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Background: p24 family proteins function as cargo receptors for ER-Golgi transport.
Results: Genetic and physical interactions among eight known and one newly identified S. cerevisiae p24 proteins were determined.
Conclusion: Yeast p24 proteins function in several functionally redundant complexes, including one containing a novel p24

isoform induced under respiratory conditions.

Significance: This is the first comprehensive study of the yeast p24 complexes.

p24 family proteins are evolutionarily conserved transmem-
brane proteins involved in the early secretory pathway. Saccha-
romyces cerevisiae has 8 known p24 proteins that are classified
into four subfamilies (p24«, -B, -V, and -6). Emp24 and Erv25
are the sole members of p24f and -6, respectively, and deletion
of either destabilizes the remaining p24 proteins, resulting in
p24 null phenotype (p24A). We studied genetic and physical
interactions of p24« (Erpl, -5, and -6) and vy (Erp2, -3, and -4).
Deletion of the major p24« (Erpl) partially inhibited p24 activ-
ity as reported previously. A second mutation in either Erp5 or
Erp6 aggravated the erplA phenotype, and the triple mutation
gave a full p24A phenotype. Similar genetic interactions were
observed among the major p24vy (Erp2) and the other two y
members. All the p24«a/+y isoforms interacted with both p24f3
and -6. Interaction between p24 3 and -6 was isoform-selective,
and five major a/7y pairs were detected. These results suggest
that the yeast p24 proteins form functionally redundant af3yd
complexes. We also identified Rrt6 as a novel p246 isoform. Rrt6
shows only limited sequence identity (~15%) to known p24 pro-
teins but was found to have structural properties characteristic
of p24. Rrt6 was induced when cells were grown on glycerol and
form an additional ay6 complex with Erp3, Erp5, and Emp24.
This complex was mainly localized to the Golgi, whereas the p24
complex containing Erv25, instead of Rrt6 but otherwise with
the same isoform composition, was found mostly in the ER.

Membrane traffic between the endoplasmic reticulum (ER)?
and the Golgi apparatus is bidirectional and mediated by two
coat protein complexes, COPI and COPII (1). Anterograde
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transport of newly synthesized proteins and lipids from the ER
depends on COPIIL. COPII consists of the inner coat complex
Sec23/Sec24 and the outer coat complex Sec13/Sec31, whose
assembly is regulated by the small GTPase Sarl (2). Retrograde
transport of ER-resident and ER-Golgi recycling proteins back
to the ER is mediated by COPI, the heptameric coatomer com-
plex(a, B, B', v, 6, € {), which is assembled by the small GTPase
Arfl (3). COPI is also implicated in intra-Golgi retrograde
transport of resident proteins and in forward transport of cargo
protein into and through the Golgi (4-9).

Selective incorporation of cargo proteins into the transport
vesicles basically relies on their interaction with the coat pro-
teins. The coat complexes have multiple cargo binding sites and
capture a variety of cargo proteins into transport vesicles (10—
13). However, some cargo proteins require additional sorting
machinery for efficient transport. For example, certain soluble
cargo proteins are incorporated into transport vesicles in a
manner dependent on cargo receptors. Cargo receptors are
transmembrane proteins that can interact with both cargo and
coat proteins and bridge their interaction during the formation
of the transport vesicles (14). A well documented example is the
KDEL receptor, which is responsible for the Golgi-to-ER retrieval
of soluble ER-resident proteins bearing a KDEL retention signal
(15, 16). ERGIC-53 and its paralogs have a luminal carbohydrate
recognition domain and are thought to facilitate transport of
newly synthesized glycoproteins (17, 18). Cargo receptors for
transmembrane proteins have also been reported (19 -23).

p24 family proteins are evolutionarily conserved transmem-
brane proteins of ~24 kDa that have been characterized as
cargo receptors for mammalian and yeast glycosylphosphatidy-
linositol-anchored proteins (24 —27), Drosophila Wingless pro-
tein (28, 29), Xenopus pro-opiomelanocortin (30), and others
(31, 32). p24 proteins are single transmembrane proteins with a
short C-terminal cytoplasmic tail of 10-20 residues. The cyto-
plasmic tail can interact with both COPI and COPII subunits,
thus enabling the protein to continuously cycles between the
ER and the Golgi. The luminal portion of the proteins consists
of two domains. The membrane proximal domain has a helical
structure and is implicated in the p24 oligomer formation. The
N-terminal domain of ~100 residues is referred to as GOLD
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domain (33), which is predicted to form a 3-sandwich structure
and to participate in the cargo recognition (27).

In the present study we focused on the formation of the p24
complexes in Saccharomyces cerevisiae. Most eukaryotes have
4-10 p24 proteins that are classified into four subfamilies
(p24«, -B, -7y, and -8) (34). Knockdown or overexpression of a
single p24 isoform often leads to mislocalization and degrada-
tion of other isoforms (27, 28, 35-38). These observations
together with the results of physical interaction studies led to
the conclusion that p24 proteins form heteromeric complexes,
most likely dimers and tetramers. Although how p24 proteins
recognize their cargoes remains unknown, it is conceivable that
p24 complexes with different isoform compositions have differ-
ent cargo specificity. Assuming that the cargo recognition site is
located at the interface of two or more p24 proteins, cargo bind-
ing would depend on and could even be regulated by the com-
plex formation. Interestingly, evidence suggests that the com-
plex formation in mammals and plants is reversible and is
coupled to the ER-Golgi transport (39, 40). The reversible
assembly of the p24 complex has been discussed mainly in
terms of the localization of individual p24 isoforms, because the
oligomeric state of the cytosolic tail has been shown to influ-
ence the interaction with the coat subunits and other transport
factors. However, an intriguing possibility is that the each
repeated cycle of complex assembly drives the cycle of cargo
capture and release. In this way the p24 complex formation can
be directly coupled to their function. However, limited infor-
mation is available on the subunit composition of individual
complexes and their relative abundance.

We examined genetic and physical interactions of S. cerevi-
siae p24 proteins. The yeast p24 family consists of one each of
p24B and -8, which has shown to be essential for the cellular
p24 activity (24, 35), and three each of p243 and -8. We show
that the yeast p24 proteins function in several different a3y
heteromeric complexes with mostly overlapping functions. We
also identified a novel p24.8 isoform, Rrt6. Rrt6 is induced under
respiratory conditions to form another af3yé complex, which
has unique features not found in the other p24 complexes,
although the physiological role of the Rrt6-containing complex
remains to be determined.

EXPERIMENTAL PROCEDURES

Strains and Culture Conditions—Yeast strains used in this
study (Table 1) are of BY4741 background (41). Strains express-
ing p24 proteins that are N-terminally tagged with the myc
epitope (EQKLISEEDL) in triplicate (3myc) were constructed
by two-step pop-in pop-out methods as described in Rothstein
(42). The tag was inserted at one (Erp1 to Erp6) or three (Rrt6)
amino acid carboxyl sites to the potential signal peptide cleav-
age site. Gene disruption by KanMX4, natNT2, or HIS3 cassette
was done as in Janke et al. (43). Yeast cells were grown in YPD
medium (1% yeast extract (Difco), 2% bacto peptone (Difco),
and 2% glucose) or in MCD medium (0.67% yeast nitrogen base
(Difco), 0.5% casamino acids (Difco), and 2% glucose). MCD
medium was supplemented with nutrients when required as
described in Burke et al. (44). YPGlycerol and MCGlycerol are
same as YPD and MCD, respectively, except that they contain
3% glycerol instead of glucose. BY4513 (rrt6A) was crossed to
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TABLE 1
Strains used in This study
Strains Genotype References
BY4741 MATa his3AI leu2A0 met1SAO ura3A0 Invitrogen
BY7153  erpl:KanMX4 in BY4741 Invitrogen
BY401 erp2:KanMX4 in BY4741 Invitrogen
BY3714  erp3:KanMX4 in BY4741 Invitrogen
BY1792  erp4:KanMX4 in BY4741 Invitrogen
BY1938 erp5:KanMX4 in BY4741 Invitrogen
BY4370 erp6:KanMX4 in BY4741 Invitrogen
BY4567  emp24:KanMX4 in BY4741 Invitrogen
BY562  erv25:KanMX4 in BY4741 Invitrogen
BY4513  rrt6:KanMX4 in BY4741 Invitrogen
CNY246 erpl:natNT2 erp5:KanMX4 in BY4741 This study
CNY247 erpl:natNT2 erp6::KanMX4 in BY4741 This study
CNY258 erp5:: KanMX4 erp6::HIS3 in BY4741 This study
CNY256 erpl:natNT2 erp5::HIS3 erp6::KanMX4 in BY4741 This study
CNY253 erp2: KanMX4 erp3:natNT2 in BY4741 This study
CNY242 erp2: KanMX4 erp4:natNT2 in BY4741 This study
CNY248 erp3:: natNT?2 erp4:: KanMX4 in BY4741 This study
CNY250 erp2:KanMX4 erp3::HIS3 erp4:natNT2 in BY4741 This study
CNY249 erpl:KanMX4 erp2:natNT2 erp4::HIS3 in BY4741 This study
CNY201 3myc-ERPI in BY4741 This study
CNY202 3myc-ERP2 in BY4741 This study
CNY203 3myc-ERP3 in BY4741 This study
CNY204 3myc-ERP4 in BY4741 This study
CNY205 3myc-ERPS in BY4741 This study
CNY206 3myc-ERP6 in BY4741 This study
CNY207 3myc-RRT6 in BY4741 This study
TABLE 2
Plasmids used in this study
Plasmids Description References
pRS313 S. cerevisiae low-copy vector (HIS3) (45)
pRS316 S. cerevisiae low-copy vector (LIRA3) (45)
pCNY611 pRS316 3myc-RRT6 This study
pCNY608 pRS316 3myc-rrt6-293YL294-AA This study
pCNY601 pRS316 3myc-rrt6-29511296-AA This study
pCNY602 pRS316 3myc-rrt6-297KI1298-AA This study
pCNY603 pRS316 3myc-rrt6-299KS300-AA This study
pCNY604 pRS316 3myc-rrt6-301NP302-AA This study
pCNY605 pRS316 3myc-rrt6-3035S304-AA This study
pCNY606 pRS316 3myc-rrt6-305HI306-AA This study
pCNY609 pRS316 3myc-rrt6-307KKK309-AAA This study
pCNY607 pRS316 3myc-rrt6-310GL311-AA This study
pCNY611 pRS316 3myc-rrt6—297KIK299-AIA This study
pCNY571 pRS316 3myc-rrt6-N96D This study
pCNY572 pRS316 3myc-rrt6-C105S This study
pCNY575 pRS316 3myc-rrt6-C183S This study
pCNY576 pRS316 3myc-rrt6-C189S This study
pCNY033 pRS316 3HA-RRT6 This study
pCNY033-2 pRS316 3HA-RRTE6 (tag inserted after This study
the 5th codon)
pCNY033-3 pRS316 3HA-RRTE6 (tag inserted after This study
the 31st codon)
pYS283 pRS316 Pppy-ERP3 This study
pYS285 pRS316 Py p,-ERPS This study
pYS289 pRS316 Ppppy-ERP3 Py, -ERPS This study
pYS296 pRS313 P, ERP3 Py, -ERPS This study
pYS74 PRS316 Ppy,s-ERV25 signal This study

peptide-3myc-RRT6

the following mutants to see possible genetic interactions:
COPI/COPII mutants, sec13-1, sec21-1, and sec27-1; ER/Golgi
transport mutants, gesIA, glo3A, gsglA, ervi4A, erv29A, and
svp26A; ER-associated degradation pathway mutants, irelA
and haclA.

Plasmids—Plasmids used in this study (Table 2) were con-
structed on centromere-based low-copy vectors. RRT6 (YGL146¢)
was amplified with 900-base 5" and 600-base 3’ flanking regions by
polymerase chain reaction (PCR) and cloned into pRS316 (45). A
BglII restriction site was introduced after the 54th codon of the
RRT6 open reading frame, and the 3myc tag was inserted in tripli-
cate (pCNY611). Mutant versions of pCNY611 were constructed
by overlap extension PCR (46).
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Antibodies—Antibodies were raised against synthetic pep-
tides corresponding to residues 194 -203 of Emp24, 70— 87 of
Erv25,294-311 of Rrt6, 463— 480 of Och1, 55— 69 of Pmal, and
171-188 of Rerl. Antigen peptides were synthesized with an
additional cysteine residue at the N terminus, conjugated to
keyhole limpet hemocyanin, and used to inject into rabbits.
Anti-Vma22 antiserum was raised against Hiss-tagged Vma22
expressed in Escherichia coli. His,-Vma22 was purified with a
nickel-nitrilotriacetic acid agarose column (Qiagen) under
denaturing conditions according to the manufacturer’s instruc-
tions. Antisera were affinity-purified over antigen-immobilized
columns. Affinity-purified rabbit antibodies against COPI (47),
Sec12 (48), Sec23 (18), and Kex2 (18) were as described. Mouse
monoclonal antibodies against Vphl and Porl were purchased
from Life Technologies. Mouse anti-HA (12CA5) and anti-myc
(9B11) antibodies were from Roche Diagnostics and Cell Sig-
naling Technology, respectively. Anti-myc tag-agarose conju-
gate (4A6) was purchased from Merck Millipore. Rabbit anti-
myc antibodies were from Sigma.

p24 Subtype Isolation and Mass Spectrometry—Logarithmi-
cally growing cells were harvested and converted to sphero-
plasts by incubation at 30 °C for 30 min in a buffer containing 20
mwm sodium phosphate, pH 7.2, 1 M sorbitol, 1 mm sodium azide,
and 0.15 mg/ml zymolyase 100T (Nakalai). Spheroplasts (~1 X
10'° cells) were lysed in ~30 ml of HBS buffer (10 mm HEPES,
0.15 M NaCl, pH 7.4) containing 1 mm MgCl, and protease
inhibitor mixture (Sigma). Unbroken cells and cell debris were
removed by centrifugation at 1000 X g for 5 min. The cleared
lysate was centrifuged at 13,000 X g for 10 min to obtain S13
(supernatant) and P13 (pellet) fractions. S13 fraction was fur-
ther centrifuged at 100,000 X g for 60 min to yield S100 (super-
natant) and P100 (pellet) fractions. P13 and P100 fractions were
each suspended in ~3 ml of HBS buffer containing 1% (w/v)
Triton X-100, and proteins were solubilized by incubation at
4 °C for 30 min. Insoluble materials were removed by centrifu-
gation (13,000 X g 10 min), and 5 pg of anti-myc monoclonal
antibody conjugated to agarose beads (clone 4A6, Millipore)
was added to the solubilized fractions. After overnight incuba-
tion at 4 °C, beads were collected and washed 5 times with the
same buffer, and bound proteins were eluted into modified
Laemmli sample buffer (50 mm Tris, 1% (w/v) SDS, 2% (v/v)
2-mercaptoethanol, 1 mm EDTA, pH 6.8). For protein identifi-
cation, eluted proteins were separated by SDS-PAGE and
stained with Coomassie Brilliant Blue, and gel regions contain-
ing the proteins of interest were excised. Proteins in the excised
gel blocks were destained, reduced, alkylated at the cysteine
residues, and digested with modified trypsin. Trypsin-digested
peptides were extracted from the gel blocks and subjected to
mass spectrometric analysis. Liquid chromatography-tandem
mass spectrometry analysis was performed on Paradigm MS2
HPLC (Michrom BioResources) and LTQ linear ion trap mass
spectrometer with Nanospray ion source housing (Thermo
Fisher Scientific). Peptides were separated through L-column2
C18 (0.1 X 150 mm, 3 um particle size, CERI, Tokyo) using a
linear gradient (5-65% acetonitrile in 0.1% formic acid,
2%/min) at a flow rate of 1 ul/min. Mass spectrometric data
were searched against NCBI database using MASCOT software
(Matrix Science).
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Membrane Fractionation—Membrane association of Rrt6
was determined as in Sato and Nakano (18). Spheroplasts were
lysed in phosphate buffer saline, and cleared lysate was adjusted
to either 0.5 M NaCl, 0.1 m Na,CO,, pH 11, or 1% (w/v) Triton
X-100. After incubation on ice for 30 min, the mixtures were
centrifuged at 100,000 X g for 1 h, and the extraction of Rrt6
was assayed by Western blot analysis.

Sucrose density gradient fractionation was done as described
in Sato and Nakano (18). Briefly, spheroplasts (~3 X 10° cells)
were lysed in 1 ml of a buffer containing 10 mm HEPES, pH 7.4,
1 mm MgCl,, and 12.5% (w/v) sucrose. Cleared lysate was lay-
ered on the top of a 9-ml sucrose gradient (20 —60%, 5% steps)
in 10 mM HEPES, pH 7.4, and 1 mm MgCl,, and the gradient was
centrifuged for 2.5 h at 200,000 X g in a swing-bucket rotor
(Hitachi P40). Fractions of 0.7 ml were collected from the top
and assayed for Rrt6 and organelle markers by Western blot
analysis.

Limited Protease Digestion of Rrt6—Spheroplasts were lysed
in HBS buffer, and cleared lysate was centrifuged at 100,000 X
g for 1 h. The pellet fraction (crude membrane fraction) was
suspended in TBS (20 mm Tris, 0.15 M NaCl, pH 8.0) with or
without 0.1% (w/v) Triton X-100 at a protein concentration of
~0.3 mg/ml. Aliquots (100 ul) were incubated with trypsin (5
units/ug, 0-100 ug/ml) at 37 °C for 30 min. Proteins were pre-
cipitated by trichloroacetic acid and were subjected to Western
blot analysis to determine the residual level of Rrt6.

Endoglycosidase Treatment—The crude membrane fraction
was suspended in a buffer (~0.3 mg protein/ml) containing
0.5% (w/v) SDS and 40 mm dithiothreitol, and proteins were
solubilized under denaturing conditions by heating at 70 °C for
10 min. Aliquots (~80 ul) were buffered with 50 mm sodium
citrate, pH 5.5, and incubated with or without 2000 units of
recombinant Streptomyces plicatus endoglycosidase H (EndoHj,
New England Biolabs) at 37 °C for 2 h. Removal of the sugar
chains from Rrt6 was examined by Western blot analysis.

COPI/COPII Binding to p24 C-tail Peptides—In vitro COPI
binding assay of p24 cytoplasmic tail peptides was done as in
Belden and Barlowe (49). Synthetic peptides used were Erv25C
(CLKNYFKTKHII), Erv25YF-AA (CLKNAAKTKHII), Rrt6C
(CTYLIIKIKSNPSSHIKKKGL), and Rrt6-KQ (CTYLIIKIK-
SNPSSHIQQQGL). These peptides (0.4 wmoles) were conju-
gated to 1 ml of iodoacetyl-activated agarose beads (Sulfolink,
Thermo) according to the supplier’s protocol. The amount of
peptides coupled to the beads was quantified by amino acid
analysis of the acid hydrolysates of the beads. Coupling effi-
ciency was ~50%. Spheroplasts (~1.5 X 10® cells) were lysed in
1 ml of HBS containing 0.5% (w/v) Triton X-100 and incubated
with ~15 ul of peptide-conjugated beads (adjusted to 3 nmol of
tail peptide) at 4 °C for 1 h. Beads were collected and washed
four times with the lysis buffer, and bound proteins were ana-
lyzed by Western blot analysis.

RESULTS

S. cerevisiae has eight known p24 proteins (Table 3) (35).
Emp24 and Erv25 are the sole yeast counterparts of the mam-
malian p243 and p244, respectively, and their mutants show the
p24 null phenotype (p244A) (49, 50). Erpl and Erp2 are similar to
p24« and p24-y, respectively, and are assembled with Emp24
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TABLE 3
p24 family members in S. cerevisiae and mammals
Mammals (34)*

p24 subtype S. cerevisiae Other names

p24a Erpl TMEDI11 (p24«al)® gp25L
Erp5 TMED9 (p24a2)  p25, GMP25, gp25L2, p24d
Erp6 TMED4 (p24a3)  GMP25iso, ERS25
p24B Emp24 TMED?2 (p24p) p24, p24a
p24y Erp2 TMED1 (p24vy1)  tp24
Erp3 TMED5 (p24+2)  p28
Erp4 TMED7 (p24+y3)  gp27, p27
TMED3 (p24+y4)  p26, p24b
TMEDG (p24y5)
p248 Erv25 TMEDI10 (p248)  p23, p24c, TMP21
Rrt6

“ Phylogenetic studies indicate that the yeast and mammalian p24 proteins are not
strictly orthologous (34, 69, 70). Therefore, there is no one-to-one correspond-
ence between the yeast and mammalian p24 family members.

® Human TMEDI11 has a missense mutation and is most likely nonfunctional (34).

and Erv25 to form a major p24 complex in this organism (35).
However, deletion of Erpl or Erp2 gives only a partial p24A
phenotype. The residual p24 activity in these mutants can be
attributed to the presence of additional p24« (Erp5 and Erp6)
and p24+y (Erp3 and Erp4) isoforms, but the functionality of
these isoforms remains elusive. Therefore, we decided to exam-
ine the phenotype of single, double, and triple mutants of the
p24« and p24-y subfamilies.

p24B and -6 Isoforms Are Essential Components of Active p24
Complexes—S. cerevisiae p24A phenotype includes slow ER
export of glycosylphosphatidylinositol-anchored proteins,
anomalous accumulation of the secreted form of invertase (50),
and genetic interactions with COPI/COPII mutations (51). The
mutants also show activation of unfolded protein response,
resulting in increased expression and secretion of an ER-resi-
dent chaperone Kar2/BiP (52). Although how p24A mutation
triggers the stress response remains unknown, the Kar2 secre-
tion phenotype is highly responsive to the p24 dysfunction and
thus is a good indicator of cellular p24 activity. Therefore, we
first examined the Kar2 secretion of p24«/y mutant cells.

As reported previously, erpIA and erp2A mutant cells
secreted Kar2 at a level intermediate (50~60% of p24A)
between those of the wild-type and p24A cells (Fig. 14, 1A and
2A) (35). The phenotype was less prominent in the other four
mutants. Kar2 secretion was weak (~15%) in erp4A and almost
undetectable (~10%) in erp3A, erp5A, and erp6A (Fig. 1A, 3A to
6A). However, these four mutations showed clear synergy when
combined with erpIA or erp2A. p24« double mutants erpIA
erpSA and erplA erp6A secreted an increased amount of Kar2
than the erp1A mutant, and the triple mutant (p24«A) secreted
even more to a level comparable with those of emp24A and
erv25A (Fig. 1A). Similarly, both erp3A and erp4A aggravated
the phenotype of erp2A, and the triple deletion (p24yA) gave a
full p24A phenotype.

Western blot analysis of whole-cell extracts showed that
p24aA and p24-yA mutants are also defective in the transport of
a glycosylphosphatidylinositol-anchored protein, Gasl. The
triple mutants accumulated increased amounts of the ER-pre-
cursor form of Gas1 (Fig. 1B, aA and yA), just like emp24A and
erv25A (24A and 25A), whereas erp1A or erp2A alone showed a
weaker phenotype (data not shown) (35, 53). Stability of p24
proteins depends on their complex formation, and erpIA and
erp2A are reported to decrease the steady-state levels of Emp24
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FIGURE 1. Phenotype of single, double, and triple deletion mutants of
p24« and p24+y subfamilies. A, Kar2 secretion of p24 mutant cells. Mid-log
cultures were harvested and suspended in fresh medium, and aliquots
(~1.5 X 10° cells) were spotted on a YPD agar plate. The plate was overlaid
with a nitrocellulose filter and incubated for 5 h at 30 °C. Kar2 protein secreted
from the cells and bound to the filter was detected by Western blot analysis
and quantified by densitometry. The graph represents the relative amount of
secreted Kar2. The amount of Kar2 from emp24A cells was set as the standard
(100%). Error bars represent S.E. (n = 4). Asterisks indicate p < 0.05. Strains
used were: the parental wild-type cells (WT); single mutants of p243 (emp24A,
24A)and p248 (erv25A, 25A); single (A7, A5 and A6), double (ATA5, ATA6,and
A5A6), and triple (Aa) mutants of p24« (Erp1, -5, and -6); single (A2, A3, and
A4), double (A2A3, A2A4, and A3A4), and triple (A7) mutants of p24+y (Erp2,
-3,and -4). B, accumulation of the ER form of Gas1 in p24 mutant cells. Mature
(m) and ER-precursor forms (ER) of Gas1 in whole-cell extracts (~1 X 10° cells)
were detected by Western blog analysis. Strains used are the wild-type (WT)
and p24 mutants lacking the three p24a (aA), three p24+y (yA), p243 (24A), or
p258(25A). The intensities of the bands were quantified by densitometry, and
the ratio of ER form to the total Gas1 was calculated and shown in the graph.
Error bars represent S.E. (n = 4). C, decreased steady-state levels of p243
(Emp24) and p244 (Erv25) in p24 mutant cells. Steady-state levels of Emp24
and Erv25 in whole-cell extracts (~2 X 10° cells) were determined by densi-
tometry of immunoblots. The strains used are the same as in B. Och1, a Golgi-
resident mannosyltransferase, was used as a control. The asterisk represents
an unrelated cross-reacting protein.

and Erv25 (35). Again, p24aA and p24yA showed severer phe-
notype, and in these mutant cells steady-state levels of Emp24
and Erp25 were decreased as observed in p24A mutant cells
(Fig. 1C). These results indicate that all the p248 and -6 iso-
forms are functional and that the p24«a and p24-y subfamilies
are also essential for the cellular p24 activity.

P24 and -8 Isoforms Interact in an Isoform-selective Manner—
Marzioch et al. (35) identified a major S. cerevisiae p24 complex
consisting of Emp24, Erv25, Erpl, and Erp2 . Their results also
indicated the presence of additional p24 complexes, and our
data suggested such complexes would contain p243 and -8 iso-
forms in several different combinations. Therefore, we exam-
ined physical interactions between p24« and -v. For immuno-
precipitation experiments, we constructed a series of strains in
which one of the p24 proteins is tagged at the N terminus with
three copies of myc epitope (3myc) (Fig. 2A). In these strains,
the tag-coding DNA fragment was inserted at the chromosomal
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FIGURE 2. Epitope tagging of p24«a and p24y proteins. A, detection of
3myc-tagged p24a (Erp1, -5, and -6) and p24+y (Erp2, -3, and -4). Whole-cell
extracts (~2 X 10° cells) of wild-type (-) and 3myc-tagged p24 recombinant
strains (1-6, the numbers correspond to the ERP gene numbers) were ana-
lyzed as in Fig. 1C. B, complementation of p24a/y mutations by the 3myc-
tagged versions of the respective genes. Tester strains (also as negative con-
trols; A, right spots) used are indicated at the right side of each row. Wild-type
(positive controls; wt, left spots) or 3myc-tagged (tag, center spots) ERP genes
of interest were introduced to the tester strains on an integration vector. Kar2
secretion was assayed as in Fig. 1A. Blots for Erp1, Erp2, and Erp4 were over-
exposed for maximum clarity.

locus of the respective genes so that only the tagged version of
the protein is expressed under their own promoter. Kar2 secre-
tion assay confirmed that the tagged proteins are functional,
although 3myc-Erpl appeared to be partially defective (Fig. 2B).

The tagged p24 proteins were solubilized with 1% (w/v) Tri-
ton X-100 from ER-enriched P13 membrane fractions
(13,000 X g pellet fraction) and precipitated with anti-myc-
agarose beads. Fig. 34 shows SDS-PAGE patterns of proteins
co-immunoprecipitated with the 3myc-tagged p24-y isoforms.
The identity of the proteins shown in the figure was inferred
from the results of Western blot and mass spectrometric anal-
yses (Table 4). The three p24+y isoforms efficiently coprecipi-
tated Emp24 and Erv25 to significant levels that suggest forma-
tion of stable complexes. Similar levels of interaction were
observed with p24« isoforms but in an isoform-selective man-
ner. Specifically, 3myc-Erp2 and 3myc-Erp4 interacted with
Erpl and Erp6 but not with Erp5, whereas 3myc-Erp3 prefer-
entially interacted with Erp5. These results were confirmed by
the mass spectrometric analysis of the 3myc-p24« immunopre-
cipitates (Table 4). In this experiment, Erp4 was not efficiently
coprecipitated with 3myc-Erpl (Table 4). Although the exact
reasons are unknown, this might represent preferential binding
of Erp1 to Erp2 rather than to Erp4. Alternatively, the introduc-
tion of the 3myc tag might somehow inhibit normal interaction
with Erp4, resulting in the partial inhibition of this construct
(Fig. 2B).

The mass spectrometric analysis identified five major
p24a/vy interaction pairs, Erpl/Erp2, Erpl/Erp4, Erp6/Erp2,
Erp6/Erp4, and Erp5/Erp3 (Fig. 3A and Table 4). The pairing
pattern implies that Erpl and Erp6 are interchangeable con-
cerning the complex formation and so are Erp2 and Erp4,
whereas Erp5 and Erp3 are independent of the other four (Fig.
3A). This is consistent with the result of a previous cross com-
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FIGURE 3. Physical interactions among p24 proteins. A, coprecipitation of
p24 proteins with p24+yisoforms. ER-enriched P13 fractions were prepared as
described under “Experimental Procedures” from cells expressing 3myc-
tagged p24+y (Erp2, Erp3, or Erp4). The tagged p24+y proteins in the P13 frac-
tion were solubilized with 1% (w/v) Triton X-100 and immunoprecipitated
with anti-myc-agarose beads. Immunoprecipitated proteins were separated
by SDS-PAGE and detected by silver staining. The protein identity shown in
the figure was inferred from the result of the mass spectrometry (Table 4) and
Western blot analysis. Erp1 was separated as a doublet for unknown reasons.
The identities of these two bands were individually confirmed by mass spec-
trometric analysis. We could not clearly identified the band of Erp6 protein in
the silver-stained gel, but because the gel fragment containing Erv25 gave
mass signals of Erp6, we speculate that the band overlapping with that of
Erv25 and slightly less mobile represents Erp6. The band of 3myc-Erp3 was
also not clearly visible, most likely because it overlapped with those of pro-
teins of unknown identity. The inset shows a schematic representation of the
observed interactions (solid lines) between p24«a and -y isoforms. B, partial
restoration of erpTA erp2A erp4A mutation by simultaneous overexpression
of ERP3 and ERP5. Kar2 secretion was assayed as in Fig. 1A. The graph repre-
sents the relative amount of secreted Kar2, in which the average amount of
Kar2 from erv25A cells was set to 100%. Column (spot) 1, wild-type cells car-
rying the empty vector. Column 2, erp1Aerp2Aerp4A cells carrying the empty
vector. Columns 3-5, erp1Aerp2Aerp4A cells overexpressing ERP3 (column 3),
ERP5 (column 4), or both (column 5). Column 6, erv25A cells carrying the empty
vector. Error bars represent S.E. (n = 4). The asterisk indicates p < 0.05; n.s., not
significant.

plementation experiment. Marzioch et al. (35) reported that,
when overexpressed, Erp6 restores the loss of Erpl, and Erp4
restores the loss of Erp2, whereas Erp5 and Erp3 did not show
such complementing activity. The apparent lack of comple-
mentation by Erp5 and Erp3 can be explained by their lower
affinity for Erp2 and Erpl, respectively. However, the pheno-
type of the double and triple mutants suggests that Erp3 and
Erp5 are also functionally redundant with their subfamily
members (Fig. 1). We thought that simultaneous overexpres-
sion of Erp3 and Erp5 could complement the absence of the
other p24a/vy isoforms and tested this hypothesis. We con-
structed plasmids designed to overexpress ERP3 by the ERP2
promoter, ERPS by the ERPI promoter, or both. These plas-
mids were introduced into a strain lacking the major p24a/y
isoforms (erp1A erp2A erp4A) and tested for complementation
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TABLE 4

Mass spectrometry of p24 immunoprecipitates

3 myc-p24 immunoprecipitates were resolved by SDS-PAGE. Gel regions expected to contain proteins of 15—37 kDa were excised and subjected to mass spectrometry. Total
number of mass matched, the number of sequences uniquely assigned to the proteins of interest, sequence coverage, and emPAI are shown. emPAI (exponentially modified
protein abundance index), which offers approximate and relative quantification of the proteins in a mixture, was calculated on two parameters, the number of experimen-
tally observed peptides as in Ishihama et al. (79). The emPAI values for p24« and - B (Emp24) were calculated to be higher than those for p24y and -8 (Erv25). We speculate

this reflects ionization efficiency of these proteins rather than their stoichiometry in the complex.

#mass #seq. cover- emPAIl #mass #seq. cover- emPAIl
matched unique age (%) matched unique age (%)
3myc-ERP2(y) 151 13 38 18 3myc-Erpl(a) 157 17 70 45
Emp24(B) 221 15 67 35 Emp24(B) 99 17 55 42
Erv25(3) 228 12 72 12 Erv25(9) 110 14 70 24
Erpl(a) 420 15 60 39 Erp2(y) 110 9 37 15
Erp6(a) 24 10 48 4 Erp4(y) 22 2 23 2
Erp4(y) 28 3 26 2 Erp6(a) 9 6 29 2
Erp3(y) 1 1 7 <1
3myc-Erp4(y) 215 11 38 41 3myc-Erp6(a) 62 12 56 13
Emp24(B) 187 16 68 42 Emp24(B) i) 10 59 9
Erv25(3) 212 13 58 24 Erv25(3) 38 10 53 8
Erpl(a) 374 15 64 23 Erp2(y) 9 3 25 1
Erp6(a) 54 12 56 11 Erp4(y) 7 3 20 1
Erp3(y) 6 3 15 |
Erp2(y) 36 2 22 <1 Erpl(a) 7 e 29 <1
Erp3(y) 1 1 8 <1 Erp5(a) 1 1 8 <1
3myc-Erp3(y) 137 10 52 9 3myc-Erp5(a) 68 14 71 17
Erp24(B) 107 13 65 26 Emp24(B) 87 14 65 22
Erv25(3) 91 10 55 11 Erv25(9) 65 17 72 24
Erp5(a) 94 11 59 15 Erp3(y) 55 10 42 6
Erpl(a) 9 4 27 1 Erp2(y) 6 4 22 <1
Erp2(y) 6 4 22 1 Erpl(a) 5 4 29 <1
Erp4(y) 3 1 11 <1

activity. As expected, Kar2 secretion of the parental strain was
restored when both Erp3 and Erp5 were overexpressed (Fig. 3B,
5), whereas overexpression of Erp3 or Erp5 alone was not effec-
tive (3 and 4). These results suggest that in S. cerevisiae p24
proteins form several af3yd heteromeric complexes with at
least partially overlapping functions.

Unexpectedly, the mass spectrometry data also indicated
physical interactions between two different members within
the p24« subfamily and within p24+y (Table 4). This result is
interesting because it might suggest the existence of previously
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unidentified p24 complexes. However, the signals were weak,
and their significance should be confirmed by further studies.
Identification of Rrt6 as a p24-binding Protein—As seen in
Fig. 3A, the p24 immunoprecipitates contained various pro-
teins other than the p24 isoforms. Most of them appeared non-
specific because their recovery was not consistent among dif-
ferent preparations, but we found a protein that was constantly
recovered in the 3myc-Erp3/Erp5 binding fractions (Fig. 4A).
Mass spectrometric analysis identified this protein as Rrt6.
Rrt6 was originally reported in screening for mutants with
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FIGURE 4. Identification of Rrt6 as a p24-binding protein. A, coprecipita-
tion of Rrt6 with an Erp3/5-containing p24 complex. The ER-enriched P13
(P13) and the Golgi-containing P100 (P100) fractions were isolated from cells
expressing either 3myc-Erp5 (Erp5) or 3myc-Rrt6 (Rrt6). From these fractions
(P13-3myc-Erp5, P13-3myc-Rrt6, P100-3myc-Erp5, and P100-3myc-Rrt6), the
tagged proteins were immunoprecipitated as in Fig. 3A, and proteins in the
precipitated fractions were resolved by SDS-PAGE and detected by silver
staining. Parental wild-type cells were processed in the same way as control
(P13-(—), P100-(—)). Positions of Rrt6 and p24 proteins are shown. B, copre-
cipitation of Rrt6 with Erp3 and Erp5. Cells expressing one of the 3myc-tagged
p24a/vy (lanes 1-6, numbers correspond to the ERP gene numbers), 3myc-
tagged Rrt6 (lane R), and control wild-type cells (lane 0) were grown in glyc-
erol medium, and tagged proteins were immunoprecipitated as in Fig. 3A.
Proteins in the solubilized fractions (input) and immunoprecipitated fractions
(IP and Co-IP) were resolved by SDS-PAGE, and the myc-tagged proteins (anti-
myc), Rrt6 (anti-Rrt6), Emp24 (anti-Emp24), and Erv25 (anti-Erv25) were
detected by Western blot analysis. Despite that 3myc-Erp6 is functional and
has shown to be assembled with Emp24 and Erv25 (Fig. 2A and Table 4), these
p24 isoforms were not detected in the 3myc-Erp6 immunoprecipitates in this
experiment. We speculate that this is due to the low expression level of 3myc-
Erp6. C, steady-state levels of Rrt6 in wild-type (wt), erp 1A to erp6A (A1 to A6),
emp24A (A24), and erv25A (A25) cells. Steady-state levels of Rrt6 were deter-
mined as in Fig. 1C. D, partial restoration of erv25A by overexpression of RRT6.
Kar2 secretion was assayed as in Fig. 1A. The graph represents the relative
amount of secreted Kar2. Column 1 (spot 1), erv25A cells carrying the empty
vector. Columns 2- 4, erv25A cells overexpressing 3myc-RRT6 (column 2), ERP3
and ERP5 (column 3), or 3myc-RRT6, ERP3, and ERP5 (column 4). Column 5,
erv25A cells expressing 3myc-ERV25. 3myc-Rrt6 used in this experiment has
ERV25 promoter and Erv25 signal peptide. Error bars represent S.E. (n = 6).
Asterisks indicate p < 0.05.

4 ERP3+ERP5+ 3myc-RRT6
5 3myc-ERV25

increased levels of ribosomal DNA transcription (54). Rrt6 has
no reported function, but Pfam, a sequence alignment database
(55), annotates this protein as a putative member of p24 family
proteins. Gene chip studies suggested, and we confirmed that
the protein is repressed under fermentative conditions and
induced under respiratory conditions (data not shown) (56).
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We, therefore, examined whether rrz6A shows the p24A phe-
notype under respiratory growth conditions but found no dis-
cernible phenotype or genetic interactions that can be ascribed
to the loss of p24 or to any other dysfunction in membrane
traffic (see “Experimental Procedures” for details on the crossed
strains). Therefore, the function of Rrt6 still remains unknown.
However, because the aim of this study was to investigate all the
p24 family members for their ability to form p24 complexes, we
decided to see whether Rrt6 is a bona fide member of this pro-
tein family and whether the protein also forms a complex with
other members.

Fig. 4A shows coprecipitation of Rrt6 by 3myc-Erp5 with
other p24 proteins. To optimize the expression of Rrt6, we used
glycerol medium and the following experiments. 3myc-Erp5
was mainly found in the ER-enriched P13 fraction in glucose-
grown cells (data not shown). In glycerol-grown cells, the pro-
tein was equally distributed between P13 and the Golgi-con-
taining P100 (100,000 X g pellet) fractions (Fig. 44, P13-Erp5
and PI00-ErpS). 3myc-Erp5 in P13 fraction coprecipitated
Erp3, Emp24, and Erv25 as in glucose-grown cells. 3myc-Erp5
in P100 fraction also coprecipitated Erp3 and Emp24 but not
Erv25. Instead, Rrt6, a broadly migrating protein of ~32 kDa,
was found in this fraction (Fig. 44, P100-Erp5). The interaction
between Rrt6 and the p24 proteins was confirmed by reverse
immunoprecipitation in which 3myc-Rrt6 was precipitated. 3myc-
Rrt6 was mainly found in the P100 fraction and coprecipitated
Erp3, Erp5, and Emp24 as expected (Fig. 44, P100-Rrt6).

The isoform-selective interaction of Rrt6 was further con-
firmed by another immunoprecipitation experiment. Among
the six 3myc-tagged p24«/vy isoforms, only 3myc-Erp3 and
3myc-Erp5 coprecipitated Rrt6 (Fig. 4B, Co-IP lanes 3 and 5).
Consistently, the steady-state level of Rrt6 was significantly
decreased in erp3A and erpSA cells (Fig. 4C, 3A and 5A). Dele-
tion of another binding partner Emp24 (p248) also destabilized
Rrt6 (Fig. 4C, 24A). The loss of Erv25 (p2438) apparently affected
the cellular level of Rrt6 as well, but we think this was an indi-
rect effect due to the destabilization of Emp24 in erv25A
mutant. These results indicate that Rrt6 interacts with Erp3
(p24+y), Erp5 (p24«), and Emp24 (p248) but not with Erv25
(p246) and, therefore, suggest that Rrt6 is a p2448 isoform.
Accordingly, we examined genetic interaction between rrt6A
and erv25A, but erv25A alone was sufficient to give a full p24A
phenotype even when cells were grown on glycerol, and we did
not detect any additive effect by introduction of rrt6A. How-
ever, when overexpressed under the ERV25 promoter, 3myc-
Rrt6 could partially restore the Kar2 secretion phenotype of
erv25A cells grown in glucose medium (Fig. 4D, 2). In addition,
the complementing activity was facilitated by simultaneous
overexpression of Erp3 and Erp5 (Fig. 4D, 4). The functional
complementation further suggests that Rrt6 is a novel p246
isoform.

Rrt6 Has Structural Properties Characteristic of Known p24
Proteins—Pfam database annotates Rrt6 as a member of the p24
family as described earlier; however, Rrt6 is larger (with a cal-
culated mass of ~34,000) and shows only limited sequence sim-
ilarity (~15% identity) to known p24 proteins. We wanted to
confirm that Rrt6 is in fact structurally related to the known p24
proteins. Fig. 54 shows schematic representations of Emp24,
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FIGURE 5. Rrt6 is structurally related to the known p24 proteins. A, sche-
matic representations of Emp24, Erv25, and Rrt6. Location of the signal pep-
tide (sig), the two invariably conserved cysteine residues, and the transmem-
brane domain (TMD) are shown. Solid and broken lines represent regions
predicted to form B-strands and a-helices, respectively (57). Rrt6 has three
cysteine residues (Cys-108, -183, and -189) in the luminal domain. Of these,
Cys-108 and -189 appeared to correspond to the conserved cysteine pair (see
text). The open triangle indicates the N-glycosylation site (Asp-96) of Rrt6. An
alignment of the cytosolic tail sequences of the three proteins is also shown.
In the alignment, amino acids were expressed in the single-letter codes. The
COPI/COPII binding di-phenylalanine motifs of Emp24 and Erv25 are under-
lined, and the di-lysine motif of Rrt6 is double underlined. B, N-terminal epitope
tagging of Rrt6. RRT6 gene was cloned into a low-copy plasmid, tagged with
a 3XHA epitope at three different positions, and expressed in rrt6A cells. The
bottom shows the predicted N-terminal sequence of Rrt6 with the tag inser-
tion sites indicated by closed triangles. The open triangle indicates the pre-
dicted signal cleavage site. The tagged (*) and untagged (**) Rrt6 were
detected by Western blot analysis using anti-HA or anti-Rrt6 antibodies. Lane
0, untagged Rrt6, Lanes 1-3, 3HA-Rrt6 variants. The lane numbers correspond
to those in the bottom sequence. C, extraction of Rrt6 from the membrane.
Whole-cell extract was adjusted to either 0.5 m NaCl (NaCl), 0.1 m sodium
carbonate, pH 11, or 1% (w/v) Triton X-100 (TX-100), incubated at 4 °C for 30
min, and centrifuged at 100,000 X g for 1 h. The amounts of Rrt6, Erv25, and
Vma22 in the pellet (P) and the supernatant (S) fractions were determined by
Western blot analysis. Asterisk indicates an unrelated cross-reacting protein.
D, N-glycosylation of Rrt6. Crude membrane fractions prepared from rrt6A
cells expressing plasmid-borne RRT6 or rrt6-N96D were treated with recom-
binant endoglycosidase H (EndoH) as described under “Experimental Proce-
dures.” Wild-type and the N96D mutant Rrt6 were detected by Western blot
analysis. The asterisk indicates an unrelated cross-reacting protein. E, limited
trypsin digestion of Rrt6 in the membrane. A crude membrane fraction pre-
pared from the cells expressing 3myc-Rrt6 was treated with trypsin at the
concentrations indicated in the figure. The reaction was done at 37 °C for 30
min in the presence or absence of 0.1% (w/v) Triton X-100. Residual amounts
of 3myc-Rrt6, Erv25, and Sec22 were determined by Western blot analysis.
Anti-Erv25 antibodies recognize the luminal domain of the protein. 3myc-
Rrt6 was probed with anti-myc and anti-Rrt6 C-tail (anti-Ct) antibodies.

Erv25, and Rrt6. p24 proteins generally show low amino acid
sequence conservation. For example, Emp24 and Erv25 have
only 18% sequence identity. However, predicted secondary
structures of p24 proteins are very similar (34, 57). The N-ter-
minal domain of the mature p24 protein is predicted to have
high B-sheet content (Fig. 54) (33) and has two invariably con-
served cysteine residues that are thought to be important for
the structural integrity of this domain. The C-terminal half of
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the protein is predicted to form a long helical structure extend-
ing across the transmembrane domain to the C-terminal cyto-
solic tail, which is implicated in the complex formation (58 —
60). The cytosolic tail contains one or more of the known COPI/
COPII binding motifs including the di-phenylalanine motif, the
di-lysine motif, and the C-terminal valine motif (49, 60, 61). A
secondary structure prediction of Rrt6 suggests that these char-
acteristics are well conserved in this protein. In Rrt6, the B-rich
domain follows a nonhomologous insertion of ~50 amino acids
at the N terminus. The domain has three cysteine residues, and
two of them (Cys-108 and Cys-189) were found to be important
for the stability of this protein (data not shown). The C-termi-
nal half of Rrt6 is also predicted to have high a-helix content,
and the cytosolic tail contains a functional di-lysine motif as
described later.

We next examined the topology of Rrt6. Signal peptide pre-
diction by SignalP algorithm (62) suggests that the most prob-
able cleavage site is located between alanine 50 and glutamic
acid 51. Although we have not succeeded in determining the
N-terminal sequence of the mature Rrt6, epitope-tagging
experiments suggested that the N-terminal hydrophobic region
is cleaved as predicted. Introduction of a triplicate hemaggluti-
nin epitope tag (3HA) just behind the putative cleavage site
resulted in expression of a recombinant Rrt6 with the expected
size and reactivity to both anti-Rrt6 and anti-HA antibodies
(Fig. 5B, lane 1). In contrast, the other two Rrt6 recombinants,
in which the tag was inserted upstream of the cleavage site,
yielded proteins that co-migrated with the non-tagged protein
and lost reactivity to anti-HA antibodies, suggesting that the
tag-containing N-terminal segments were cleaved off from the
mature proteins (Fig. 5B, lanes 2 and 3).

To confirm the integral membrane association of Rrt6, we
conducted a protein extraction experiment (Fig. 5C). Total
membrane faction was suspended in phosphate-buffered saline
(PBS) or PBS containing either 1 M NaCl, 50 mm Na,CO,, pH
11, or 1% (w/v) Triton X-100, and solubilized proteins were
separated by centrifugation. Membrane attachment of the
peripheral membrane marker Vma22 (63) was sensitive to high
salt and alkaline conditions as well as to the detergent treat-
ment. In contrast, Rrt6 and the integral membrane marker
Erv25 were extracted from the membrane only when treated
with Triton X-100. This result indicates that Rrt6 is an integral
membrane protein.

The orientation of the N- and C-terminal domains was inves-
tigated by determining the N-glycosylation site of Rrt6 and by
limited protease digestion. The calculated mass of mature Rrt6
is ~29 kDa, whereas the protein migrated as a diffuse band of
32~35 kDa in SDS-PAGE gels (Figs. 44 and 5D). The apparent
size difference and the diffuse migration pattern are predicted
to be due to N-glycosylation of Rrt6 because endoglycosidase H
converted the protein to migrate as a more focused band of ~30
kDa (Fig. 5D). Rrt6 has two potential N-glycosylation sites, one
(Asn-96) in the N-terminal domain and the other (Asn-301) in
the C-terminal tail. We found that replacement of Asn-96 by
aspartic acid reproduces the mobility shift by the glycosidase
treatment (Fig. 5D, N96D). These results indicate that Rrt6 is
glycosylated at Asn-96 (Fig. 54) and, hence, that the N-terminal
domain is located in the lumen.
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FIGURE 6. Cellular localization of Rrt6. A, sucrose density gradient fractionation of Rrt6. Cells expressing 3myc-Rrt6 were converted to spheroplasts and lysed,
and cleared lysate was layered on a 25-60% (w/v) sucrose density gradient. After centrifugation at 200,000 X g for 2.5 h, fractions were collected from the top
and assayed for the amounts of 3myc-Rrt6 and organelle markers. The asterisk indicates a major degradation product of Vph1. B, sucrose density gradient in the
presence of 1 mm EDTA. Fractionation was done as in A, except that the lysis buffer and the gradient contained 1 mm EDTA. C, sucrose density gradient
fractionation of Erp3 and Erp5. Membranes of cells expressing 3myc-Erp3 or 3myc-Erp5 were fractionated as in A. Closed triangles indicate an unrelated
cross-reacting protein. Brackets show the distribution of the Golgi marker Och1 and the ER marker Sec12.

Limited protease digestion gave a consistent result (Fig. 5E).
Total membrane fractions prepared from cells expressing
3myc-Rrt6 were treated with various concentration of trypsin.
Two single transmembrane proteins, Erv25 and Sec22, were
used as controls. Erv25 is a p24 protein with a larger luminal
domain and short cytosolic tail, whereas Sec22 is a tail-an-
chored protein with the bulk of the protein exposed to the cyto-
sol (64). As shown in Fig. 5E, Erv25 was more resistant to the
trypsin digestion than Sec22 but showed an increased sensitiv-
ity upon membrane permeabilization by Triton X-100. In con-
trast, digestion of Sec22 was not stimulated by the addition of
the detergent. Their digestion patterns indicate that the mem-
branes were in the right-side-out orientation. 3myc-Rrt6, when
probed with anti-myc antibodies, showed a digestion pattern
similar to that of Erv25 that indicates that the N terminus of
Rrt6 is in the lumen. Susceptibility of Rrt6 C-terminal tail anti-
gen (Fig. 5E, anti-Ct) confirmed that the C terminus is exposed
to the cytosol. From these results, we concluded that Rrt6 is a
type-I membrane protein like other p24 family members.

Cellular Localization of Rrt6—As shown in Fig. 44, Rrt6 was
mainly found in the P100 fraction, whereas the other p244 iso-
form Erv25 was mostly in the P13 fraction. We examined
detailed cellular localization of Rrt6 by sucrose density gradient
fractionation. Logarithmically growing cells expressing 3myc-
Rrt6 were spheroplasted and lysed, and membranes were sepa-
rated through a 20-60% sucrose gradient. Fig. 6A shows the
distribution of 3myc-Rrt6 and the organelle markers including
Sec12 (ER), Och1 (Golgi), and Vph1 (vacuole) (65— 67). A major
peak of 3myc-Rrt6 (fractions 4—7) overlapped with the Golgi
marker Ochl (Fig. 6A). Another peak of 3myc-Rrt6 (fractions
10-12) coincided with that of the ER-marker Secl2. The
heavier Rrt6 peak fractions also contained markers of the
plasma membrane (Pmal) and mitochondria (Por1). However,
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when fractionation was done in the presence of 1 mm EDTA
(19), 3myc-Rrt6 and Sec12 in these fractions were shifted to the
lighter fractions and well separated from Pmal and Por1 (Fig.
6B). We concluded that Rrt6 is localized mainly to the Golgi and
to a lesser extent to the ER. We next examined the localization
of the components of the Rrt6-containing p24 complex.
Sucrose density gradient fractionation confirmed that 3myc-
Erp3 and 3myc-Erp5 were also partly localized to the Golgi (Fig.
6C, Ochl), supporting our interpretation that the Rrt6 complex
found in P100 fraction (Fig. 44) is localized to the Golgi. How-
ever, the Golgi localization of 3myc-Erp3 appeared to be weaker
than that of 3myc-Erp5 (Fig. 6C). This is unexpected because
the two isoforms were expressed at similar levels and were
mostly present in the same complexes (Fig. 24 and Table 4).
Because the localization of Rrt6 was also shifted more to the ER
in 3myc-Erp3 cells, we speculate that the addition of the tag on
Erp3 might partially inhibit the traffic of the Rrt6-containing
complex to the Golgi. Under the same fractionation conditions,
Emp24, the invariant component of the p24 complexes, was
mostly found in the ER as reported previously (Fig. 6A) (50, 68).
Emp24 is most abundant of the p24 isoforms, whereas Rrt6,
Erp3, and Erp5 are minor in abundance (Figs. 2A and 4B).
Therefore, although Emp24 was apparently scarce in the Golgi
fractions, we consider that the amount of Emp24 in these frac-
tions would actually be comparable to those of Rrt6, Erp3, and
Erp5. Erv25, the constitutively expressed p24:6 isoform, showed
a similar distribution pattern to that of Emp24 but appeared to
be more concentrated into the fraction 4, as if the protein has
another peak here (Fig. 64). We speculate that this fraction
might contain Erv25 (and possibly also Emp24) present in spe-
cialized microdomains of the ER or the Golgi, but further stud-
ies are required to reach a conclusion.
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FIGURE 7. COPI-dependent steady-state localization of Rrt6. A, mutational
analysis of Rrt6 cytosolic tail. Wild-type (WT) and mutant 3myc-RRT6 were
cloned into a centromere-based low-copy plasmid and introduced into rrt6A
and rrt6A pep4A cells. In the mutant constructs, two alanine residues replaced
two consecutive residues shown in the figure. The di-lysine motif (—5 to —3)
was disrupted by triple alanine substitutions for the lysine residues. TMD,
transmembrane domain. B, fractionation of mutant Rrt6 proteins. Cellular
localizations of the three mutants (YL, KI, GL) shown in A were determined by
cell fractionation. A KIKS-to-AIAS mutant (KIK) was also examined. Cell lysates
were centrifuged at 13,000 X g for 10 min to yield P13 (pellet (P)) and S13
(supernatant (S)) fractions. Under the conditions, the ER membrane was sedi-
mented into P13, whereas the Golgi membrane mostly remained in the S13
fraction. C, in vitro binding of synthetic C-tail peptides and COPI. Synthetic
peptides corresponding to the cytosolic tails of Erv25 and Rrt6 were conju-
gated to agarose beads. Rrt6-K/Q is a mutant version of Rrt6 peptide in which
the C-terminal three lysine residues (—5 to —3) are substituted by glutamine
residues. Erv25-YF/AA has alanine substitutions at the COPI-binding di-phe-
nylalanine (YF) motif. The peptide-conjugated beads (corresponding to 3
nmol of peptide) were incubated with whole-cell extracts (~1.5 X 10 cells) at
4°C for 1 h, and COPI binding was assayed by Western blot analysis. Beads
without peptide (none) were used as control.

The cellular localization of p24 proteins mostly depends on
the interaction with COPI/COPII components and other trans-
port factors at the cytosolic tail. We searched Rrt6 C-terminal
tail for putative transport signals by site-directed mutagenesis
(Fig. 7A) and found that it has a functional di-lysine motif
(KKKGL). When the lysine residues were replaced with ala-
nines, the mutant Rrt6 was mislocalized to the vacuole, as indi-
cated by the Pep4 (vacuolar protease)-dependent degradation
(Fig. 7A). Several other mutations also destabilized Rrt6, but
fractionation experiments suggested that they do not have clear
localization defects (Fig. 7, A and B). Mutations of the last two
amino acids (GL) modestly increased the amount of Rrt6 in the
ER-enriched P13 fraction. So these residues might function as
an ER export signal like the C-terminal valine motif in Emp24
(60, 61).

Vacuolar degradation of the di-lysine motif mutant suggests
that the COPI-dependent retrograde transport is required for
the localization of Rrt6. We examined COPI binding activity of
the Rrt6 cytosolic tail by in vitro binding experiments. Wild-

37066 JOURNAL OF BIOLOGICAL CHEMISTRY

type and mutant cytoplasmic tail peptides were synthesized,
conjugated to agarose beads, and incubated with whole-cell
extracts. Bound proteins were separated by SDS-PAGE, and
COPI was detected by Western blotting analysis. As controls,
cytoplasmic tail peptides of Erv25 were used. Under the condi-
tions that reproduced the COPI binding to the Erv25 di-pheny-
lalanine motif (YF in Erv25) (49), the Rrt6 tail peptide inter-
acted with COPI in a manner dependent on the di-lysine motif
(Fig. 7C). These results indicate that the steady-state localiza-
tion of Rrt6 is dynamically maintained by a mechanism involv-
ing retrograde transport by COPL

DISCUSSION

S. cerevisiae expresses eight p24 proteins when grown in
standard medium containing glucose. They are classified into
four subfamilies, p24« (Erp1, -5, and -6), B (Emp24), y (Erp2, -3,
and -4), and & (Erv25). Marzioch et al. (35) identified a p24
complex consisting of Emp24, Erv25, Erpl, and Erp2. This
complex accounts for a major part of the cellular p24 activity;
however, we thought that a more comprehensive description of
the p24 complexes would help to interpret previous data and to
design future studies. We examined genetic and physical inter-
actions of p24« and -y isoforms, which we thought specify the
structural variation of p24 complexes, and identified several
p24 complexes with redundant functions. We also identified
Rrt6 as a novel p244 isoform. Rrt6 is unique in that it is the only
S. cerevisiae p24 isoform that is inducibly expressed and
receives N-linked glycosylation, although its physiological role
remains unknown.

S. cerevisiae p24 Proteins Function in of3yd Heteromeric
Complexes—A major conclusion of this study is that p24« and
-vy are essential for the p24 activity. Previous studies demon-
strated that p248 (Emp24) and p246 (Erv25) are the essential
components of the S. cerevisiae p24 complex (35). We show
that the triple mutant of either p24« or p24+y is phenotypically
indistinguishable from the p24B/6 mutants (Fig. 1). This
implies that active p24 complexes contain at least one each of
p24aand -yisoform as well as the invariant p24« and -y. On the
other hand, the results of coprecipitation experiments suggest
that the majority of p24 complexes contain only one each of
p24«a and -v. Specifically, each p24«a/y isoform coprecipitated
only substoichiometric amounts of the other two isoforms of its
own subfamily, whereas those of the other subfamilies were
efficiently coprecipitated (Table 4). A simple interpretation of
these results would be that active p24 complexes have a com-
position of ap+ys, although the copy number of each subunit
remains to be determined.

The interaction between p24« and -y was selective, yielding
five major a/y interaction pairs (Fig. 3). Therefore, S. cerevisiae
would have 5 major p24 complexes consisting of the constitu-
tive p248/6 (Emp24/Erv25) and variable p24a/y (Erpl/Erp2,
Erpl/Erp4, Erp6/Erp2, Erp6/Erp4, or Erp5/Erp3). We currently
prefer a model in which all these and other putative minor a8yé
complexes are active and functionally redundant. This is an
oversimplification but is still well consistent with the previously
reported genetic interactions (35, 53). The apparent compati-
bility between Erp1 and Erp6 (or between Erp2 and Erp4) in the
complex formation gives a reasonable account for the high-
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copy suppression of erp1A by ERP6 (erp2A by ERP4). The selec-
tive interaction between Erp5 and Erp3 can explain why only
simultaneous, but not individual, overexpression of the two iso-
forms could restore erp1A, erp2A, or both (Fig. 3B). The model
can also explain the synergetic interaction between erpIA and
erp2A (53).

Although the current data are not strictly quantitative, rela-
tive abundance of the p24«/vy isoforms (Fig. 2A) appeared to
mirror the severity of their mutant phenotype. Erpl was found
to be the dominant p24« isoform, and its deletion gave the most
severe phenotype among the p24«/y mutations. Erp2 and Erp4
shared the majority of p24+y isoforms, and deletion of either
alone resulted in weaker but still detectable phenotype, whereas
a single deletion of the other less abundant p24«/+y isoforms
showed almost no visible defects.

p24 Complexes Other Than ofy6—Phylogenetic studies
indicate that p24 proteins have evolved differently in different
species (34, 69, 70). This appears to be reflected in the diversity
in the regulation of complex formation. Marzioch et al. (35)
reported that the majority of the yeast p24 proteins are
assembled into heterodimers and tetramers. Early studies
suggested that the mammalian p24 proteins also form hetero-
meric complexes, most likely tetramers. However, Jenne et al.
(39) reported that p24 proteins exist mostly in monomers and
dimers in HeLa cells. Although the conclusion is still somewhat
controversial, available data suggest that p24 proteins in mam-
mals are in dynamic equilibrium among monomers, dimers,
and tetramers (27, 36, 37). Martens and co-workers (71-73)
proposed another model in which p24 proteins in Xenopus
melanotrope cells can function as monomers, and each has an
individual role in prohormone processing.

We consider that in yeast the major a8 yd complexes consti-
tute most of the active p24 complexes as described above, but
other type of complexes could have significant functional con-
tributions in certain conditions. Our results are generally well
consistent with those of the earlier studies, but there is a major
discrepancy in the phenotype of double and triple mutants of
p24a and p24vy. Marzioch et al. (35) reported that the triple
mutant of either p24a (p24aA) or p24+y (p24yA) shows the
same phenotype as erpIA or erp2A, respectively, and the sec-
ond and third mutations do not have an additive effect. They
found that p24« and -y could form a dimer even in the absence
of p24«, although at a much lower level than the a3y com-
plex(es) in wild-type cells. Based on these findings, they pro-
posed that the p243/8 dimer remains active and are responsible
for the residual p24 activity in the mutants devoid of p24« or
p24+y. In contrast, p24« and -y were less stable in our p24«A
and p248A strains (Fig. 1C). We speculate that the strain back-
ground and/or culture conditions modulate the stability of
p243/6 or any other partially active subcomplexes, resulting in
the different phenotypes observed in the two studies. These
subcomplexes, although their molecular compositions and rel-
ative abundance in wild-type cells are unknown yet, could rep-
resent putative intermediates of biosynthetic assembly or reg-
ulated disassembly of the a3y complexes. Future studies will
be directed toward the dynamic aspects of the «8y6 complexes
and its potential coupling with the ER-Golgi transport.
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Functional Diversity of p24 Complexes—We identified a
novel p246 isoform, Rrt6. rrt6A showed no apparent growth
defects, and the physiological roles of this protein remain
unknown. It is also unknown how the loss of Rrt6 confers yeast
cells the rrt (regulator of ribosomal DNA transcription) pheno-
type. However, we think that the protein would serve as a good
model to study functional diversity of p24 complexes. In Xeno-
pus melanotrope cells, six p24 isoforms are expressed, and four
of them (p24as, -B;, -v5, and -5,) are strongly up-regulated
during background color adaptation, which is associated with
increased pro-opiomelanocortin synthesis and secretion (74).
Strating et al. (34) demonstrated that 2 of the 11 p24 proteins in
mouse show tissue-specific expression, and both are implicated
in the insulin secretion (31). These studies suggest that the iso-
form composition determines, at least in part, the cargo speci-
ficity of the p24 complexes. However, it is still elusive whether a
single cell actually uses different p24 complexes for different
cargo proteins. The Rrt6-containing p24 complex is unique in
that it was specifically expressed under respiratory conditions,
whereas the other complexes were constitutively expressed.
The Rrt6 complex was mainly localized to the Golgi, whereas
the others were mostly to the ER (Fig. 6). We, therefore, spec-
ulate that the Rrt6 complex may have its specific cargo proteins.
If so, it would be interesting to compare the cargo specificity of
Rrt6- and Erv25-containing complexes that otherwise have the
same isoform composition. In this context it is intriguing that,
in yeast, Rrt6 is the only p24 protein that receives N-glycosyla-
tion (Fig. 5D), which could modulate cargo specificity.

We also identified several constitutively expressed p24 com-
plexes (Fig. 3). Although our results indicate that they have
redundant functions, this does not exclude the possibility that
they also have their specific cargo proteins. Li et al. (75) identi-
fied erp2A by screening for resistance to exogenously expressed
ricin A-chain. When the toxin is expressed in yeast and targeted
to the ER lumen, it is translocated back to the cytosol and exhibits
cytotoxicity. The authors proposed that the toxin translocation is
mediated by the ER-associated quality control mechanism that
depends on the ER-Golgi transport of the target proteins and that
Erp2 is involved in the toxin transport (76, 77).

Unexpectedly, erp2A is the only p24 mutant that shows the
toxin-resistant phenotype. The major Erp2-containing com-
plex also contains Erpl, Emp24, and Erv25, but the deletion of
any one of the latter three does not show the toxin resistance.
The authors explain their lack of the resistant phenotype as
follows; in yeast, p24A (emp24A) was originally identified as an
extragenic suppressor of sec13 mutation (51). Based on this and
other observations (53), p24 proteins have been proposed to
have an additional function as negative regulators of the COPII-
dependent protein export from the ER. According to this
model, the loss of p24 activity would increase the bulk flow of
protein traffic out of the ER. Therefore, in mutants that show a
stronger p24A phenotype than erp2A, such as erpIA, emp24A,
and erv25A, increased bulk flow transport could compensate
for the reduced toxin transport by the loss of Erp2-containing
p24 complex. Interestingly, Shi et al. (78) identified erp2A, also
as a sole p24A mutant, among mutants defective in cell surface
expression of the Canl arginine permease. Immunoprecipita-
tion of p24 complexes and mass spectrometric analysis, as

JOURNAL OF BIOLOGICAL CHEMISTRY 37067



Hetero-oligomerization of Yeast p24 Cargo Receptor Isoforms

shown in Fig. 3, would be applicable to examine whether Erp2
does specifically interact with these putative cargo proteins and
to screen for novel cargo candidates.

Cellular Localization of Rrt6—We show that the Rrt6-con-
taining p24 complex is mainly localized to the Golgi, and when
Erv25 replaces Rrt6, the resulting complex stayed mainly in the
ER (Fig. 4A). This implies that the p246 can determine the cel-
lular localization of the p24 complexes. Then how is the steady-
state localization of Rrt6 regulated? We found that the COPI
binding di-lysine motif in the C terminus is essential for the
ER-Golgi localization of Rrt6, which indicates that the steady-
state localization of this protein is maintained by the COPI-de-
pendent retrograde transport. Mutation of the two C-terminal
residues inhibited the Golgi localization of Rrt6. These residues
are most likely involved in the anterograde transport of this
protein; however, there would be additional molecular mecha-
nisms ensuring the Golgi localization of Rrt6. We are preparing
for more comprehensive mutational studies to answer the
question.
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