Pho86p, an endoplasmic reticulum (ER) resident
protein in Saccharomyces cerevisiae, is required
for ER exit of the high-affinity phosphate

transporter Pho84p

W.-T. Walter Lau*, Russell W. Howson', Per Malkus*, Randy Schekman*, and Erin K. O'Shea**s

*Program in Biophysics, TDepartment of Biochemistry and Biophysics, University of California, San Francisco, CA 94143-0448; and *Department of Molecular
and Cell Biology, Howard Hughes Medical Institute, University of California, Berkeley, CA 94720

Contributed by Randy Schekman, December 7, 1999

In the budding yeast Saccharomyces cerevisiae, PHO84 and PHO86
are among the genes that are most highly induced in response to
phosphate starvation. They are essential for growth when phos-
phate is limiting, and they function in the high-affinity phosphate
uptake system. PHO84 encodes a high-affinity phosphate trans-
porter, and mutations in PHO86 cause many of the same pheno-
types as mutations in PHO84, including a phosphate uptake defect
and constitutive expression of the secreted acid phosphatase,
Pho5p. Here, we show that the subcellular localization of Pho84p
is regulated in response to extracellular phosphate levels; it is
localized to the plasma membrane in low-phosphate medium but
quickly endocytosed and transported to the vacuole upon addition
of phosphate to the medium. Moreover, Pho84p is localized to the
endoplasmic reticulum (ER) and fails to be targeted to the plasma
membrane in the absence of Pho86p. Utilizing an in vitro vesicle
budding assay, we demonstrate that Pho86p is required for pack-
aging of Pho84p into COPII vesicles. Pho86p is an ER resident
protein, which itself is not transported out of the ER. Interestingly,
the requirement of Pho86p for ER exit is specific to Pho84p, because
other members of the hexose transporter family to which Pho84
belongs are not mislocalized in the absence of Pho86p.

Yeast cells respond to phosphate starvation by up-regulating
the activity of a high-affinity phosphate uptake system (1).
Pho84p and Pho86p function in this phosphate transport system.
Both PHOS4 and PHOS86 are regulated transcriptionally in
response to extracellular phosphate levels by a phosphate-
responsive signal transduction pathway (the PHO pathway) (2).
Expression of these genes is greatly induced in low-phosphate
medium (3, 4). PHO84 and PHOS86 are essential for growth
under low-phosphate conditions and are required for the tran-
scriptional repression of PHOS, which encodes a secreted acid
phosphatase, in high-phosphate medium.

Strains containing loss-of-function mutations in PHO84 and
PHOS6 exhibit similar phenotypes, e.g., phosphate uptake
defects and constitutive expression of phosphate responsive
genes. PHOS84 was identified in a screen for mutants that
express PHOS constitutively (Pho®) (5). PHOS84 encodes a
member of the hexose transporter family that contains 12
transmembrane domains. Biochemical experiments demon-
strate that Pho84p is a high-affinity phosphate transporter (6)
that is conserved in plants and fungi (7-11). PHOS86 was also
identified in a genetic selection for mutants that exhibit the
Pho¢ phenotype (12) and in a screen for mutants that confer
arsenate resistance (13). PHO86 encodes a protein that asso-
ciates with membranes, presumably through its two predicted
transmembrane domains (4).

PHOS86 is not required for transcriptional activation of PHOS84
(13), raising the possibility that Pho86p is directly involved in the
high-affinity phosphate uptake system. Pho86p could be a
phosphate transporter that associates with Pho84p at the plasma

membrane for phosphate uptake. Alternatively, Pho86p might
be required for proper localization of Pho84p to the plasma
membrane. Proteins destined for the plasma membrane are
synthesized, processed, and folded in the endoplasmic reticulum
(ER), and, once folded, they are packaged into ER-derived
COPII vesicles for transport to the Golgi apparatus and then to
the plasma membrane (14, 15). Accessory proteins have been
identified that assist in the transport of secretory proteins
through the secretory pathway. For example, Vps10p is required
for the sorting of the soluble vacuolar protein carboxypeptidase
Y from the Golgi to the vacuole (16), whereas Astlp ensures
efficient transport of the plasma membrane ATPase (Pmalp)
from the Golgi to the plasma membrane (17). Some accessory
proteins function in an early stage of the secretory pathway. One
such example is Shr3p, which is required for the ER exit of the
general amino acid permease (Gaplp) (18, 19). Because of the
physiological importance of Pho84p in low-phosphate condi-
tions, Pho86p may function exclusively to ensure rapid and
faithful transport of the permease to the cell surface.

In this paper, we report that Pho86p is required for specific
packaging of Pho84p into COPII vesicles derived from ER
membranes, but itself is not packaged into COPII vesicles,
indicating that Pho86p belongs to a class of “outfitters” (20),
resident ER proteins that facilitate the loading of cargo into
transport vesicles.

Materials and Methods

Media, Genetic Methods, and Strains. Standard yeast media are as
described (21) and media contained 2% glucose unless otherwise
specified. No-phosphate medium is as described (12). Crosses,
sporulation, and tetrad analysis were performed by standard
genetic methods (22). S. cerevisiae strains used in this study were
EY0664 (MATa ura3-52 leu2-3, isogenic to RSY255) and its
derivatives, EY0665 (pho86A::LEU2), EY0666
(pho84::PHOS84-GFP), EY0667 (pho84::PHOS84-HA), EY0668
(pho86A::LEU2  pho84::PHO84-HA), and EY0669
(pho86A::LEU2 pho84::PHOS84-GFP). EY0665 was constructed
by transforming EY0664 with EB1123 partially digested with
Kpnl and Sacl, and selecting on synthetic medium lacking
leucine. EY0666 and EY0667 were constructed by transforming
EY0664, respectively, with EB1124 and EB1125 that were
partially digested with X#ol, and selecting on minimal medium
lacking uracil; the resulting strains were streaked for single
colonies on 5-fluoroorotic acid plates. EY0666 was obtained by
screening for Pho84p-GFP by direct fluorescence, whereas
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EY0667 was obtained by screening for Pho84p-HA by immu-
noblotting. EY0668 and EY0669 were constructed by disrupting
PHOS86 in EY0666 and EY0667, respectively, with EB1123
partially digested with Kpnl and Sacl. Other yeast strains were
EY0687 (MATa end4* his4 leu2 ura3, isogenic to RSY1580),
EY0688 (MATa pmal::HA-PMAI::LEU2 ade2-101c his3-A200
leu2-Al lys2-801am trpl-A63 ura3-52, isogenic to RSY1578),
and its derivative EY0689 (pho86A::TRPI). To construct
EY0689, EB0477 was digested with Kpnl and Sacl, transformed
into EY0688, and transformants were selected on synthetic
medium lacking tryptophan.

Plasmids. Plasmids pPHO84-GFP (EB0666) and pPHO86-GFP
(EB0667) were constructed by fusing PCR-generated Xhol/
EcoRI fragments of PHOS84 and PHOS6, respectively, with their
native promoters in-frame to the N terminus of the green
fluorescent protein (GFP) in pRS316. A disruption vector that
replaces the entire ORF of PHOS86 with TRP1 (EB0477) was
constructed as follows. A 450-bp Kpnl/EcoR1 fragment derived
from the 5’ noncoding region of PHOS86 and a 580-bp BamHI/
Xbal fragment from the 3’ noncoding region of PHO86 were
generated by PCR and inserted into the Bluescript plasmid to
create pTS-PHOS86. An EcoRI/Bglll fragment containing the
TRPI gene from plasmid pJJ248 (23) was inserted into the
EcoR1/BamHI cut pTS-PHOS86 to create EB0477. Another
disruption vector (EB1123) for PHOS86 was constructed by
ligating a 4-kb PstI/BamHI fragment from EB0477 to a Pstl/
BamHI fragment containing the LEU2 gene from pJJ252 (23).
To replace the chromosomal copy of PHO84 with PHOS84-HA,
we constructed an integration vector (EB1124) in three steps.
First, an Xhol/Sacl PCR product containing PHO84 was cloned
into pRS306 digested with Xhol and Sacl to create pRS306-
PHOG84. In this step, a polylinker containing a NotI site was
added in-frame to the C-terminal coding region of PHOS84
immediately preceding the stop codon. Second, a NotI fragment
containing three tandem copies of the hemagglutinin epitope
(HA) was inserted into the NotI site of pRS306-PHOS84 to create
pRS306-PHO84-HA. Third, a 0.5-kb EcoR1/Sacl PCR product
derived from the 3’ noncoding region of PHOS84 was cloned into
the EcoRI/Sacl sites of pRS306-PHO84-HA to create EB1124.
To integrate PHO84-GFP into the yeast genome, we constructed
the integration vector EB1125 by first cloning an Xhol/Sacl
fragment of pPHOS84-GFP into pRS306 to create pRS306-
PHO84-GFP. A BamHI/Sacl PCR product derived from the 3’
noncoding region of PHOS84 was then cloned into pRS306-
PHO84-GFP at the BamHI /Sacl sites to make EB1125. Epitope-
tagged PHOS86 (pPHOS86-HA, EB1126) was constructed as fol-
lows. A PCR-generated Xhol/EcoRI fragment of PHOS86 was
cloned into the Xhol/EcoRI sites of pRS316, and a polylinker
containing a Notl site was added in-frame to the C-terminal
coding region of PHOS86 immediately preceding the stop codon.
A Notl fragment containing three copies of HA was inserted into
the Notl site of this construct to create EB1126. A low copy
plasmid containing GAL2-GFP (URA3 marked) was a generous
gift from A. Kruckeberg (University of Amsterdam, The Neth-
erlands). The plasmid that carries EROI-HA was a gift from J.
Weissman (University of California, San Francisco).

In Vitro Vesicle Budding Assay. This assay was a modification of a
previously described procedure (19), and was performed at 30°C
unless otherwise specified. Yeast cultures grown in yeast extract/
peptone/dextrose (YPD) or synthetic solid media were used to
inoculate overnight stock cultures. Cells were inoculated into
YPD or synthetic high-phosphate media until the cultures
reached an optical density at 600 nm (ODgo) of approximately
0.5. Yeast cells were washed three times in sterile water, inoc-
ulated into no-phosphate medium at an ODgg of 0.5, and grown
for 2 h. Cells were harvested, washed twice in no-phosphate
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medium, and resuspended in no-phosphate medium to 2 ODggo/
ml, and shaken for 15 min. The cultures were labeled with 1
mCi/20 ODggo/ml 33S-Promix (1,200 Ci/mmol; Amersham
Pharmacia) for 3 min. Metabolic activity was stopped by the
addition of NaN3; and NaF (20 mM final). Spheroplast prepa-
ration and lysis were performed as described (24). Gently lysed
spheroplasts were washed once with “low-salt B8§8” [20 mM
Hepes (pH 6.8)/50 mM KOAc/250 mM sorbitol/5 mM
MgOAc], and twice with B88 [20 mM Hepes (pH 6.8)/150 mM
KOACc/250 mM sorbitol/5 mM MgOAc]. The pellet was resus-
pended in 0.5 ml B88, and 0.5 ml “high-salt B88” [20 mM Hepes
(pH 6.8)/1 M KOAc/250 mM sorbitol/5 mM MgOAc] was
added. The sample was allowed to chill on ice for 10 min, and
washed twice with B88. Each budding reaction contained mem-
branes (2.5 ODggp/ml lysed pheroplasts), COPII components
(1-2 pg Secl3/31p, 1-2 ug Sec23/24p, and 1 ug Sarlp), or 100
pg crude cytosol (25) supplemented with 1 pg Sarlp in a total
volume of 125 pl with 1X ATP regeneration system (19) and 0.1
mM GTP. Reactions were incubated at 28°C for 45 min, and 10%
of the total reaction was removed for analysis (Total). The
remaining reaction mixture was centrifuged at medium speed
(12,000 X g) for 4 min, and 75 ul of the supernatant fraction was
collected for analysis (Vesicle fraction, 60% of Total). Proteins
of interest were analyzed by immunoprecipitation from Total or
Vesicle fractions.

Immunoprecipitation. Immunoprecipitations (IPs) were per-
formed as described in ref. 19 with minor modifications. After
each sample was incubated for 10 min at 55°C in 20 ul of 5%
SDS, the volume was adjusted to 1 ml with IP buffer without SDS
[150 mM NaCl/1% Triton X-100/50 mM TrisCl (pH 7.5)] with
protease inhibitors (1 mM PMSF/0.5 pg/ml leupeptin/0.7 ug/ml
pepstatin), 50 ul of 30% (vol/vol) protein G-Sepharose in IP
buffer without detergents, and 2 ul (1.2 pg/pl) monoclonal
anti-HA antibody (12CAS5) or 2 ul polyclonal anti-Vphlp serum
(a gift from T. Stevens, University of Oregon, Eugene, OR). IP
reactions were washed, resolved by SDS/PAGE, and analyzed
with a PhosphorImager (Molecular Dynamics).

Fluorescence Microscopy and Immunofluorescence. Phosphate star-
vation and GFP direct fluorescence in live yeast cells were
performed as described (26). To study Gal2p-GFP localization,
we grew cells expressing Gal2p-GFP in raffinose medium to log
phase, and 1% galactose was added to the culture to induce
GAL?2 expression for 1 h. Immunofluorescence was conducted as
described (27) by using formaldehyde fixation. For Pmalp and
Kar2p localization, the mouse monoclonal anti-HA antibody
16B12 (Babco, Richmond, CA) and a rabbit anti-Kar2p poly-
clonal antibody were used, respectively. Secondary antibodies
were goat anti-mouse IgG-conjugated to BODIPY TMR-X, and
goat anti-rabbit IgG-conjugated to BODIPY FL (Molecular
Probes). Images of coimmunofluoresence of Pho84p-GFP or
Pho86p-GFP and Kar2p were documented by using a confocal
microscope (LEICA TCSNT, Wetzlar).

Results

Localization of Pho84p-GFP Is Regulated in Response to Extracellular
Phosphate Levels. To investigate mechanisms for regulating the
activity of Pho84p, we sought to study regulation of its localiza-
tion in live cells by fluorescence microscopy. We constructed a
fusion protein between Pho84p and GFP driven by the PHOS84
promoter on a low copy plasmid (EB0666). This plasmid allowed
a pho84 mutant strain to grow on low-phosphate plates and
complemented the Pho® phenotype. As expected, Pho84p-GFP
is localized to the plasma membrane in no-phosphate medium in
wild-type cells (EY0664) (Fig. 1).

To investigate changes in the localization of Pho84p in re-
sponse to changes in phosphate levels, we added phosphate to a
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Fig. 1. Localization of Pho84p-GFP is regulated in response to extracellular
phosphate levels. Wild type (EY0664, Upper) and an end4® mutant (EY0687,
Lower) harboring pPH084-GFP (EB0666) were studied. Direct fluorescence
microscopy of Pho84p-GFP was performed in no-phosphate medium at 25°C

(Left) and then in medium containing phosphate (final concentration 10 mM)
and cycloheximide (final concentration 0.1 mg/ml) at 33°C.

phosphate-starved culture. Localization of Pho84p-GFP was
monitored in the absence of new protein synthesis by the
addition of cycloheximide. Within 30 min, most Pho84p-GFP
was internalized and localized to the vacuole (Fig. 1). However,
if KCl instead of KH,PO,4 was added under the same conditions,
most Pho84p-GFP remained at the plasma membrane (data not
shown), suggesting that the changes in Pho84p-GFP localization
were because of changes in the rate of internalization in response
to different phosphate levels in the medium. If arsenate, a
phosphate analog, was added to the phosphate-starved culture in
the presence of cycloheximide, Pho84p-GFP was not internal-
ized, indicating that the changes in Pho84p localization are
specific to phosphate levels in the culture (data not shown).
Because the transcription of PHO84 is regulated by the PHO
pathway, we wished to determine if the change in localization of
Pho84p was also regulated by this signaling pathway. To test
whether this was the case, we studied Pho84p-GFP localization
in other PHO mutants. In a pho85A strain and in a strain
containing PHOS81¢, a hyperactive allele of PHOS1, changes in
localization of Pho84p-GFP are similar to wild type (data not
shown), demonstrating that regulation of Pho84p localization is
independent of the phosphate signaling pathway.

To test whether internalization of Pho84p-GFP was mediated
by endocytosis, we examined whether internalization of Pho84p
was blocked in an end4* mutant that is defective in endocytosis
at a restrictive temperature. In the end4* mutant, grown at the
permissive temperature (25°C), Pho84p-GFP was endocytosed
upon addition of phosphate (data not shown). However, at the
restrictive temperature (33°C), Pho84p-GFP remained at the
plasma membrane even after addition of phosphate (Fig. 1),
indicating that Pho84p-GFP is internalized through the endo-
cytic pathway. We conclude that Pho84p is regulated by a
posttranslational mechanism; its localization is regulated in
response to extracellular phosphate levels.

PHO86 Encodes an ER Resident Protein. Because mutations in
PHOS84 and PHOS86 result in essentially the same phenotype, it
is possible that Pho84p and Pho86p participate in the same
function, uptake of inorganic phosphate. It has been proposed
that Pho86p might interact with Pho84p to form a protein
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Pho86p-GFP Kar2p

Fig. 2. Pho86p-GFP is localized to the ER. Cells lacking PHO86 (EY0665)
carrying pPHO86-GFP (EB0667) were starved for phosphate. Direct fluores-
cence of Pho86p-GFP was observed. Indirect immunofluorescence was per-
formed by using an antibody to the ER-resident protein Kar2p/Bip. From left
toright are fluorescence images corresponding to Pho86p-GFP (green), Kar2p
(red), or an overlay of the two.

Overlay

complex that is required for high-affinity phosphate uptake (28).
If so, Pho86p would be localized to the plasma membrane in
low-phosphate medium. Alternatively, Pho86p may reside in an
intracellular compartment involved in the biogenesis of Pho84p.

To distinguish between these two models, we studied the
localization of Pho86p in low- and high-phosphate medium. We
tagged the PHOS86 gene at the C terminus with GFP and found
that a low copy construct (EB0667) complemented the Pho® and
low-phosphate lethal phenotypes of a pho86A strain (EY0665).
In low-phosphate medium, Pho86p-GFP is localized to a pe-
rinuclear compartment coincident with Kar2p/Bip, a known ER
resident protein (Fig. 2). Pho86p-GFP was also found in the ER
in high-phosphate medium (data not shown), indicating that its
localization is not regulated in response to extracellular phos-
phate levels. Thus, Pho86p is not likely to be a phosphate
transporter. Instead, it may be required for the synthesis or
transport of Pho84p from the ER.

Pho84p-GFP Is Localized to the ER in the pho86 Mutant. If Pho86p is
involved in the transport of Pho84p, the permease may be
retained in the ER in the absence of Pho86p. To test this
hypothesis, we integrated PHOS84-GFP (EB1125) into the yeast
genome and investigated the localization of Pho84p-GFP in a
strain lacking PHOS86 (EY0669) by immunofluorescence in
low-phosphate medium. As shown in Fig. 3, Pho84p-GFP is
predominantly localized to the ER in a pho86 mutant, as
indicated by its colocalization with Kar2p. By coimmunofluo-
rescence, we also showed that Pho84p-GFP colocalizes with
Erolp-HA, another known ER resident protein (data not
shown). Together with the observation that Pho84p stably

Pho84p-GFP Kar2p Overlay

Fig.3. Pho84p-GFP islocalized to the ER in the absence of PHO86. A pho86A
strain with integrated PHO84-GFP (EY0669) was starved for phosphate and
coimmunofluorescence was performed as in Fig. 2. From left to right are
fluorescence images corresponding to Pho84p-GFP (green), Kar2p (red), or an
overlay of the two.
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Pmalp-HA
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Fig. 4. Pho86p is not required for proper localization of Pma1p-HA and
Gal2p-GFP. (Left) Fluorescence images from wild-type cells.(Right) Images
from strains lacking PHO86. Indirect immunofluorescence was performed on
wild-type (EY0688) and pho86A (EY0689) strains expressing Pmalp-HA by
using anti-HA antibodies (Upper). Direct fluorescence microscopy was per-
formed on wild-type (EY0664) and pho86A (EY0665) strains expressing Gal2p-
GFP grown in synthetic medium containing 2% raffinose, and 1% galactose
(Lower).

accumulates in a pho86 mutant (data not shown), these results
support the view that Pho86p has a role in Pho84p transport.

Pho86p Is Not Required for Targeting of Gal2p-GFP or Pma1p-HA to the
Plasma Membrane. To investigate the specificity of Pho86p, we
examined the subcellular localization of other plasma membrane
proteins in the pho86A strain by indirect immunofluorescence.
Pmalp-HA was localized to the plasma membrane in a pho86A
strain (Fig. 4). However, Pho86p might still be required for the
ER exit of a specific family of proteins. To determine whether
deletion of PHOS6 affects other transporters related in sequence
to Pho84p, we investigated the localization of Gal2p-GFP in the
pho86A strain. Gal2p is a galactose transporter in yeast, and
shares 22% identity and 37% similarity with Pho84p (29). In both
wild-type and pho86A strains, Gal2p-GFP is localized to the

plasma membrane (Fig. 4). Moreover, pho86A cells are able to
grow in a variety of conditions, including different carbon
sources, and they can mate normally. From these data, we
conclude that the function of Pho86p is likely to be specific to
Pho84p.

Pho84p Is Packaged into COPII Transport Vesicles in Vitro. Folded and
mature secretory proteins are packaged into COPII vesicles,
which bud from the ER membrane and then fuse with the Golgi
apparatus. Pho86p may function in folding, cargo selection into
COPII vesicles, or cargo retention in the Golgi membrane. To
characterize the details of Pho84p exit from the ER, we studied
its packaging into COPII vesicles derived from wild-type mem-
branes utilizing an in vitro vesicle budding assay. This assay has
been used to study packaging of Gaplp and Pmalp (19), and a
subunit of the I, complex of the vacuolar ATPase, Vphlp (P.M.
and R.S., unpublished data). COPII vesicles can be generated
from perforated spheroplasts by addition of ATP and GTP
together with whole cytosol or purified COPII proteins that
consist of a small GTPase, Sarlp, and coat proteins Sec23p,
Sec24p, Secl3p, and Sec31p.

We tagged Pho84p at its C terminus with three tandem copies
of the hemagglutinin antigen (HA) epitope and integrated this
construct (EB1124) into the yeast genome to replace the wild-
type copy of Pho84p. The resulting strain (EY0667) behaves like
wild type with respect to growth in low-phosphate medium and
PHOS repression in high-phosphate medium. EY0667 cells were
starved for phosphate and pulse-radiolabeled with [33S]methi-
onine for 3 min, a short time period intended to label all newly
synthesized proteins, including precursors freshly assembled in
the ER. Perforated spheroplasts were prepared and incubated
with purified COPII proteins to generate COPII vesicles in vitro.
Vesicles were separated from membranes, and Pho84p-HA was
immunoprecipitated under denaturing conditions from either
the total budding reaction or the vesicle fraction and quantita-
tively analyzed. Pho84p-HA was packaged with approximately
20% efficiency into COPII vesicles when COPII proteins were
included; the efficiency was reduced by more than 3-fold if Sar1p
or any one of the purified coat proteins was omitted (data not
shown), indicating that the packaging of Pho84p-HA into trans-
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Fig. 5. COPIl proteins and nucleotides are sufficient to package Pho84p into COPII vesicles from wild-type membranes. Permeabilized spheroplasts prepared
from wild-type cells expressing Pho84p-HA (EY0667) were used in vesicle budding reactions in vitro. Reactions contained: nucleotides only (ATP and GTP), COPII
+ Sar1p (purified COPII proteins supplemented with nucleotides and Sar1p), and COPII — Sar1p (COPII proteins with nucleotides but without Sar1p). Pho84p-HA
was immunoprecipitated from 10% of the total reactions, and the vesicle fractions were derived from 60% of the total reactions. A second immunoprecipitation
was then performed to detect the amount of Vph1p in the total reactions and vesicle fractions. The immunoprecipitated proteins were resolved separately on
8% SDS/PAGE and quantified with a Phosphorimager. The percent of Pho84p-HA or Vph1pin the vesicle fraction compared with the corresponding total reaction
(histogram) was calculated from the amount of radiolabeled Pho84p-HA or Vph1p (Lower), respectively. T, Total reaction. V, Vesicle fraction. Data are reported
as the mean values of three independent experiments, and the error bars indicate the standard deviation.
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Pho86p is required for packaging of Pho84p-HA, but not Vph1p, into COPII vesicles. Vesicle budding experiments and quantitation were performed as

in Fig. 5. Permeabilized spheroplasts prepared from a pho86A mutant expressing Pho84p-HA (EY0668) were utilized in this experiment. Pho84p-HA was
immunoprecipitated from both total and vesicle fractions by using anti-HA antibodies. Vph1p was then immunoprecipitated by using anti-Vph1 antibodies. Both
proteins were resolved separately on 8% SDS/PAGE and analyzed with a Phosphorimager.

port vesicles requires each of the COPII components (Fig. 5). As
a control, we performed another immunoprecipitation to detect
the packaging of Vphlp, from both the total and vesicle fraction
of the budding reaction after Pho84p had been immunoprecipi-
tated (Fig. 5). When perforated spheroplasts pulse-labeled for a
longer time (18 min) were used in the budding reaction, the
efficiency of Pho84p packaging was reduced to about 3% (data
not shown), consistent with a greater proportion of Pho84p
located in the compartments beyond the ER. These results
demonstrate that standard COPII proteins and nucleotides are
sufficient to package Pho84p-derived vesicles from wild-type
membranes.

Pho86p Is Required for Packaging Pho84p into Transport Vesicles in
Vitro. We next addressed the fate of Pho84p in membranes
isolated from a pho86A mutant. Perforated spheroplasts were
prepared from radiolabeled cells derived from a pho86A mutant
expressing Pho84p-HA (EY0668), and the budding reactions
were performed. Pho84p-HA was not detected above back-
ground levels in the vesicle fraction when purified COPII
proteins were included in the budding reaction (Fig. 6). To test
whether deletion of PHOS86 has a general effect on cargo
packaging into COPII vesicles, we investigated the packaging of
Vphlp into COPII vesicles after Pho84p-HA had been immu-
noprecipitated. Approximately 12% of newly synthesized Vphlp
was packaged by using pho86A mutant membranes, and this level
was comparable to that achieved with wild-type membranes (see
Fig. 5). These results suggest that Pho86p is not required for the
general formation of COPII vesicles from the ER, or any later
step in the secretory pathway. Rather, it is required at an early
step for packaging of Pho84p into COPII vesicles. Thus, Pho86p
belongs to a class of substrate-specific accessory proteins that
have selective roles in the packaging of membrane proteins.

Pho86p Is Not Packaged into COPII Vesicles in Vitro. Accessory
proteins that facilitate cargo transport from ER to Golgi can be
divided into three classes: “outfitters,” “escorts,” or “guides”
(20). A fundamental feature of an “outfitter” is that it is not
expected to accompany its cargo to the Golgi, and thus would not
be packaged into COPII vesicles. Even though Pho86p is local-
ized to the ER when yeast cells are grown in high- or low-
phosphate medium, we could not rule out the possibility that
Pho86p shuttles between the ER and the Golgi, as is expected of
“escort” and “guide” proteins.
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To follow the fate of Pho86p, we constructed a low copy
plasmid (ARS/CEN) in which three copies of the HA epitope
were introduced at the C terminus of Pho86p under the control
of its native promoter (EB1126). The epitope-tagged Pho86p
complemented the Pho® phenotype of a pho86A strain (EY0665)
and allowed the strain to grow in low-phosphate medium.
Indirect immunofluorescence indicated that Pho86p-HA was
localized to the ER both in high- and low-phosphate medium
(data not shown), confirming the previous observations made
with Pho86p-GFP. To study the packaging of Pho86p into COPII
vesicles, we transformed Pho86p-HA into a pho86A strain,
pulse-labeled the cells for 3 min, and prepared perforated
spheroplasts. We performed the budding reactions with either
whole cytosol or purified COPII proteins supplemented with
nucleotides. As shown in Fig. 7, Pho86p-HA did not appear
above background levels in the vesicle fractions. As a control,
Vphlp was packaged into the transport vesicles under the same
conditions (data not shown). These data indicate that Pho86p is
an ER resident protein that is likely to function as an “outfitter,”
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Fig. 7. Pho86 is not packaged into COPII vesicles. Cells lacking PHO86
(EY0665) and carrying plasmid pPHO86-HA (EB1126) were pulse-labeled, and
perforated spheroplasts were prepared. Vesicle budding experiments were
performed as in Fig. 5, except cytosol + Sar1p (cytosol supplemented with
Sar1p and nucleotides) were also included in the reactions. Pho86p-HA was
analyzed by immunoprecipitation and quantitation on a Phosphorimager.
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and thus, its role must precede the incorporation of Pho84p into
COPII vesicles.

Discussion

We have shown that Pho86p functions in the secretory path-
way—it is required for packaging of Pho84p, a high-affinity
phosphate transporter, into COPII vesicles. Pho86p is likely to
belong to a class of “outfitters,” resident ER proteins that
facilitate the export of cargo molecules from the ER (20).
Pho86p might be required for folding, maturation, or oligomer-
ization of Pho84p in the ER so that it can assume a conformation
competent for incorporation into COPII vesicles. Another pos-
sibility is that Pho86p specifically recruits COPII proteins to the
ER and then is displaced by have been reported Pho84p during
the budding reaction.

Recently, many examples have been reported of accessory
proteins that facilitate the ER exit of cargoes. Three such
proteins in S. cerevisiae, Vma2lp, Chs7p, and Gsf2p, are required
for the ER exit of Vphlp (30), chitin synthase, Chs3p (31), and
a glucose transporter, Hxtlp (32), respectively. Though these
three accessory proteins are localized to the ER in steady state,
it is not known if they function prior to the incorporation of their
respective cargoes into COPII vesicles or if these proteins
themselves are transported out of the ER. However, both
Vma2lp and Gsf2p possess C-terminal, cytoplasmic retrieval
(-KKXX) sequences, which suggests that these molecules cycle
between the ER and the Golgi apparatus. In contrast, Pho86p
appears to function in a manner similar to that of Shr3p. Neither
Pho86p nor Shr3p has a recognizable retrieval signal. Shr3p is
required for packaging of a family of amino acid permeases into
COPII vesicles, but itself is not included in these vesicles (19).
Interestingly, other than the C-terminal retrieval signals on two
of these proteins, these accessory proteins do not share homol-
ogy, and they facilitate exit of different classes of cargoes from
the ER. It is unclear whether these proteins function as part of
the quality control procedure, or part of the cargo selection process
involving COPII coat proteins and other sorting receptors.
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