacuolar membrane protein
Vphlp. The defect in A-ALP retrieval is not caused by a
complete block of membrane traffic from the prevacuolar
compartment to the Golgi in grd/9A cells, since the re-
trieval of Vps10p, and the vacuolar delivery of Vphlp were
unaffected. A role for Grd19p in TGN membrane protein
retrieval from the prevacuolar compartment was further
supported by experiments analyzing its intracellular distri-
bution. Grd19p is a hydrophilic protein that localizes pre-
dominantly to the yeast cytosol. However, in vps27A cells,
in which membrane traffic from the prevacuolar compart-
ment is blocked, Grd19p immunolocalized to the accumu-
lated prevacuolar compartment. The block of membrane
traffic in vps27 cells traps cargo molecules such as DPAP
A and Vps10p, which presumably then leads to the accu-
mulation of associated cytosolic components such as Grd19p.
The small amount of Grd19p that was observed in frac-
tions containing membrane structures in subcellular frac-
tionation experiments is consistent with at least a transient
association of Grd19p with the prevacuolar compartment
even in wild-type cells.

The involvement of a common subset of VPS and GRD
genes in the localization of Vps10p, A-ALP, and Kex2p in-
dicates that all three proteins use a similar pathway for cy-
cling between the late-Golgi and the prevacuolar compart-
ment. The apparent specificity of Grd19p for the retrieval
of the resident proteins DPAP A and Kex2p may reflect
the fact that the retrieval signals in the cytosolic domains
of these two proteins exhibit significant similarity (as shown
in the inset of Fig. 9), that is not found in the cytosolic do-
main of Vps10p. The DPAP A and Kex2p retrieval signals
consist of two aromatic residues, preceded by a cluster of
basic amino acids and followed by some acidic residues
(Wilcox et al., 1992; Nothwehr et al., 1993). Together, these
regions of ~15 to 20 amino acids could constitute a con-
served Grd19p-binding site.

A shared and saturable protein machinery for the local-
ization of DPAP A and Kex2p was initially indicated by
the observation that overexpression of Kex2p leads to an
increased vacuolar degradation of A-ALP (Nothwehr et
al., 1993). Because of its differential behavior influencing
the localization of DPAP A/Kex2p but not Vps10p, Grd19p
might be a candidate for a protein interacting with the re-
trieval signal motif of the resident membrane proteins. As
our experiments show, Grd19p indeed physically interacts
with the expressed tail domain of DPAP A in vitro. The
binding is specific, dependent on the presence of magne-
sium ions and also stable in the presence of high salt.
Grd19p also bound to a DPAP A tail construct in which
the FXFXD motif had been deleted, although the complex
displayed a slightly lower resistance to elevated salt condi-
tions. Grd19p binding to the DPAP A-AS tail could reflect
the fact that the Grd19p-binding site extends well outside
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Figure 9. Sorting at the prevacuolar compartment of S. cerevi-
siae. Schematic drawing of the function of Grd19p at the surface
of the prevacuolar compartment showing its requirement for the
retrieval of DPAP A and Kex2p but not Vps10p. (Inset) Align-
ment of the putative retrieval signal regions of DPAP A and
Kex2p.

the FXFXD sequence, so that removal of the FXFXD por-
tion of the signal only slightly reduces the binding affinity
of Grd19p to the DPAP A-AS8 tail domain. Whereas this
decrease might not be apparent in our nonequilibrium
binding assay, this difference in binding could translate into
a significant degree of mislocalization in vivo. Alterna-
tively, Grd19p might be part of a multiprotein complex in-
teracting with the cytosolic domain of DPAP A and an-
other unknown factor confers the specific recognition of
the aromatic amino acid-based retrieval signal.

Analysis of the protein sequence of Grd19p revealed it
to be a member of a diverse protein family sharing a com-
mon sequence motif, the PX domain (Ponting, 1996). Sev-
eral members of this protein family have been implicated
in vesicular protein traffic. In mammalian cells a member
of the PX protein family, the SNX1 protein, was found to
interact with the cytosolic domain of the EGF receptor
and regulate its degradation (Kurten et al., 1996). It is thus
tempting to speculate that the Grd19p PX domain func-
tions to either directly bind to the DPAP A/Kex2p cytosolic
domains, or alternatively the PX domain might allow in-
teraction with other proteins required to recognize the
DPAP A/Kex2p retrieval signals as a multiprotein com-
plex. However, the PX domain proteins VpsSp and Mvplp,
which share a similar localization and effects on TGN pro-
tein localization with Grd19p (Ekena and Stevens, 1995;
Nothwehr and Hindes, 1997) could not be detected bound
to the cytosolic domain of DPAP A in contrast to Grd19p
itself. This renders the second possibility unlikely, suggest-
ing that Vps5p and/or Mvplp function in the same path-
way as Grd19p but at a different step of the localization
process.

Based on our results we propose the following model for
Grd19p function in late-Golgi membrane protein localiza-
tion. DPAP A and Kex2p get sorted into vesicles destined
for traffic to the vacuole together with the cargo receptor
Vpsl0p. The budding process requires Vpslp function
(Rothman et al., 1990; Vater et al., 1992; Wilsbach and
Payne, 1993a,b; Nothwehr et al., 1995) as well as the for-
mation of a clathrin coat (Seeger and Payne, 1992a,b; Red-
ding et al., 1996). Numerous VPS gene products are in-
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volved in the recycling of Vpsl10p from the prevacuolar
compartment to the yeast TGN (Stack et al., 1995; Cooper
and Stevens, 1996; Redding et al., 1996; Seaman et al.,
1997). The same set of VPS gene products is involved in
the retrieval of the mislocalized TGN membrane proteins
DPAP A and Kex2p (Nothwehr et al., 1996; Voos, W., and
T.H. Stevens, unpublished observations), except the re-
trieval of these proteins additionally requires the function
of Grd19p. This is likely accomplished by a specific recog-
nition and/or sorting event that involves the direct interac-
tion of Grd19p with the exposed cytosolic tail domains of
these proteins. The reason for the use of an additional rec-
ognition factor might be based on the functional differ-
ence between VpslOp and DPAP A/Kex2p. After becom-
ing mislocalized to the prevacuolar compartment, DPAP
A and Kex2p must use the general mechanism evolved for
the cycling of the cargo receptors (Cereghino et al., 1995;
Cooper and Stevens, 1996; Seaman et al., 1997), and it is
reasonable that at least one additional component may be
required to make a functional connection to the general
retrieval machinery. Grd19p presumably performs a very
specialized and important function in this process since
overexpression of the PX-domain proteins Vps5p or Mvplp
did not compensate for the loss of Grd19p. Future experi-
ments will be directed at determining whether Grd19p is
part of a protein complex that recruits certain TGN mem-
brane proteins into vesicles leaving the prevacuolar com-
partment for transport back to the TGN.

The importance of Grd19p function is further supported
by the identification of a similar protein in the human EST
(expressed sequence tag) database (Conibear, E., personal
communication). The identification of a specific retrieval
component interacting with the cytosolic tail domain of
DPAP A should provide the basis for a more detailed, mo-
lecular understanding of the retrograde sorting and trans-
port processes between the late-Golgi and the prevacuolar
compartment.
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