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The yeast open reading frame YLR080w/EMP46 encodes a homolog of the Golgi protein Emp47p.
These two proteins are 45% identical and have a single transmembrane domain in their C-terminal
regions and a carbohydrate recognition domain signature in the N-terminal region. The C-
terminal tail of Emp46p includes a dilysine signal. This protein is localized to Golgi membranes
at steady state by subcellular fractionation and green fluorescent protein labeling. On block of
forward transport in sec12-4 cells, redistribution of Emp46p from the Golgi to the endoplasmic
reticulum is observed. These localization features are similar to those previously reported for
Emp47p. In addition, mutagenesis of the C-terminal region identified a tyrosine-containing motif
as a critical determinant of the Golgi-localization and interaction with both COPI and COPII
components. Similar motifs are also observed in the C-terminal tail of Emp47p and other
mammalian homologs. Disruption of Emp47p displays a growth defect at a high temperature or
on Ca2�-containing medium, which is rescued by overexpression of Emp46p, suggesting a
partially overlapping function between Emp46p and Emp47p. In addition, we found that the
disruption of both Emp46p and Emp47p show a marked defect in the secretion of a subset of
glycoproteins. Analysis of the C-terminal mutants for Ca2� sensitivity revealed that the forward
transport of Emp46/47p is essential for their function, whereas the retrograde transport is not. We
propose that Emp46p and Emp47p are required for the export of specific glycoprotein cargo from
the endoplasmic reticulum.

INTRODUCTION

In eukaryotic cells, intracellular protein transport between
the organelles of the secretory pathway is mediated by
50–80 nm vesicular carriers that are released from a donor
organelle and fuse with an appropriate acceptor organelle
(Palade, 1975). The starting point of the secretory route is the
endoplasmic reticulum (ER). Once correctly folded and
properly assembled in the ER, secretory cargo proteins enter
transport vesicles termed “COPII-coated vesicles” for trans-
port to the cis-Golgi compartment (Schekman and Orci,
1996). The formation of the COPII coat on ER membranes
drives vesicle budding. This occurs by sequential binding of
at least five soluble components, including the small GTPase
Sar1p (Nakano and Muramatsu, 1989) and two cytosolic
heterodimeric protein complexes, Sec23p/s24p and Sec13p/

s31p (Barlowe et al., 1994). Budding from the ER involves
activation of the Sar1p GTPase by the ER resident protein
Sec12p, the Sar1p-specific guanine-nucleotide exchange fac-
tor (Nakano et al., 1988; Barlowe and Schekman, 1993). The
molecular events that trigger the activation of Sar1p to the
GTP-bound form to initiate budding are presently un-
known. Soon after formation, COPII vesicles shed their coat
and then fuse with the cis-Golgi compartment. The incorpo-
ration of cargo into the COPII vesicle is believed to be
selective and perhaps nonselective to some extent.

Recent studies strongly suggest that at least some mem-
brane proteins are sorted and recruited into COPII-coated
vesicles by a direct interaction with COPII coats. Membrane
proteins that function in the early secretory pathway, such
as soluble N-ethylmaleimide-sensitive factor attachment
protein receptors and the p24 family, are found to be incor-
porated into the prebudding complex formed in the pres-
ence of Sar1p-GTP and Sec23/24p, a subset of COPII com-
ponents (Kuehn et al., 1998; Springer and Schekman, 1998).
Transport of membrane proteins destined for transport from
the ER that are not components of the secretory machinery,
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such as vesicular stomatitis virus membrane glycoprotein
(VSV-G), appear to be facilitated by a diacidic (DXE) signal
that is commonly found in the cytoplasmic tail of a number
of transmembrane proteins (Nishimura and Balch, 1997).
More recently, in addition to the DXE signal, the tyrosine-
based sorting motif Yxx� (where � is a bulky hydrophobic
group), which was originally found to be involved in clath-
rin-mediated sorting events at the trans-Golgi network and
the cell surface (Bonifacino et al., 1996), also accounts for
efficient ER exit of VSV-G (Aridor et al., 2001). Thus, sorting
of a certain membrane cargo could occur by a direct inter-
action between the cytoplasmic domain of the cargo protein
and coat components.

If ER exit of soluble cargo proteins was a selective process,
it would require specific transmembrane receptors/adaptors
to mediate the interaction of the luminal cargo proteins with
the cytosolic COPII components. However, because there is
only one destination for ER-derived vesicles, namely the
Golgi apparatus, as long as they can exit the ER, they may be
able to go to the Golgi compartment. If so, protein sorting
would not require such receptors in the ER. Generalizing
this model, a “bulk flow” mechanism (Wieland et al., 1987)
where proteins leave the ER simply by being available for
entry into the forming vesicle, has been proposed previ-
ously. Missorted proteins with a retrieval signal could be
sent back from the Golgi to the ER via retrograde-directed
COPI-coated vesicles (Orci et al., 1997). Alternatively, at least
for some soluble proteins, positive concentration could oc-
cur upon exit from the ER, as suggested by a study on yeast,
in which a soluble pro�-factor was shown to be included in
the prebudding complex (Kuehn et al., 1998). This result
points to the existence of transmembrane adaptor/receptor
proteins that bridge lumenal cargo to the cytosolic COPII
coat. Indeed, in light of recent findings that an integral
membrane protein, Erv29p, is involved in an active mecha-
nism for uptake of several soluble cargos into COPII vesicles
(Belden and Barlowe, 2001), it now seems probable that
multiple mechanisms of receptor-mediated cargo sorting
mediate selective packaging.

In mammalian cells, the mannose-binding lectin ER-
GIC-53 has been proposed as a soluble cargo receptor at the
ER exit site. A chemical crosslink approach recently resulted
in the coisolation of ERGIC-53 with a soluble cathepsin-Z-
related glycoprotein. These proteins form a complex in the
ER, and dissociation takes place in the ERGIC fraction (Ap-
penzeller et al., 1999). Although the precise role of ERGIC-53
in cathepsin-Z-related protein transport remains to be estab-
lished, this finding strongly supports the presence of soluble

cargo receptors at the ER exit sites. The nonessential yeast
protein Emp47p appears to be the yeast homolog of ERGIC-
53, and the analysis of the yeast genome has revealed a
protein with significant homology to Emp47p, which we
term Emp46p, raising the possibility that the two proteins
may function similarly or even substitute for each other.

This report describes the molecular and biochemical char-
acterization of Emp46p and Emp47p. We assessed the pos-
sibility that the Emp46p and Emp47p may function in the
efficient secretion of a specific subset of glycoproteins.

MATERIALS AND METHODS

Yeast Strains and Media
Strains used for this study are listed in Table 1. Unless noted
otherwise, cultures were grown at 30°C in yeast extract/peptone/
dextrose (YPD) medium (1% bacto-yeast extract [Difco Laboratories,
Detroit, MI], 2% polypeptone [Nihon Seiyaku, Tokyo, Japan], and
2% dextrose), minimum salt, vitamins, and dextrose (MVD) me-
dium (0.67% yeast nitrogen base without amino acids [Difco Labo-
ratories] and 2% dextrose), or MCD medium, which is MVD con-
taining 0.5% casamino acids, supplemented appropriately.

Strain Construction
The EMP47 locus was targeted for disruption with the LEU2 gene.
The polymerase chain reaction (PCR) fragments, which correspond
to regions that are 500 base pairs (bp) upstream and downstream of
the open reading frame (ORF) of the EMP47, contained restriction
sites SacI/BamHI and PstI/HindIII, respectively, to facilitate inser-
tion into the homologous sites of pJJ282 (Jones and Prakash, 1990).
The resulting plasmid, pKSE108, was digested with SacI/HindIII,
and the 3-kbp fragment containing the LEU2 gene flanked by
EMP47 sequences was used to transform the strain YPH500 (Sikor-
ski and Hieter, 1989). Leucine prototrophs were screened using the
primers that anneals 600 bp upstream of the EMP47 start codon and
21 bp downstream from the LEU2 start codon, respectively, produc-
ing a 1.0-kbp amplification product if integration has occurred at the
EMP47 locus (KSY005).

An EMP47 homolog that shares 45% amino acid identity is de-
fined by the ORF YLR080w on chromosome XII, referred to here as
EMP46, and was targeted for disruption with the HIS3 gene. The
PCR fragments that correspond to regions that are 500 bp upstream
and downstream of the ORF of EMP46 contained restriction sites
SphI/BamHI and SacI/EcoRI, respectively. These fragments were
inserted into the homologous sites of pJJ217 (Jones and Prakash,
1990). This plasmid, pKSE107, was digested with SphI/EcoRI, and
the 2.8-kbp fragment containing the HIS3 gene flanked by EMP46
sequences was isolated. This disruption fragment was used to trans-
form the strain YPH500. Several transformants showing histidine
prototrophy were isolated. Disruption of the EMP46 locus was

Table 1. Strain list

Strain Genotype Reference

YPH500 MAT� ura3 lys2 ade2 trp1 his3 leu2 Sikorski and Hieter, 1989
X2180-1A MATa mal gal2 CUP1 Laboratory strain
MBY10-14C MAT� sec12-4 ura3 leu2 trp1 his3 Laboratory strain
KSY005 YPH500 with emp47�LEU2 This study
KSY006 MBY10-14C with emp47�LEU2 This study
KSY007 YPH500 with emp46�HIS3 This study
KSY008 YPH500 with emp47�LEU2 emp46�HIS3 This study
KSY062 MBY10-14C with emp46�3HA-EMP46 This study
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confirmed by PCR analysis using primers that anneal 580 bp up-
stream of the EMP46 start codon and 21 bp downstream from the
HIS3 start codon, respectively, generating a product (1 kbp) of the
expected size (KSY007). To generate a strain carrying the both
mutations emp46� and emp47�, the KSY005 strain was transformed
with the SphI/EcoRI fragment of pKSE107, and then transformants
were confirmed by PCR as described above, creating KSY008.

Plasmid Construction
The sequence of EMP46 (YLR080w) was obtained from the Saccha-
romyces Genome Database (http://www.genome-ftp.stanford.edu/
pub/yeast/Saccharomyces/). The primers that correspond to re-
gions that are 300 bp upstream and 500 bp downstream of the ORF
were used to amplify EMP46 from genomic DNA. These primers
contained restriction sites BamHI (upstream) and EcoRI (down-
stream) to facilitate insertion into the homologous sites of pRS316
(Sikorski and Hieter, 1989) to yield pKSY103. Emp46p was tagged
by the insertion of three repeated influenza virus hemagglutinin

(3HA) epitopes at amino acid position 3 of mature Emp46p to yield
pKSY113. EMP47 and its flanking regions of 500 bp were amplified
and inserted into the EcoRI site of the pRS314 vector (Sikorski and
Hieter, 1989). The resulting plasmid was partially digested with
EcoT22I, and the EcoT22I site at 1375 was destroyed. The remaining
EcoT22I site at nucleotide 106 was ligated with oligonucleotides coding
for two repeated myc (2myc) to yield plasmid pKSY105. Correct am-
plification and integration were verified by DNA sequencing.

For the overexpression of Emp46p, the BamHI-EcoRI fragment of
pKSY103 was inserted into the corresponding sites of the pYO326
(Qadota et al., 1992) to yield the plasmid pKSY104.

Mutants of the C-terminal cytoplasmic tail of Emp46p and Emp47p
were created by PCR mutagenesis using oligonucleotides containing
mutations corresponding to each mutant. The BamHI/EcoRI-mutated
fragment (for Emp46p) or the EcoRI-mutated fragment (for Emp47p) of
the final PCR product was used to replace the corresponding fragment
of the wild-type sequence. Sequences introduced from oligonucleo-
tides or PCR mutagenesis were verified by DNA sequencing.

Figure 1. (A) YLR080wp is homologous to Emp47p. Alignment of the protein sequence of Emp46p and Emp47p was done with the ALIGN
algorithm (Genestream Search; CRBM Montepellier, France), and underlines correspond to transmembrane domains predicted by the
PHDhtm program (Rost et al., 1995). (B) Hydrophobicity profiles calculated according to Kyte and Doolittle (1982) with a window size of 6.
(C) The schematic diagram of the polypeptide chain and the type I topology of Emp46p indicates the positions of its functional domains. CRD,
carbohydrate-recognition domain; TM, transmembrane domain; Cross, KXKXX motif.
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To construct green fluorescent protein (GFP)-EMP46, an SphI site
was created between the amino acid 3 of mature Emp46p and 3HA
epitope tag in pKSY113 by PCR mutagenesis. The ORF of GFP in
pEGFP-1 (CLONETECH Laboratories, Palo Alto, CA) was amplified
by PCR. The resulting fragment was digested with SphI and inserted
into the SphI site of the above plasmid to yield pKSY126. The KpnI
fragment of pKSY126 was replaced by the corresponding fragment
of the cytoplasmic tail mutant of Emp46p to create GFP-Emp46p
derivatives.

Antibodies and Immunoblotting
Polyclonal antibody was raised against six histidine-tagged C-ter-
minal fusion proteins of the lumenal domain of Emp46p (amino
acid positions 1–366) expressed from the plasmid pKSE106. The
PCR fragment encoding the lumenal domain of Emp46p was cloned
into pET-21a(�) (Novagen, Madison, WI), resulting in pKSE106.
The recombinant protein was expressed in the Escherichia coli
BL21(DE3) strain and was purified on Ni-nitrilotriacetic acid aga-
rose (Qiagen, Valencia, CA) as recommended by the manufacturer.
The purified recombinant protein was used to immunize rabbits
according to standard procedures. Antibodies directed against
Sec23p (Hicke and Schekman, 1989), Sec22p (Bednarek et al., 1995),
Sec61p (Stirling et al., 1992), Kex2p (Sato et al., 1999), Kar2p (Beh and
Rose, 1995), Ret1p (Duden et al., 1994), and Sec21p (Hosobuchi et al.,
1992) were described earlier. Monoclonal anti-HA and anti-myc
antibodies were obtained from Berkeley Antibody (Richmond, CA),
and anti-Pho8p and anti-Pep12p were from Molecular Probes (Eu-
gene, OR). Western blots were developed using the ECL�Plus (Am-
ersham Pharmacia Biotech, Piscataway, NJ).

Confocal Laser Microscopy
GFP fluorescence was visualized under a BX-60 microscope (Olym-
pus, Melville, NY) equipped with a confocal laser scanner unit
CSU10 (Yokogawa Electronic, Tokyo, Japan) and a thermocontrol
stage (Tokai Hit, Shizuoka, Japan). Images were acquired by a
high-resolution digital charge-coupled device camera (C4742–95;
Hamamatsu Photonics, Hamamatsu City, Japan) and were pro-
cessed by the IPLab software (Scanalytics, Fairfax, VA).

In Vitro Vesicle Budding
In vitro vesicle budding reaction contained 6 �g/ml Sar1p, 10
�g/ml Sec23/24p complex, 40 �g/ml Sec13/31p complex, and mi-
crosomes (500 �g/ml proteins). Microsomes were prepared as de-
scribed before (Wuestehube and Schekman, 1992). Salt-washed mi-
crosomes were prepared by incubating microsomes with 0.5 M
NaCl in buffer 88 (20 mM HEPES-KOH, pH 6.8, 250 mM sorbitol,
150 mM KOAc, and 5 mM MgOAc) on ice for 15 min. Reactions
were performed in buffer 88 with 0.1 mM guanine nucleotides, 1
mM ATP, and an ATP regeneration system. After 30 min of incu-
bation at 25°C, the reactions were placed on ice for 3 min and the
vesicles were separated from donor membranes by centrifugation at
15,000 rpm for 4 min. The supernatant was analyzed by SDS-PAGE
and immunoblotting.

Prebudding Complex Isolation
Microsome membranes (250 �g) were washed with 0.5 M NaCl as
descried above and were then incubated for 20 min at 25°C with 3
�g of glutathione-S-transferase (GST)-Sar1p and 5 �g of Sec23/24p
in the presence of 0.1 mM guanine nucleotide and 1 mM ATP/ATP
regeneration system. The membranes were sedimented through 0.1
M sucrose/buffer 88-8 (buffer 88, pH 8.0) and the pellet was solu-
bilized in 1% digitonin/buffer 88-8 for 10 min at 25°C. Insoluble
material was removed by centrifugation, and the supernatant was
incubated with glutathione-Sepharose (Amersham Pharmacia Bio-
tech) for 40 min at 4°C. The beads were washed with the same buffer
and the bound material was eluted with the same buffer including

10 mM glutathione. Samples were analyzed by SDS-PAGE and
immunoblotting.

In Vitro COP Binding to Cytoplasmic Domains
Coding sequences for the cytoplasmic domains of Emp46p and
Emp47p or their mutant versions were cloned into the E. coli ex-
pression vector pGEX-4T-1 (Amersham Pharmacia Biotech). GST
fusion proteins were constructed by PCR mutagenesis and were
purified from a clarified sonic E. coli lysate on glutathione-Sepha-
rose (Amersham Pharmacia Biotech). Yeast cytosol was prepared
from the X2180-1A strain as described before (Wuestehube and
Schekman, 1992). GST fusion proteins (50 �g) adsorbed on gluta-
thione-Sepharose beads were incubated with cytosol (600 �g) in a
buffer (50 mM HEPES-KOH, pH 7.4, 90 mM KCl, and 0.5% Triton
X-100) for 2 h at 4°C. Beads were washed five times in the same
buffer and were then eluted with an elution buffer (50 mM HEPES-
KOH, pH 7.4, 90 mM KCl, 0.1% Triton X-100, and 10 mM glutathi-
one). Samples were subjected to trichloroacetic acid precipitation,
followed by 8% SDS-PAGE and immunoblotting.

Subcellular Fractionation
Subcellular fractionation was performed as described before (Pow-
ers and Barlowe, 1998). Cells were grown to an early log phase and
were converted to spheroplasts by Zymolyase treatment. Sphero-
plasts were resuspended in a sucrose solution (10 mM HEPES-KOH,
pH 7.4, 12.5% sucrose, 1 mM EDTA, and 1 mM phenylmethylsul-
fonyl fluoride) and were subjected to 10 strokes in a Dounce ho-
mogenizer. The supernatant of two clearing 500 � g spins was
placed on a 20–60% sucrose density gradient in 10 mM HEPES-
KOH, pH 7.4, and 1 mM MgCl2. The gradients were centrifuged at
35,000 rpm (model RPS-40T rotor; Hitachi, Tokyo, Japan) for 2.5 h at
4°C. Thriteen fractions of 1 ml each were taken from the top to the
bottom. Fractions were analyzed by SDS-PAGE and immunoblotting.

To characterize the membrane association of Emp46p and
Emp47p, yeast lysate was isolated and treated with agents as fol-
lows. Spheroplasts were prepared as indicated above and resus-
pended in buffer 88. After Dounce homogenization, a 500 � g
supernatant fraction was treated with buffer 88, 1% Triton X-100, 0.5
M NaCl, or 0.1 M sodium carbonate in buffer 88. Samples were
incubated on ice for 30 min followed by centrifugation at 70,000 rpm
(model TLA 100.3 rotor; Beckman Instruments, Fullerton, CA) for 20
min. Equivalent amounts of supernatant and pellet fractions were
analyzed by SDS-PAGE and immunoblotting.

Pulse-Chase Analysis of Secreted Glycoproteins
The secretion of glycoproteins into the medium was measured as
described earlier (Yahara et al., 2001) with the following modifica-
tions. Early log-phase yeast cells were resuspended in MVD me-
dium containing 100 �g/ml �2-macroglobulin and 200 �g/ml bo-
vine serum albumin at 10 OD600 per milliliter, and were pulse-
labeled with 25–50 �Ci of Tran35S-label (ICN Biochemicals, Costa
Mesa, CA) for 4 min and chased for 30 min. Intracellular and
extracellular fractions were separated by centrifugation and the
supernatant fractions were added to the equal volume of 100 mM
Tris-Cl, pH 7.4, and 1 M NaCl. Specifically to visualize labeled
glycoproteins, the samples were incubated with Concanavalin A
(conA)-Sepharose (Amersham Pharmacia Biotech). The beads were
washed twice with a buffer (50 mM Tris-Cl, pH 7.4, and 500 mM
NaCl), and bound glycoproteins were eluted by boiling in the
SDS-PAGE sample buffer. Samples were analyzed by SDS-PAGE
and autoradiography.

RESULTS

A Gene for an Emp47p-Like Protein
Emp47p is a nonglycosylated type-I membrane protein with
a dilysine signal in its cytoplasmic tail, and it has previously
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been shown to recycle between the Golgi complex and the
ER (Schroder et al., 1995). Although the functional role of
Emp47p is unknown so far, this protein has sequence ho-
mology to mammalian ERGIC-53, which has been impli-
cated as a glycoprotein cargo receptor from the ER to the
ERGIC (Appenzeller et al., 1999). A search of the yeast Sac-
charomyces cerevisiae genome has revealed an additional
ORF, YLR080w, which encodes a 444-residue protein with
45% amino acid identity and 66% similarity to Emp47p.
Alignment of the YLR080w protein with Emp47p is shown
in Figure 1A. Like Emp47p and its mammalian homolog
(ERGIC-53), YLR080w protein has a single potential trans-
membrane domain at its C terminus as revealed by the
hydrophobicity plot (Kyte and Doolittle, 1982), and a 200-

residue segment in the N-terminal region that shares homol-
ogy with the carbohydrate-recognition domain of several
leguminous plant lectins (Figure 1, B and C). Because the
high degree of identity suggests that the homolog might
serve a very similar function in the cell, we decided to study
both Emp47p and YLR080w protein.

A polyclonal antibody was raised against the N-terminal
region of YLR080w protein (amino acid positions 1–366)
expressed from E. coli. N-terminal sequencing of YLR080w
protein immunoprecipitated from cell lysate yielded the
sequence KVTQKDELKW, which corresponds to 46 amino
acids downstream of the start codon of the ORF. The protein
sequence upstream of the N terminus of the mature
polypeptide is hydrophobic in nature and conforms with the

Figure 2. (A) emp47� strains have a severe growth defect at 37°C that can be rescued by sorbitol. Isogenic wild-type (YPH500), emp46 �
(KSY007), emp47� (KSY005), and emp46� emp47� (KSY008) strains were grown to saturation at 30°C in YPD medium, adjusted to 3 � 107

cells/ml and 5 �l of a 10-fold dilution series was spotted onto YPD plates or YPD containing 1 M sorbitol. Plates were incubated at 30 or 37°C
as indicated. (B) Overexpression of Emp46p rescued the inviability of the emp47� strain at 37°C. emp46� emp47� cells (KSY008) transformed
with a single-copy plasmid with EMP46 (pKSY103; top), a multicopy plasmid with EMP46 (pKSY104; middle), or vectors (pRS316; bottom)
were grown in liquid MCD medium lacking uracil and tryptophan (MCD-Ura-Trp) at 30°C and spotted onto a MCD-Ura-Trp plate as
described above. Plates were incubated at 37°C. (C) emp47� mutants are sensitive to Ca2�. emp46 � emp47 � (KSY008) cells transformed with
EMP46 or EMP47 (pKSY103 or pKSY105) in a single-copy plasmid and vectors (pRS314 or pRS316) as indicated were grown in MCD-ura-trp
at 30°C and were spotted onto a YPD plate or either containing 0.25 M CaCl2, 0.5 M CaCl2, or 0.5 M MgCl2 as indicated. (D) Overexpression
of Emp46p rescued the inviability of the emp47� strain on a Ca2�-containing plate. emp47� emp46� cells (KSY008) transformed with a
single-copy plasmid with EMP46 (pKSY103; top), a multicopy plasmid with EMP46 (pKSY104; middle), or vector (pRS316; bottom) were
grown in MCD-Ura-Trp at 30°C and spotted onto a YPD plate containing 0.25 M CaCl2 as described above. Plates were incubated at 30°C.
(E) Suppression of Ca2� sensitivity of the emp46� mutant by 3HA-tagged Emp46p. emp46� emp47� (KSY008) cells transformed with vector
(pRS316) or a single-copy plasmid with EMP46 or 3HA-EMP46 were grown and spotted onto a YPD plate containing 0.25 M CaCl2 at 30°C
as described above. (F) Emp46p and Emp47p do not depend on each other for their expression. Spheroplasts were prepared from cells
(emp46� emp47�/3HA-EMP46/2myc-EMP47), resolved by SDS-PAGE, and immunoblotted with anti-HA and anti-myc antibodies. Kar2p is
shown as a control.
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rules for cleavable signal peptides (von Heijne, 1983). The
presence of a signal peptide and the C-terminal transmem-
brane domain suggests that the protein assumes a type-I
transmembrane protein. These features are similar to those
previously reported for Emp47p (Schroder et al., 1995). We
propose that the YLR080w be named EMP46 because the
mature polypeptide has strong sequence similarity to
EMP47 and has a calculated molecular weight of 46 kDa.

Phenotypes of emp46/47 Deletion Mutants
To explore the function of EMP46 and EMP47, null mutants
were generated, and isogenic single and double mutants
were analyzed. The emp46 and emp47 null mutants are viable
and have growth rates in rich medium comparable with
those of the isogenic wild-type strain at 16, 23, 30, and 35°C.
Thus, EMP46 and EMP47 are not essential and are dispens-
able for growth. However, emp47� strain and emp46�
emp47� strain display a severe growth defect at 37°C,
whereas emp46 null strain exhibits a growth rate indistin-
guishable from that of wild-type cells at this temperature
(Figure 2A). This defect is completely rescued by the addi-
tion of the osmotic stabilizer sorbitol (1 M) to the growth
medium (Figure 2A).

The high level of amino acid sequence similarity between
Emp46p and Emp47p suggests that they might be redundant
proteins with similar functions in the cell. To address this
point, we tested whether the overexpression of Emp46p
from the multicopy plasmid rescues the growth defect of an
emp47� strain at 37°C (Figure 2B). As expected, overexpres-

sion of Emp46p rescued the inviability of emp47� cells at the
high temperature, indicating that Emp46p and Emp47p per-
form similar functions.

Cells deleted for EMP46, EMP47, or both were also ana-
lyzed for their growth properties in the presence of high
concentrations of divalent cations. We found that strains
lacking EMP47 were sensitive to Ca2� but not to Mg2�

(Figure 2C). The emp46� emp47� double deletion results in a
synthetic phenotype showing a greater growth defect in the
presence of Ca2� than the single deletions of EMP46/47. As
observed for thermosensitivity, the overexpression of the
EMP46 gene complemented growth defect of the emp47�
strain on Ca2�-containing medium (Figure 2D). From these
results, we conclude that EMP46 and EMP47 have at least
partially overlapping functions. Indeed, mammalian ho-
molog ERGIC-53 requires Ca2� ions for binding to immobi-
lized mannose in vitro (Itin et al., 1996) and its substrate
binding in vivo (Appenzeller et al., 1999). Ca2� might regu-
late the substrate binding and release from the lectin do-
main. However, the Ca2� sensitivity phenotype of emp46/47
mutants is not explained by a disturbance of substrate bind-
ing and release because the emp46� emp47� double mutant
also showed Ca2� sensitivity as well as the emp47 single
deletion strain. Hence, the Ca2� sensitivity phenotype of
emp47� and emp46� emp47� cells might be correlated with
factors regulating calcium homeostasis.

We next investigated whether the expression of Emp46p
and Emp47p is interdependent by immunoblotting cell ly-
sates from emp46�, emp47�, and emp46� emp47� mutants.
Because of failure to detect endogenous Emp46p with anti-
Emp46p antibodies used in N-terminal peptide sequence, a
3HA tag was after the signal peptidase cleavage site at
amino acid position 3 of Emp46p in a single-copy 3HA-
Emp46p expression plasmid. Expression of 3HA-Emp46p in
the emp46� strain was able to complement the Ca2� sensi-
tivity (Figure 2E), suggesting that this tagged version is fully
functional. emp46� cells expressed a normal level of
Emp47p, and emp47� exhibited normal expression of
Emp46p (Figure 2F), indicating that Emp46p and Emp47p
do not depend on each other for their expression.

Subcellular Localization of Emp46p
To confirm that Emp46p is indeed an integral membrane
protein, we examined its fractionation behavior. The frac-
tionation profile for Emp46p was the same as for Emp47p, as
they could only be solubilized by detergent and not by
carbonate treatment (Figure 3A).

We next examined the subcellular localization of Emp46p
by resolution of membrane organelles on sucrose gradients
(Figure 3, B and C). Emp46p sedimented in two peaks, one
that coincided with the cis-Golgi marker Emp47p, and the
second smaller peak cosedimenting with the ER marker
Sec61p. Emp47p has previously been shown to recycle be-
tween the Golgi and the ER, which requires its C-terminal
dilysine signal (Schroder et al., 1995). Emp46p also termi-
nates in the COPI binding motif KXKXX, which suggests
that Emp46p follows a recycling pathway to the ER. To test
this possibility, the localization of the GFP-fused 3HA-
Emp46p (GFP-Emp46p) in sec12-4 cells was examined. Plas-
mid-borne GFP-Emp46p complemented the growth defect
of the emp46� strain in the presence of Ca2� (Figure 4A) and
showed similar distribution to 3HA-Emp46p on sucrose gra-

Figure 2 (cont).

Emp47p and Emp46p Have an ER Exit Signal

Vol. 13, July 2002 2523



dients (Figure 4B). GFP-Emp46p was expressed in the
sec12-4 mutant cells, which have a temperature-sensitive
defect in the COPII vesicle formation from the ER. Figure 5A
shows that GFP-Emp46p displayed a punctate pattern of the
Golgi at 20°C (Figure 5A, a), but when the temperature was
shifted to the restrictive temperature, 37°C, the fluorescence
signal rapidly changed its pattern (Figure 5A, b and c). The
punctate structures disappeared and a ring around the nu-
cleus and some fluorescence in the periphery of the cell,
which are typical for yeast ER, became visible. This relocal-
ization is reversible. When the temperature was returned
back to the room temperature, GFP-Emp46p again dis-
played the punctate Golgi pattern (Figure 5B).

The same effect was observed with an independent exper-
imental approach. Figure 5C shows the distribution of
Emp46p on sucrose gradients, which had been loaded with
the subcellular fractions obtained from the sec12-4 cells ex-
pressing 3HA-Emp46p that were incubated for 90 min at 23
or 37°C. There was a clear difference in the fractionation
properties of Emp46p in the cell lysates derived from the
sec12-4 cells incubated at 23 and 37°C. The majority of
Emp46p that was present in the middle of the gradient (i.e.,
Golgi, see Figure 3B) when cells were incubated at 23°C was
shifted to the bottom of the gradient (i.e., ER) after the cells
were treated at 37°C, which was indicative of retrograde
transport. We conclude that like Emp47p, Emp46p localize
to the early secretory pathway and recycles between the
Golgi complex and the ER.

Figure 3. (A) Emp46p is an integral membrane protein. Sphero-
plasts were prepared from cells (emp46 � emp47 �/3HA-EMP46/
2myc-EMP47) and treated with buffer 88 (Buffer), 1% Triton X-100
(TX100), 0.5 M NaCl (NaCl), or 0.1 M sodium carbonate (pH 11) in
buffer 88. Samples were centrifuged at 100,000 � g, and totals before
centrifugation (T), supernatant (S), and pellet (P) fractions were
resolved by SDS-PAGE and immunoblotted for Sec23p, Sec61p,
anti-HA, or anti-myc. (B) Sucrose gradient fractionation of Emp46p,
Emp47p, Kex2p, Pho8p, and Sec61p. A whole-cell lysate from cells
expressing both 2myc-Emp47p and 3HA-YLR080w was separated
on a 20–60% sucrose density gradient, and fractions were collected,
starting with fraction 1 at the top. Fractions were probed by immu-
noblotting. All data are from a single gradient, plotted in two parts
for clarity. Relative levels of Emp46p, Kex2p, Sec61p, Pho8p, and
Emp47p as determined by densitometry of the immunoblots are
shown in C. Twenty percent of a total lysate is shown as T.

Figure 4. GFP-3HA-Emp46p is fully functional and shows wild-
type subcellular distribution. (A) Cells expressing 3HA-Emp46p
(EMP46) or GFP-3HA-Emp46p (GFP-EMP46) were spotted onto a
YPD plate containing 0.25 M CaCl2 at 30°C as described in the
legend to Figure 2. (B) Sucrose gradient fractionation of GFP-3HA-
Emp46p. Whole-cell lysates from cells expressing 3HA-Emp46p or
GFP-3HA-Emp46p were separated on sucrose density gradients
(20–60%) and fractions were collected from the top. Relative levels
of 3HA-Emp46p (�) and GFP-3HA-Emp46p (f) in each fraction
were quantified by densitometry of immunoblots.
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Transport of Emp46p Requires C-Terminal Motifs
Emp47p has previously shown to contain a functional dil-
ysine ER-recycling signal, and mutations in this signal led to
a rapid transport of the protein to the vacuole (Schroder et
al., 1995). To see whether the C-terminal dilysine signal of
Emp46p (Figure 6A) also functions as a retrieval signal, this
motif was disrupted by replacing double lysine residues
with serine or arginine residues. As can be seen in Figure 6B

(a), GFP-Emp46p was localized to punctate structures, as
also seen in Figure 5, A and B, representing the yeast Golgi.
In contrast, major fluorescent signals of dilysine mutants of

Figure 5. The dynamics of intracellular distribution of GFP-
Emp46p in sec12-4 cells. (A) sec12-4 cells (MBY10-14C) harboring
pKSY126 (GFP-Emp46p) were first observed at 20°C (a) and then the
temperature of the microscope stage was raised and kept at 37°C for
the indicated times (b and c). The same cells are shown. Images
were visualized by confocal laser microscopy. Bar, 5 �m. (B) sec12-4
cells expressing GFP-Emp46p were incubated at 37°C for 30 min
(upper panel) and and were then shifted to room temperature (RT)
and observed 60 min later (lower panel). The left panels show the
corresponding Nomarski images. Bar, 5 �m. (C) sec12-4 cells ex-
pressing 3HA-Emp46p were incubated at either 23°C (�) or 37°C
(f) for 90 min before spheroplasting. Lysates were loaded onto
sucrose gradients as described in “Materials and Methods,” and
then fractions were analyzed by SDS-PAGE and immunoblotting
with anti-HA.

Figure 6. (A) The C-terminal region of Emp46p and other traffic
lectins. ER-targeting dilysine signals are boldfaced, and the ty-
rosine-containing motifs are underlined. Numbering is from the
carboxy-terminal end with the last amino acid indicated as �1. (B)
Influence of the C-terminal region of Emp46p on its intracellular
steady-state localization. Wild-type GFP-Emp46p (a), a series of
point mutants in the tyrosine-containing motif (b-d), or a mutated
dilysine motif (e and f) was expressed in KSY007 (emp46�) contain-
ing pRS412(ADE2). Each construct is denoted by mutated tyrosine-
containing motif (YYMF at positions 13–16 from the C-terminal end)
or last five amino acids (KVKLL at positions 1–5 from the C-
terminal end). The left panels show the GFP patterns, and the right
panels show the corresponding Nomarski images. Bar, 5 �m.
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GFP-Emp46p were detected in the vacuole (Figure 6B, f).
The same effect could be observed by sucrose density gra-
dients. Figure 7 shows the distribution of Emp46p dilysine
mutants on sucrose gradients; they were virtually absent in
fractions containing Sec61p (Figure 7, fractions 8–10). We
could not detect the signal in vacuole fractions either, prob-
ably because the PEP4 gene, which is responsible for major
vacuolar proteolysis, was not knocked out in the cells used
in the fractionation experiments.

Previous studies indicate that the diphenylalanine motif
of mammalian homolog ERGIC-53 mediates binding to
COPII-coated proteins (Kappeler et al., 1997), which might
be the mechanism of selective recruitment of ERGIC-53 to
COPII vesicles. In yeast Emp46p and Emp47p, the dipheny-
lalanine motif is replaced by two leucines (Figure 6A). A
previous report showed that the exchange of the two C-
terminal leucines of Emp47p with alanines did not change
the wild-type distribution (Schroder et al., 1995). Unlike
Emp47p, alanines replacing the leucines of GFP-Emp46p
resulted in loss of ER exit, and the mutant Emp46p was
found in the ER (Figure 6B, e). Furthermore, there was a
clear difference in the fractionation properties of mutant
Emp46p compared with Emp46p with original cytoplasmic
tail (Figure 7A). The same was true for the deletion of the
KVKLL sequence. These results demonstrate that the most
C-terminal two leucines contribute to efficient ER exit of
Emp46p.

Notably, a tyrosine-containing Yxx� motif within the C-
terminal tail region is highly conserved among traffic lectins
(�16 to �13 in Figure 6A), which are located at the end of or
are juxtaposed to the transmembrane stretch. Such a ty-
rosine-based motif has been identified to be involved in
recognition by adapter complexes (Mallabiabarrena et al.,
1995; Ohno et al., 1998). Recent findings also suggest its role
in the ER retrieval and COPI binding (Cosson et al., 1998;
Sato et al., 2001). We mutated this region to alanine and
compared the localization of wild-type and mutant Emp46p
fused to GFP. In contrast to wild-type Emp46p, a single
substitution at any of the conserved residues within the
tyrosine-containing motif exhibited a drastic decrease of
Golgi localization (Figure 6B, b-d), with a fluorescence pat-
tern typical of the ER, indicating that the first tyrosine and
the last hydrophobic residue are required for normal
Emp46p exit from the ER. The subcellular localization ana-
lyzed by sucrose density gradient also showed clear differ-
ences in the fractionation profiles of Yxx� mutants. Alanine
substitution of the tyrosine-containing motif caused a mod-
erate shift of mutant Emp46p to the ER membrane fractions
(Figure 7B), which also represents the contribution of the
C-terminal tyrosine-containing motif to Emp46p localiza-
tion. It should be noted that the punctate structures ob-
served with GFP-Emp46p tyrosine-motif mutants are not the
result of mislocalization to an endosomal compartment. The
late endosomal syntaxin, Pep12p, clearly does not copeak
with Emp46p tyrosine-motif mutants (Figure 7).

Under the reconstituted in vitro budding reaction, ER-
derived COPII vesicles incorporated wild-type Emp46p at a
level comparable with other characterized cargo proteins,
such as Sec22p (Barlowe et al., 1994) and Emp47p (Otte et al.,
2001), whereas a resident ER protein, Sec61p, was not pack-
aged into COPII vesicles under this condition (Figure 8A).
Thus, COPII-mediated anterograde transport of Emp46p is

Figure 7. (A) Subcellular fractionation of Emp46p-KXKXX mu-
tants in emp46 � cells. A whole-cell lysate from cells expressing
3HA-Emp46p with a wild-type or mutated dilysine motif was frac-
tionated on a sucrose density gradient identical to that shown in
Figure 3. Fractions were analyzed by immunoblotting. Quantitation
was by densitometric scanning of immunoblots. (B) Subcellular
fractionation of Emp46p-Yxx� mutants in emp46� cells. A whole-
cell lysate from cells expressing 3HA-Emp46p with a wild-type or
mutated tyrosine-containing motif was fractionated on a sucrose
density gradient and analyzed as above.
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apparent. To test specific packaging of the C-terminal mu-
tants of Emp46p, microsomes were prepared from these
strains and the relative packaging efficiencies were deter-
mined. As seen in Figure 8B, vesicles budded from micro-
somes contained KVKAA mutant at a level (4.2%) that is
lower than that of wild type (8.3%). The tyrosine-containing
motif mutant (AYMA) was packaged to a significantly lesser
extent (1.4%). These results show a direct defect in antero-
grade transport of C-terminal mutants.

To show the physical interaction between specific C-ter-
minal sequence of Emp46p tail and subunits of the COPII
and COPI coat, we constructed a chimeric protein containing
the C-terminal region of Emp46p fused to the C terminus of
GST (GST tail). The fusion protein was purified from E. coli
and was immobilized on glutathione-Sepharose beads. The
beads were then incubated with yeast lysate. Figure 9 shows
that the GST tail protein with the C-terminal tail of Emp46p
was able to bind coatomer (Ret1p and Sec21p) as does the
positive control, the GST tail protein with the C-terminal tail
of Emp47p (Schroder-Kohne et al., 1998). As with the
Emp47p tail, the binding was dependent on the two con-
served lysine residues because binding was completely abol-
ished when these two lysines were substituted for serines
(Figure 9). Both Ret1p and Sec21p were also detected in
proteins bound to the GST tail protein, with the most C-
terminal two leucines replaced by alanines. In contrast, less
Ret1p and Sec21p were observed in proteins bound to the
GST tail with mutated tyrosine-containing motifs. This bind-

ing requires both of the conserved tyrosine and hydrophobic
residues, as replacement of both tyrosine and phenylalanine
to alanines synergistically affected the COPI binding. These
results suggest that in addition to the dilysine motif, the
C-terminal tyrosine-containing motif of Emp46p contributes
to COPI binding.

Under the same experimental conditions, C-terminal tails
were also tested for their possible binding of COPII by
looking at the binding of Sec23p. Sec23p binding was seen to
the GST tail of Emp46p and Emp47p, but also to dilysine
mutants in which the two lysines were replaced with
serines. However, no decrease of Sec23p binding was ob-
served when the C-terminal two leucines were mutated to
double alanine; this was unexpected because this mutant
showed a greater dependency on this motif for the ER exit
(Figures 6B, e, 8B, and 9A). Instead, we observed the influ-
ence of the tyrosine-containing motif in modulating COPII
binding because changing tyrosine, phenylalanine, or both
completely abolished binding to Sec23p (Figure 9). These
were examined in greater detail by testing whether those
motifs were necessary for the recovery of Emp46p in deter-
gent-soluble prebudding complexes (Figure 10). The pre-
budding complexes are detected when microsomes are in-
cubated in the presence of a subset of COPII components,
GST-Sar1p, and the Sec23/24p complex in the presence of
guanylyl imidodiphosphate (GMP-PNP) (Kuehn et al., 1998).
GMP-PNP-bound GST-Sar1p stabilizes the assembled pre-
budding complex for isolation on glutathione-Sepharose in
the presence of digitonin. Recovery in this prebudding com-
plex is specific as ER resident proteins are not included in
this intermediate. Microsomes were prepared from cells ex-

Figure 8. (A) In vitro budding reactions with microsomes pre-
pared from cells expressing both 3HA-Emp46p and 2myc-Emp47p.
Ten percent of the total reaction (T) and budded COPII vesicles
isolated after incubation with (�) or without (�) COPII proteins
was analyzed by SDS-PAGE followed by immunoblotting with an
anti-HA or anti-myc. Sec61p as negative control and Sec22p as
positive control were detected with polyclonal antibodies. (B) In
vitro budding reactions with microsomes prepared from strains
expressing C-terminal mutants of Emp46p. The same protocol as in
A was used except that the reaction time was 15 min.

Figure 9. Binding of COPI (Ret1p and Sec21p) and COPII (Sec23p)
to the C-terminal tail of Emp46p. GST fusion proteins comprising
the C-terminal tail of Emp47p or Emp46p in either wild-type form
(WT) or with a mutation as indicated were immobilized on gluta-
thione-Sepharose beads and incubated with whole-cell lysate for 2 h
at 4°C. The beads were washed and bound proteins were eluted
from the beads and analyzed by SDS-PAGE and immunoblotting
with anticoatomer, anti-Sec21p, or anti-Sec23p.
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pressing Emp46p or its C-terminal mutant and were incu-
bated in the presence of GST-Sar1p with GMP-PNP and the
Sec23/24p complex as described in “Materials and Meth-
ods” to generate prebudding complexes. Wild-type Emp46p
was recovered in the prebudding complex when GMP-PNP
was present. In contrast, when the tyrosine-containing motif
or C-terminal double leucine was mutated to alanine,

Emp46p was absent from the prebudding complex, whereas
control Sec22p was always present in the complex. There-
fore, we conclude from these experiments that the antero-
grade transport of Emp46p is due to a combined action of
the tyrosine-containing motif and the C-terminal two
leucines.

Anterograde Transport of Emp46p Is Required for
Its Function
We have shown above that the C-terminal region of Emp46p
contains signals required for both antero- and retrograde
transport of this protein. The question raised then is whether
those mutations affect the function of Emp46p. We at-
tempted to address this question by testing Ca2� sensitivity
of strains expressing those C-terminal mutants (Figure 11A).
The expression of those mutants are indistinguishable from
that of the wild-type protein, except the dilysine mutant that
was shown to be transported to the vacuole (Figure 11B).
When the C-terminal double leucine LL was changed to AA,
cells still showed Ca2� tolerance. Because this LL motif was
shown to mediate recruiting Emp46p into the prebudding
complex but was not needed for Sec23p binding, such a
partial loss of function is probably not effective enough to
abolish the Emp46p function in Ca2� tolerance. Interest-
ingly, cells expressing the mutant changing KVKLL to
SVSLL also showed Ca2� tolerance albeit its low abundance
in cells (Figure 11B), suggesting that neither the retrograde
transport of Emp46p nor its steady-state localization to
Golgi is essential for its function. In contrast, single substi-
tutions at any of the conserved residues within the tyrosine-
containing motif of Emp46p produced a moderate Ca2�-
sensitive phenotype. The tyrosine-containing motif mutant
was packaged into COPII vesicles to a significantly lesser
extent (17% of wild type) compared with LL motif mutant

Figure 10. The role of the C-terminal tail of Emp46p in recruitment
into the prebudding complex. Microsomes prepared from cells ex-
pressing either wild-type or mutated Emp46p were incubated with
GST-Sar1p and the purified Sec23/24p complex in the presence of
GMP-PNP or GDP-�S. Subsequently, digitonin-soluble prebudding
complexes were recovered on glutathione beads. Emp46p or Sec22p
in the prebudding complex was detected by immunoblotting. T
represents 0.5% of the total solubilized membranes. Each construct
is denoted as described in the legend to Figure 6B.

Figure 11. (A) Ca2� sensitivity
of cells expressing C-terminal tail
mutants of Emp46p and Emp47p.
emp46� emp47� cells were trans-
formed with either empty plas-
mid (vector) or a single-copy
plasmid with a C-terminal tail
mutant of Emp46p or Emp47p as
indicated was grown to satura-
tion in liquid MCD-Ura-Trp, and
serial dilutions were dropped on
a YPD plate containing 0.25 M
CaCl2 (Emp46p) or 0.5 M CaCl2
(Emp47p). (B) Expression of C-
terminal tail mutants of Emp46p
and Emp47p. Spheroplasts were
prepared from cells used in A,
resolved by SDS-PAGE, and im-
munoblotted with anti-HA
(Emp46p) or anti-myc (Emp47p).
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(51% of wild type), indicating that efficient ER exit is re-
quired for the Emp46p function. The same happened with
Emp47p; a mutation in any of these conserved residues
within the tyrosine-containing motif made the cells Ca2�

sensitive, confirming the importance of the motif in this
family. It should be noted that this tyrosine-containing motif
is located near the end of the transmembrane stretch. The
introduction of mutations around this region may disturb
the protein stability. We consider this possibility unlikely
because all the constructs we have included in our analysis
expressed indistinguishable amounts of protein from the
wild type (Figure 11B).

Secretion of Glycoproteins by emp46/47 Deletion
Mutants
Based on the findings that Emp46p and Emp47p cycles
between the Golgi and the ER, but functional requirement of
those proteins is only in the protein flow from the ER to the
Golgi, and these proteins exhibit lectin homology, we sus-
pected that they may guide newly synthesized glycoproteins
from the ER to the Golgi. Therefore, we investigated the
glycoprotein secretion into the media. We labeled cells of the
single and double deletion strains with 35S-labeled amino
acids, chased them for 30 min, and monitored the appear-
ance of ConA-binding glycoproteins in the medium. As
shown in Figure 12, selective secretory defects became ap-
parent; the deletion of Emp46p or Emp47p prevented the
secretion of a small subset of glycoproteins. The major gly-
coproteins disappearing from the supernatant of emp47�

and emp46� emp47� strains had apparent molecular masses
of around 70–95 kDa (Figure 12A, F). Smaller species
around 30–50 kDa were also affected in emp46� and emp47�
strains and were greatly reduced in the emp46� emp47�
double mutant strain (Figure 12B, E), suggesting redundant
or overlapping functions for these gene products. Interest-
ingly, some glycoproteins secreted from emp47� strain mi-
grated with slightly low molecular mass (Figure 12A, arrow-
heads), probably as a result of underglycosylation. The
identities of those glycoproteins are currently under inves-
tigation. The pattern of secretion of carboxy peptidase (CPY)
and invertase by the deletion mutants was indistinguishable
from that of wild-type cells (our unpublished observation).
These results confirm the substantial secretory defect of a
certain subset of glycoproteins in cells lacking Emp46p and
Emp47p.

DISCUSSION

This work completes the initial characterization of Emp46p
with significant homology to Emp47p. Like Emp47p,
Emp46p is an integral membrane protein and is predicted to
have a large lumenal domain with a shorter C-terminal
cytoplasmic segment. The lumenal domain of Emp46p
shows significant homology to its mammalian homolog ER-
GIC-53, which has been shown to have a lectin activity. The
emp47 deletion in our genetic background has clear pheno-
types, irrespective of an earlier report (Schroder et al., 1995).
Strains carrying the emp47 � null mutation showed thermo-
sensitivity for growth. The emp47 � mutation also influenced
the Ca2� sensitivity of the cells. This may be due to two
fundamentally different mechanisms. Either Emp46/47p op-
erate the factors that are involved in calcium homeostasis or
the proper binding and release of substrates to the lectin
domain is disturbed. We consider the latter possibility un-
likely because the double mutant also showed sensitivity to
elevated levels of Ca2�. Further experiments on calcium
metabolism in the emp46 � and emp47 � strains are under-
way.

The high degree of similarity between Emp47p and
Emp46p suggested that the latter might fulfill a very similar
function. Complementation of both temperature and Ca2�

sensitivities were observed in experiments where Emp46p
was expressed from a high-copy vector in a strain lacking
Emp47p. These results suggested that the Emp46p function
is partially redundant with Emp47p.

By analytical fractionation, the majority of Emp46p was
found in compartments whose density was similar to that of
Emp47p, which was already proven to locate in the Golgi.
Localization studies by GFP labeling show that although
Emp46p resided largely in the Golgi at steady state, this
protein constitutively recycles between the Golgi and the
ER. Our in vivo analyses and in vitro assays indicate that the
C-terminal tail region imparts steady-state localization to
Emp46p. Previous reports indicated that the dilysine motif
contained on the C-terminal tail of Emp47p is important for
its localization and can mediate association with the COPI
coat complex (Schroder et al., 1995; Schroder-Kohne et al.,
1998). Our findings demonstrate that, like Emp47p, the
Emp46p tail sequence possesses a dilysine motif that assists
in binding subunits of the COPI coat. Lysine-to-serine mu-
tations within this motif resulted in redistribution of

Figure 12. Secretion of glycoproteins by emp46/47 deletion strains.
Cells were labeled with [35S]methionine for 10 min and were chased
for 30 min. Media were collected and incubated with ConA-Sepha-
rose to isolate extracellular glycoproteins. Proteins were separated
by SDS-PAGE, and labeled proteins were detected by autoradiog-
raphy. F in A and E in B mark glycoproteins secreted inefficiently
by mutant cells. Arrowheads designate glycoproteins secreted un-
derglycosylated by the emp47� cells. (B) Low molecular weight
region with increased samples.
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Emp46p to the vacuole. This result can be readily explained
by the importance of these residues for recruitment of COPI
coat and Golgi-to-ER retrieval. The COPI coat was shown to
be recruited in vitro. The GST tail of Emp46p showed COPI
binding in what appeared to be a dilysine-restrictive man-
ner, and in comparable amounts with the positive control,
Emp47p, which has been shown to display a functional
dilysine motif (Schroder-Kohne et al., 1998). The clear reduc-
tion of COPI binding was observed when the lysines within
the motif were mutated to serines.

A previous report described that the steady-state distri-
bution of Emp47p with the C-terminal two leucines replaced
by alanines showed a punctate pattern indistinguishable
from the wild type (Schroder et al., 1995). Our findings are
not entirely consistent with this study; however, more pre-
cise analyses were performed. Experiments with GFP label-
ing revealed that the C-terminal two leucines are strictly
required for the ER exit. Unexpectedly, however, our in vitro
binding experiments revealed that the binding of the COPII
component Sec23p to the C-terminal region of Emp46p was
independent of the two C-terminal leucines. In contrast, the
mutation of the two leucines to alanines decreased the abil-
ity of Emp46p to be recovered in detergent-soluble prebud-
ding complexes. We conclude that the C-terminal double
leucine is a part of an ER exit determinant, which is required
for the cargo concentration at the prebudding site. These
results raise the possibility that the multiple signals may be
required in Emp46p for efficient export.

Interestingly, we found that a sequence similar to the
previously identified tyrosine-containing motif that medi-
ates adaptor and COPI binding (Mallabiabarrena et al., 1995;
Ohno et al., 1998) is located at the border of the transmem-
brane domain of this protein family, which contributes
steady-state localization of Emp46p. Cells expressing the
GFP-Emp46p protein with a mutated tyrosine-containing
motif had clear ER staining, suggesting that this motif affects
the ER exit of Emp46p rather than COPI-mediated retrieval.
This is reminiscent of the recent observations that in addi-
tion to the DXE motif of the VSV-G protein, an upstream
tyrosine-containing motif is also involved in efficient ER
export (Sevier et al., 2000; Aridor et al., 2001). The decreased
rate of ER exit of Emp46p with mutations in the tyrosine-
containing motif is not likely to be due to the quality control
in the ER. Our in vitro binding experiments with purified
GST tail fusion constructs demonstrated that the change of
any conserved feature within the tyrosine-containing motif
completely abolished the Sec23p binding. Substitution of the
conserved residues with alanines also decreased the binding
of COPI components, although not as efficiently as the
COPII binding. The observation that the Emp46p protein
strongly binds both COPI and COPII predicts a competitive
recruitment of COPI and II for this family member. It is not
known how the same C-terminal region can participate in
diverse transport steps and how it interacts with different
coats at each step. It is conceivable that the dilysine motif at
the C terminus of Emp46p is presented in an optimal way;
for instance, this part is masked at the level of the ER and
only accessible to COPI components when the protein ar-
rives in the Golgi. Further studies will be necessary to pre-
cisely determine the similarities and the differences between
the C-terminal motifs recognized by COPII and COPI coats.

It should be noted that only the cytosolic fraction of
Sec23p binds specifically to GST tail fusion proteins, and this
interaction is dependent on the presence of conserved ty-
rosine and a hydrophobic residue within the motif. Indeed,
we could not detect any interaction between purified COPII
components, such as Sec23/24p or Sar1p, and GST tail pro-
tein comprising the C-terminal domain of the Emp46p (our
unpublished observation). It may imply the existence of an
adaptor-like protein in between Emp46p and COPII compo-
nents.

Our results demonstrate the ability of Emp46p and
Emp47p to influence the secretion efficiency of certain gly-
coproteins, suggesting that a model for these proteins serves
as transport receptor for some glycoproteins. It seems un-
likely that Emp46p and Emp47p act as chaperones for gly-
coproteins in the Golgi, a role previously proposed for
Emp47p (Schroder et al., 1995), because the steady-state lo-
calization of Emp46p to the Golgi is not required for its
function. The secretion of Emp47p-dependent glycoproteins
is minimally affected by the deletion of Emp46p, but the
additive secretion defects of the emp46 � emp47� double
deletions to some glycoproteins were also observed, sug-
gesting that Emp46p and Emp47p share similar functional
properties that are partially redundant or even substitute for
each other. Several glycoproteins secreted from the emp47 �
strain were underglycosylated, which raises the possibility
that glycoproteins secreted from emp47 � cells have by-
passed some Golgi glycosyltransferase activities and the
underglycosylation is due to defects in mannose-chain elon-
gation. A probable explanation would be that the activity of
Emp47p may regulate the compartmental distribution of
glycosyltransferases, which are involved in mannose elon-
gation and addition within the Golgi.

Importantly, the deletion of EMP46 or EMP47 makes cells
flocculate in the liquid culture (our unpublished observa-
tion). In addition, there is a synergistic effect caused by their
double deletion, namely, a stronger tendency to flocculate in
the liquid medium than either single mutant, providing
further implication that Emp46p and Emp47p may partici-
pate in cell wall glycoprotein transport. This possibility is
also consistent with the fact that sorbitol, an osmotic stabi-
lizer, rescues the growth defect of the emp47 � strain at high
temperature, although how this occurs is not clear.

In conclusion, we have shown that the Emp46p cycling
between the Golgi apparatus and the ER requires both the
C-terminal ER exit determinant and the ER retrieval signal
that interacts with the COPII component Sec23p and COPI
components, respectively. The presence of the ER exit deter-
minant in Emp46p, which has lectin-like properties, pro-
vides further evidence that Emp46p may function as a sort-
ing receptor for glycoproteins in the early secretory
pathway. Indeed, our results demonstrate that functional
Emp46p and Emp47p are required to increase the secretion
efficiency of several glycoproteins. Further development of
both in vivo and in vitro transport assays from the ER to the
Golgi should help us to investigate the proposed functions
of Emp46p and Emp47p in more detail.
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