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Localization of GDP-mannose transporter in the Golgi
requires retrieval to the endoplasmic reticulum
depending on its cytoplasmic tail and coatomer
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Summary

The Saccharomyces cerevisiae GDP-mannose transporter
(GMT) encoded by the essential gene VRG4/VIG4 is a
member of the nucleotide-sugar transporter family in the
Golgi apparatus. We examined GMT in the secretory
mutant cells to investigate the mechanism of its localization
in the Golgi. At the nonpermissive temperature, most GMT
was found in the endoplasmic reticulum of sec23” cells,
which have defective COPII, and in the vacuole of sec21®
cells, which have defective COPI. The C-terminal
hydrophilic peptide of GMT that is exposed to the cytosol
binds to Ret2p, a subunit of the COPI coat. Mutant peptide

derivatives that have lost a cluster of lysine in the vicinity
of the transmembrane domain had reduced binding
activity to Ret2p and the GMT with this sequence was
delivered to the vacuole. Our results indicate that GMT
escapes from delivery to the vacuole by recycling to the
endoplasmic reticulum and retrieval requires the lysine-
rich C-terminal tail that can bind to the COPI coat.
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Introduction

In the eukaryotic cell, the secretory proteins are transported to
the cell surface through the endoplasmic reticulum (ER) and
Golgi apparatus. During the transport process, most of the
secretory proteins are modified by oligosaccharides. The initial
transfer of carbohydrate to the polypeptide from dolichol-sugar
intermediates occurs in the ER and further addition and
modification of oligosaccharides occurs mainly in the Golgi.
The Golgi glycosylation is conducted by a variety of
glycosyltransferases and the donor substrate is nucleotide-
sugar. The nucleotide-sugar is synthesized in the cytoplasm
and incorporated in the Golgi lumenal space by a specific
nucleotide-sugar transporter (NST).

In the Golgi of Saccharomyces cerevisiae, the glycosylation
occurs solely by mannose and GDP-mannose is the essential
substrate of various mannosyltransferases. Several Golgi
mannosyltransferases have been identified. Ochlp is the
crucial ~o-1,6-mannosyltransferase, which initiates the
elongation of outer mannosyl chain of the N-oligosaccharide
core (Nakanishi-Shindo et al., 1993). Two hetero-oligomeric
complexes that contain Mnn9p as a common subunit, Mnn9p-
Vanlp and Mnn9p-Anplp-Hoclp-MnnlOp-Mnnllp [named
MTase I and II by Jungmann et al. (Jungmann et al., 1999) or
the V and A complexes by Kojima et al. (Kojima et al., 1999),
respectively], transfer either o-1,6- or o-1,2-mannose to the
acceptor N-glycosyl groups (Jungmann and Munro, 1998). The
latter complex might also participate in elongation of O-
mannosyl groups (Kojima et al., 1999). Mntlp, Mnn2p and
Mnn3p function as o-1,2-mannosyltransferase (Hausler and
Robbins, 1992; Rayner and Munro, 1998). The elongation of

o-1,6-mannose outer chain with o-1,2-mannose branches is
terminated by the addition of o-1,3-mannose by o-1,3-
mannosyltransferases Mnt2p, Mnt3p, Mntdp and Mnnlp
(Romero et al.,, 1999; Yip et al, 1994). All these
mannosyltransferases are type-II membrane proteins and their
catalytic domains localize in the Golgi lumen. The GDP-
mannose transporter (GMT) moves GDP-mannose into the
Golgi lumen from the cytosol and moves GMP out. GMT is a
member of the NST family (Berninsone and Hirschberg, 2000),
which has similar multiple transmembrane domains (TMD)
and functions as an antiporter of nucleotide-diphosphate—sugar
and nucleotide-monophosphate in the organelle membrane
(Abeijon et al., 1996; Eckhardt et al., 1996; Goto et al., 2001;
Ma et al., 1997; Miura et al., 1996; Poster and Dean, 1996;
Tabuchi et al., 1997).

The mannosyltransferases and GMT localize to the Golgi
apparatus for precise glycosylation but the mechanism is still
not clear. Two models have been proposed for stable
localization of membrane protein — the ‘kin recognition’ model
(Nilsson et al.,, 1994; Nilsson et al., 1993) and the ‘lipid
bilayer’ model (Bretscher and Munro, 1993; Munro, 1995).
The kin recognition model proposes that the resident proteins
form a large hetero-oligomer by protein-protein interaction in
the organelle membrane and are consequently prevented from
entering the budding vesicles destined to another organelle.
The lipid bilayer model proposes that the fit between the length
of TMD and the thickness of lipid bilayer of each organelle
membrane determines the localization because each organelle
has its specific lipid composition. In contrast to the elaborative
mechanism for stable localization, proteins in the route of
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traffic are inevitably subject to the dynamic vesicle transport.
Therefore, retrieval or recycling is important for ensuring
localization, as reported for the p24-family proteins (Fiedler et
al., 1996), the t-SNARE Sed5p (Wooding and Pelham, 1998),
the glycosyltransferase Mnn9p complexes (Todorow et al.,
2000) and the retrieval receptor Rerlp (Sato et al., 2001).

Here, we examined the mechanism for Golgi localization of
GMT in S. cerevisiae. Our results indicate that GMT also
recycles between the ER and Golgi, although it apparently
localizes to the Golgi. Especially, a cluster of lysine residues
in the C-terminal tail of GMT is important for the recognition
of GMT by COPI coat and for GMT to escape from delivery
to the vacuole.

Materials and Methods
Strains and media
Escherichia coli DH50o. (F~, ¢80lacZAM 15 supE44 AlacU169 hsdR17
recAl endAl gyrA96 thi-1 relAl) was used in plasmid construction,
and BL21 (F~, ompT hsdS gal dcm) in production of glutathione-S-
transferase (GST) fusion proteins. S. cerevisiae KA31-1A (MAT o his3
leu2 trpl ura3) was used. The sec mutant strains S18 (MAT« seclS§-
1 ura3), S23 (MATo sec23-1 ura3) and S21 (MATo sec21-1 ura3)
were kindly provided by R. Sheckman (University of California,
Berkeley). K2-1C (MAT o vig4-1 ura3-52 lys2-801 his3-A200 leu2-
Al) was used as the mutant with defective GMT.

Yeast cells were grown in YPD [1% Bacto yeast extract (Difco),

2% Bacto peptone (Difco), 2% glucose] or SD [0.67% Bacto yeast
nitrogen base without amino acids (Difco), 2% glucose] medium
containing required supplements or 0.2% yeast extract where
indicated. Solid media were made with 2% agar.

Plasmid

The plasmid used in this study is listed in Table 1. The DNA fragment
containing the VRG4 open reading frame was obtained by PCR
amplification of the yeast genomic DNA using LA Taq polymerase
(Takara, Kyoto, Japan). Primers were designed to place a BamHI site
at the 5" end and an Xhol site at the 3" end. The amplified DNA was
ligated into the pUC119 or pBluescript II SK for subcloning. The
VIG4 and vig4-1 mutant derivative were cut out and subcloned in
expression vectors, having the VIG4 promoter in pMAS2 [CEN ARS
URA3, N-terminal green fluorescent protein (GFP) tagging],
pPMAV420 (CEN ARS URA3, N-terminal Mycg tagging) and pMA71
(CEN ARS URA3, C-terminal Mycg tagging), if necessary.

GST fusion protein was produced by using the expression vector
pGEX4T-3 (Pharmacia). The oligonucleotides encoding appropriate
peptides were prepared so as to have a BamHI site at the 5" end and
an Xhol site at the 3" end, and were inserted in the expression vector.

Immunoprecipitation

Immunoprecipitation of tagged proteins was done as follows. Log-
phase yeast cells (10 ml) were collected and broken by shaking with
glass beads in 1 ml lysis buffer [20 mM HEPES-KOH, pH 6.8, 150
mM potassium acetate, 200 mM sorbitol, 2 mM EDTA, 1 mM

Table 1. Plasmids used in this study

Plasmid Description Source
pRS416 URA3 CENG yeast vector

pRS426 URA3 21 yeast vector

pMA12 Vig4-6myc in pRS416 Abe et al., 1999
pMAS0 VigdA12-6myc in pRS416 Abe et al., 1999
pMAV426 6myc-Vig4 in pRS416 This study
pMAV425 6myc-VigdA12 in pRS416 This study
pMAV424 6myc-VigdA4 in pRS416 This study
pSVI128 Vanl-6myc in pRS416 Hashimoto and Yoda, 1997
pSV314 Anpl-6myc in pRS416 Hashimoto and Yoda, 1997
pPMAV502 Ret2-3HA in pRS416 This study
pMAS9 GFP-Vig4 in pRS416 This study
pMAS86 GFP-Vig4-Al2 in pRS416 This study
pMAV594 GFP-Vig4-A12-[AQPLRK] in pRS416 This study
pMAV587 GFP-Vig4-[SRAAAS] in pRS416 This study
pPMAVS595 GFP-Vig4-A12-[QQQQQQAQPLRK] in pRS416 This study
pMAV593 GFP-Vigd-A12-[KQKKQQAQPLQQ] in pRS416 This study
pPMAV596 GFP-Vig4-A12-[KQQQQQAQPLRK] in pRS416 This study
pPMAV597 GFP-Vigd-A12-[QQKQQQAQPLRK] in pRS416 This study
PMAVS598 GFP-Vig4-A12-[QQQKQQAQPLRK] in pRS416 This study
pPMAV599 GFP-Vig4-A12-[QQKKQQAQPLRK] in pRS416 This study
pMAV600 GFP-Vig4-A12-[KQKQQQAQPLRK] in pRS416 This study
pPMAV601 GFP-Vig4-A12-[KQQKQQAQPLRK] in pRS416 This study
PMAVS592 GFP-Vig4-A12-[KKLETPKKTN] in pRS416 This study
pMAV494 GST-KKLETPKKTN (Wbpl) This study
PMAVS510 GST-KKLETPKKTN-SRAAAS (Wbp1) This study
pMAVS515 GST-KQKKQQAQPLRK-SRAAAS This study
PMAVS518 GST-KQKKQQAQ This study
pMAV520 GST-KQKKQQAQPLRK This study
PMAVS524 GST-KQQQQQAQPLRK This study
pPMAVS525 GST-QQKKQQAQPLRK This study
PMAVS526 GST-KQKQQQAQPLRK This study
pPMAV527 GST-KQQKQQAQPLRK This study
PMAVS561 GST-KQKKQQAQPLQQ This study
PMAV562 GST-AQPLRK This study
PMAVS563 GST-QQQQQQAQPLRK This study
pPMAV564 GST-QQQKQQAQPLRK This study
PMAVS565 GST-QQKQQQAQPLRK This study
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phenylmethylsulfonyl fluoride (PMSF), 1/500 volume of a protease
inhibitor cocktail (I mg ml™' each of leupeptin, chymostatin,
pepstatin, aprotinin and antipain)]. The lysate was centrifuged at 500
g for 5 minutes to remove debris. The 900 pl supernatant was
collected and 0.5% (w/v) CHAPS was added to solubilize the
membrane. After the lysate was incubated at 4°C for 30 minutes, it
was centrifuged at 500 g for 10 minutes. The supernatant was
collected (‘Total’) and mixed with 1 pl antibody and incubated at 4°C
for 1 hour. Protein-A/Sepharose beads were added and the mixture
was incubated at 4°C overnight. After the mixture was centrifuged at
500 g for 1 minute and the supernatant was collected (‘Unbound’).
The beads were washed ten times with lysis buffer containing 0.5%
(w/v) CHAPS. Finally, sodium dodecyl sulfate (SDS) sample buffer
[50 mM Tris-HCI, pH 6.8, 10% (v/v) glycerol, 1% (w/v) SDS, 4%
(v/v) 2-mercaptoethanol] was added to analyse by 10% SDS-PAGE
and western blotting with anti-Myc monoclonal antibody (9E10;
Berkeley Antibody) or anti-Ret2p antiserum (a kind gift of F
Letourneur, University of Lyon, France).

Immunofluorescence

Cycloheximide (0.1 mg ml™) was added to the log-phase cells grown
in 10 ml of YPD and incubation was continued at 37°C for 20 minutes
or 40 minutes, if necessary. Then, cells were fixed by adding 1 ml
37% formaldehyde and 330 ul 2% NaNj3 directly to the medium. The
cells were collected and fixed with 3.7% formaldehyde in buffer A
(100 mM potassium phosphate, pH 7.3, 10 mM NaN3) for 90 minutes.
The cells were washed twice with buffer A and once with buffer B
(1.2 M sorbitol, 100 mM potassium phosphate, pH 7.3) before being
resuspended in five volumes of buffer B containing 25 mM 2-
mercaptoethanol and 0.1 mg ml™! Zymolyase 100-T (Seikagaku
Kogyo, Tokyo, Japan). Samples were incubated for 30 minutes at
37°C, washed with buffer B, resuspended in buffer B containing 0.1%
Triton X-100 and then incubated for 10 minutes on ice. After being
washed with buffer B, cells were pipetted onto polylysine-coated
microscope slides. Anti-GFP and anti-Myc sera were diluted to 1/500
in buffer C (1 mg ml~! bovine serum albumin, 0.1% Tween 20 in PBS)
and applied to the slide. Incubation was carried out for 60 minutes at
room temperature. Slides were washed and incubated with appropriate
secondary antibodies (FITC-conjugated goat anti-mouse IgG, diluted
to 1/200; Cappel) for 30 minutes, washed with buffer C and mounted.
Images were obtained using an AX-80 microscope (Olympus).

Subcellular fractionation

Cells were suspended in sorbitol buffer (0.9 M sorbitol, 10 mM
HEPES-KOH, pH 7.4) containing 10 mM sodium azide and 25 mM
2-mercaptoethanol, and incubated with lyticase at 30°C for 30
minutes. Spheroplasts were collected, washed twice with sorbitol
buffer containing sodium azide, and lysed in the ice-cold lysis buffer.
After unbroken cells were removed by centrifugation at 500 g for 5
minutes, the lysate was centrifuged at 7000 g for 3 minutes to obtain
the pellet (P7) fraction. The supernatant was further centrifuged at
100,000 g for 1 hour to generate the pellet (P100) and supernatant
(S100) fractions.

Invertase staining

The log-phase cells in 10 ml of YPD were collected and incubated in
10 ml YPS medium for 2 hours at 30°C. Then, the cells were washed
with sorbitol buffer before being resuspended in 200 pl sorbitol buffer
containing 25 mM 2-mercaptoeathanol and 0.1 mg ml™' Zymolyase
100-T. Cells were incubated at 37°C for 30 minutes and then removed
by centrifugation. The supernatant was mixed with 20% volume of
ECB buffer (10 mM HEPES-KOH, pH 7.4, 20% glycerol) and heated
at 50°C for 10 minutes. Samples were subjected to 7.5% SDS-PAGE.
The running gels were washed five times with distilled water and
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incubated in the prewarmed sucrose solution (0.1 M sucrose, 0.1 M
sodium acetate, pH 5.2) for 60 minutes at 37°C. After being washed
twice with distilled water, the reducing sugar was detected with TTC
solution [0.1 M NaOH, 0.2% (w/v) triphenyltetrazolium chloride].
The gel was heated in a microwave oven to develop colour and then
washed with 10% acetic acid.

GST pull-down assay

GST chimera proteins were prepared as follows. Oligonucleotide
fragments encoding the authentic sequence of C-terminal peptide of
GMT (12 residues: KQKKQQAQPLRK) or its mutant variations were
inserted into the bacterial expression vector pGEX4T-3. E. coli
transformants were grown in 100 ml nutrient broth [1% peptone, 0.3%
meat extract, 0.5% NaCl; 1.8% (w/v) dry mix (Eiken Kagaku, Tokyo,
Japan)] at 25°C until the optical density at 550 nm reached 0.2.
Isopropylthio-B-galactoside (0.25 mM) was added and incubation was
continued at 25°C for 4 hours. The cell lysate was prepared by
sonication in 1 ml STB buffer [10 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 2 mM EDTA, 10 mg ml™! lysozyme, 1 mM PMSF, 1/500
volume protease inhibitors cocktail (1 mg ml™! each of leupeptin,
chymostatin, pepstatin, aprotinin and antipain)], and was centrifuged
at 100,000 g for 10 minutes. The 900 pl supernatant was collected
and 1% (w/v) Triton X-100 was added. The GST fusion proteins were
absorbed to 50 pl glutathione/Sepharose-4B beads (Pharmacia) at 4°C
for 1 hour. After washing five times with 1 ml ice-cold PBS, the beads
and absorbed proteins were stored at 4°C.

Yeast producing Ret2p-3HA was broken by shaking with glass
beads in HEPES buffer (50 mM HEPES-HCI, pH 7.3, 90 mM KCl)
containing 0.5% (v/v) Triton X-100 and the lysate was precleared with
50 pl glutathione/Sepharose-4B beads. The precleared lysates were
applied to the GST fusion proteins bound to beads. After incubation
at 4°C for 16 hours, beads were washed six times in HEPES buffer
containing 0.1% (v/v) Triton X-100. The bound proteins were eluted
by boiling in SDS sample buffer and separated on a 10% SDS-PAGE
gel followed by western blotting with anti-haemagglutinin (anti-HA)
monoclonal antibody (12CAS; Berkeley Antibody).

Results
GMT is recycling between the ER and Golgi apparatus

Yeast GMT predominantly localizes to the Golgi apparatus as
detected by indirect immunofluorescent staining (Abe et al.,
1999). When the mechanism of the localization of a Golgi-
resident protein in the stream of vesicular traffic is considered,
retrieval from the later compartment to the earlier one with the
aid of retrograde transport vesicles is often important. Recent
works showed that yeast Golgi proteins including Emp47p
and Rerlp undergo recycling between the ER and Golgi
compartments (Sato et al., 2001; Schroder et al., 1995).
Therefore, we sought to examine whether GMT also follows
this mechanism. The yeast temperature-sensitive secretion
mutants of vesicular traffic are useful to examine the
intracellular movement of a particular protein by seeing its
localization when the vesicular traffic is arrested at various
stages.

We visualized GMT in the sec 8" mutant, in which the yeast
homologue of NSF is inactivated and the vesicle fusion at all
stages is blocked at the nonpermissive temperature (Graham
and Emr, 1991). A control experiment using a wild-type yeast
showed that temperature shift from 25°C to 37°C had little
effect on the punctate localization of GMT (Fig. 1A, WT).
When the sec]8” mutant was incubated at 37°C for 20 minutes,
the bright spots of GMT observed at 25°C disappeared and
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Fig. 1. GMT recycles between the ER and Golgi apparatus.
(A,B) Yeast cells producing the Mycs-tagged GMT, Anplp or
Vanlp from CEN plasmid were fixed with formaldehyde at the
time indicated after the shift to 37°C and prepared for indirect
immunofluorescence staining using anti-Myc monoclonal
antibody 9E10 and FITC-conjugated affinity-purified goat anti-
mouse-IgG. Cells were treated with cycloheximide (0.1 mg
ml™") before being shifted to 37°C. After 20 minutes at 37°C,
the culture was divided in two; one portion was kept at 37°C
and the other was shifted back to 25°C and incubated for 20
minutes to see the reversibility of localization (Recovery).

(A) Wild-type (WT) and sec!8" mutant cells expressing Mycg-
GMT. (B) Wild-type and sec23" mutant cells expressing Myce-
GMT, Mycs-Anplp and Myce-Vanlp. (C) Subcellular
fractionation of the wild type and sec23-mutant-expressing
Mycs-GMT. Medium-speed pellet (P7), high-speed pellet
(P100) and high-speed supernatant (S100) were prepared, and
GMT was detected by immunoblotting.

vesicles are still produced by budding from the donor
compartments, they are unable to fuse with the target
organelles. The change of the localization pattern of GMT
from distinct dots to many very fine structures in the sec18"
mutant is consistent with the idea that GMT leaves the Golgi
compartments and enters many smaller vesicles.

Then, we examined the localization of GMT in the
sec23" mutant. SEC23 encodes a component of the coat
protein II (COPII) complex and, when it is inactivated,
generation of the COPII vesicles is arrested and the cargo
accumulates in the ER. If the recycling molecules return to
the ER, their localization shifts from the Golgi to the ER in
the sec23" mutant at 37°C. Cycloheximide was added in the
culture to block protein synthesis and entry of new GMT to
the ER during the temperature-shift experiment. GMT
localized to the punctate structures at the time of shift in
this mutant (Fig. 1B). After 20 minutes at 37°C, GMT was
detected predominantly in the central ring structure and
strings at the periphery of the cell, indicating that the
localization of GMT was shifted from the Golgi to ER.
When the temperature was shifted back to 25°C, GMT
returned to the punctate structures. To confirm this shift
of localization, we examined GMT by subcellular
fractionation and immunoblot analysis. When the sec23"
mutant cells were incubated at 37°C, more GMT was found
in the P7 fraction that contains large vesicles (Fig. 1C).
From an average of two experiments, the GMT in P7 of the
sec23" cell was estimated to be 24% at 25°C and 55% at
37°C, or it increased 2.3 times after 40 minutes at the
nonpermssive temperature. These results demonstrate that
GMT cycles between the ER and Golgi.

P7 P100 S100 P7 P100 S100 P7 P100 S$100

finely punctate fluorescence was dispersed in the cytoplasm
(Fig. 1A, secI8® 20 minutes). When the temperature was
returned to 25°C after 20 minutes at 37°C, GMT exhibited the
punctate Golgi pattern again within 20 minutes (Fig. 1A, secl8"
recovery). In the sec/8* mutant at 37°C, although the small

P7 P100 S100

We also examined two subunit proteins of
glycosyltransferases, Anplp and Vanlp, to see whether
other Golgi-localized proteins related to glycosylation
behave in the same way. These proteins are components of
the elongating mannosyltransferase complexes that localize
to the early Golgi compartment (Hashimoto and Yoda,
1997; Jungmann and Munro, 1998) and co-localized with
GMT by double immunofluorescence staining (data not shown).
In the sec23" mutant cell at 37°C, both Anplp and Vanlp were
detected as finely punctate fluorescence distinct from the dots of
the Golgi staining at 24°C (Fig. 1B), but they were not observed
in the ring and strings of the ER. These results indicate that
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the localization mechanism is different between the

mannosyltransferase complexes and GMT.

Physical interaction of GMT with COPI coatomer

The retrograde transport vesicles are generated with the aid of
coat protein I (COPI) complex (coatomer). Because it was
suggested that GMT undergoes retrograde transport, we
examined whether the coatomer binds to GMT by
immunoprecipitation analysis. Ret2p is an essential subunit of
coatomer, the yeast homologue of mammalian 3-COP. A
cleared lysate was prepared from the yeast cells producing
Mycg-tagged GMT by solubilizing the membrane with
CHAPS. The Myc epitope was added at either the N- or
the C-terminus (Myce-GMT or GMT-Mycs) and
immunoprecipitation was done using anti-Myc monoclonal
antibody. Western blot indicated that Ret2p was present in both
immunoprecipitate and that more Ret2p was found with Myce-
GMT than with GMT-Mycg (Fig. 2, lanes 3 and 12). In contrast
to the result with GMT, Ret2p was not detected in the similar
immunoprecipitate from the cleared lysate of the cells
producing Myce-tagged Anplp (Fig. 2, lane 18). These results
indicate that coatomer binds to GMT but not to the Anplp
mannosyltransferase complex in this experimental condition.

C-terminal tail of GMT binds to COPI coatomer

The COPI coatomer is recruited to the Golgi membrane to
produce the retrograde transport vesicles and the binding of
coatomer to cytoplasmic peptides of membrane proteins is a
known mechanism to collect the cargo molecules in the COPI
vesicles. The C-terminal KKxx or KxKxx is generally accepted
as the consensus sequence for this binding (Cosson and
Letourneur, 1994). Although the C-terminal 12 amino acid
peptide of GMT (KQKKQQAQPLRK) does not have the
sequence, it does contain four lysine residues. We previously
reported that, although a mutant GMTAI2 lacking the peptide
was inactive, the Myc signal was detected in punctate Golgi
pattern (Abe et al., 1999). Because the Myc epitope is
susceptible to digestion in the vacuole, the localization of
GMTAI12 was re-examined using stable GFP as a tag. We
found that GFP-GMTAI12 localizes to both Golgi and vacuole
(Fig. 4C). Therefore, the C-terminal tail of GMT plays a role
in restriction of its localization in the Golgi.

We examined whether the truncated GMT binds
to Ret2p by immunoprecipitation assay. We could
not detect Ret2p in the precipitate of Myce-
GMTA12 and GMTA12-Mycg (Fig. 2, lanes 9 and

total
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15). Because Ret2p was hardly detected in the precipitate of
Myce-GMTA4, which has a smaller deletion, (Fig. 2, lane 6),
the C-terminal peptide of GMT plays an important role for
binding to coatomer.

C-terminal peptide binds to coatomer in vitro

Physical interaction has been demonstrated between peptides
containing a dilysine motif (KKxx or KxKxx) and coatomer.
We next examined whether the GMT tail peptide also interacts
with coatomer using an in vitro binding assay. The chimeric
GST proteins were produced in E. coli and purified using
glutathione-Sepharose beads. As a positive control, the C-
terminal peptide of Wbplp was used. Wbplp is an ER-resident
membrane protein as a component of the yeast N-
oligosaccharyltransferase complex (te Heesen et al., 1992), and
its cytoplasmic domain contains a dilysine motif that was
shown to bind to COPI coatomer directly (Cosson and
Letourneur, 1994). The beads bound with a GST chimera were
incubated with lysate prepared from the yeast producing
Ret2p-3HA. The bound materials were eluted and Ret2p-3HA
was detected by immunoblotting with anti-HA antibody. A
similar amount of Ret2-3HA was recovered from the beads
carrying GST-Wbplp and GST-GMT (Fig. 3, lanes 2 and 3).
This indicates that the C-terminal peptide of GMT binds to
coatomer as efficiently as that of Wbplp.

To characterize the GMT tail sequence that binds to
coatomer, we examined the GST fusions of a series of peptides
that had an additional hexapeptide (SRAAAS) at the C-
terminus as a remnant of removal of the Myc tag sequence. It
was reported that the dilysine motif should be at the exact C-
terminus to bind to coatomer and an extension with four serine
residues inhibited the binding (Cosson and Letourneur, 1994).
In the case of Wbplp, the SRAAAS extension also abolished
the binding activity to Ret2p (Fig. 3, lane 16). However, in the
case of GMT, GST-KQKKQQAQPLRKSRAAAS bound to
Ret2p-3HA (lane 17) as effectively as the authentic sequence
(lane 15). This indicates that the essential sequence of GMT to
bind to Ret2p does not have a strict position limitation at the
C-terminus as the dilysine motif.

We focused on the role of the basic residues in the C-
terminal peptide of GMT. As the basic amino acids are
clustered, we constructed deletions of the lysine-rich region
(KQKK) and the arginine-lysine region (PLRK). In both

total
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Fig. 2. GMT is precipitated with coatomer. The cleared
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cases, the amount of Ret2p-3HA was considerably reduced
but still detectable by immunoblotting (Fig. 3, lanes 4 and 5).
We replaced the basic amino acids with glutamine. Both
replacement of RK with QQ and of KQKK with QQQQ
significantly reduced the amount of Ret2p bound to the beads
(Fig. 3, lanes 6 and 7). Furthermore, replacement of one or
two lysines in KQKK with glutamine similarly reduced the

Fig. 3. The coatomer subunit Ret2p binds to the GST-fusion
peptides related to the cytoplasmic tail of GMT. The GST-fusion
proteins were produced in E. coli and affinity purified by
glutathione-Sepharose beads. The yeast lysate was prepared from
the cells producing the 3HA-tagged Ret2p with glass beads and
0.5% Triton X-100 and used as the labelled coatomer. The beads
were mixed with the lysate, incubated for 16 hours at 4°C and
washed extensively, and the bound proteins were analysed by
SDS-PAGE. The bound Ret2p was detected by immunoblot
analysis with 12CAS5 (top). The amount of GST-fusion peptide

binding activity (Fig. 3, lanes 8 to 13). The amounts of Ret2p
bound to the K-to-Q mutant peptides were small and varied
among five independent experiments and it was difficult to get
mean values to evaluate their binding activity. Altogether,
these results indicate that the basic amino acids in the C-
terminus of GMT have an important role in binding to Ret2p
1n vitro.

was shown by Coomassie Brilliant Blue staining (bottom). In
lanes 1 and 14, the purified GST was used as the negative control.

In lanes 2 and 15, the GST-fusion protein containing the Wbplp

peptide was used as the positive control. In lane 3, the GST-fusion
protein containing the wild-type GMT C-terminal peptide was

used.

-KQKKQQAQPLRK*

Fig. 4. Subcellular localization of the GFP-
GMT tail mutants in the S. cerevisiae cells by
indirect immunofluorescence. The GFP-
tagged GMT tail mutant genes were
expressed from the original VIG4 promoter
on a CEN ARS plasmid in the wild-type cell.
The cells were fixed with formaldehyde and
observed by indirect immunofluorescence
using anti-GFP antibody. The C-terminal
sequences are shown. For expression of GFP-
tagged GMT mutant derivatives, the plasmids
used were pMAS9 (A), pMAS86 (B),
pMAVS587 (C), pMAV5%4 (D), pMAV595
(E), pMAV597 (F), pMAV599 (G) and
pPMAV601 (H).
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37°C
e

40min

20min

Fig. 5. The sec2 1" mutant cells expressing a GFP-tagged GMT. The
sec21" mutant cells expressing a GFP-tagged GMT were treated with
cycloheximide (0.1 mg ml™") before being shifted to 37°C. The cells
were fixed with formaldehyde and observed by indirect
immunofluorescence using anti-GFP antibody (IF) and by phase-
contrast microscopy (PC).

C-terminal peptide has a role in steady-state Golgi
localization of GMT

We next examined whether the localization of mutant GMT
correlates with the in vitro binding activity of its tail peptide
to Ret2p. The N-terminus of GMT derivatives was tagged with
GFP, which is detectable even if the fusion proteins are
delivered to the vacuole. The wild-type GFP-GMT fusion
protein is functional as determined by the complementation of
vig4-1 phenotype (Fig. 6, lane 2). The localization of this
protein was to the punctate pattern characteristic of the Golgi
(Fig. 4A). Two GMT tail mutants with a C-terminal addition
of SRAAAS and replacement of the terminal RK with QQ
were also detected in the punctate structure and therefore
mainly localized to the Golgi as the wild type (Fig. 4B,H).
Other GMT tail mutants that have deletion of KQKK (Fig.
4C,D) or K-to-Q replacements (Fig. 4E-G) within the C-
terminal peptide were found not only in the punctate structure
but also in rings that represented the vacuole membrane.
Among 100 randomly selected cells in the immunofluorescent
images, the proportion of cells having a large circular structure
was 10% in Fig. 4A, 12% in Fig. 4B and 4% in Fig. 4H,
whereas it was 46% in Fig. 4C, 52% in Fig. 4D, 48% in Fig.
4E, 41% in Fig. 4F, and 41% in Fig. 4G. These results indicate
the steady Golgi localization of GMT largely requires the
binding of the GMT tail to coatomer and when the binding is
impaired GMT is mislocalized to the vacuole membrane.

COPI-dependence of the Golgi localization of GMT

We further examined the intracellular behaviour of GMT in a
coatomer mutant. The sec2/-1 gene encodes a temperature-
sensitive subunit of coatomer, the yeast homologue of
mammalian y-COP. If the steady-state Golgi localization of
GMT is achieved by the retrograde transport, it will be
damaged at the nonpermissive temperature in the sec2i-1
mutant. To test this prediction, we produced the GFP-tagged
GMT in the sec2]-1 mutant from a CEN plasmid. As shown
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Fig. 6. Subcellular localization of the GFP-GMT-Wbp1p chimeric
protein, which exchanges the C-terminal peptide of the GMT tail for
that of Wbp1p. This chimeric protein is tagged with GFP and
produced by VIG4 promoter and CEN ARS plasmid (pMAV592) in
the wild-type cell. (A) The cells were fixed with formaldehyde and
observed by indirect immunofluorescence using anti-GFP antibody
(left) or by phase contrast microscopy (right). (B) Activity staining of
invertase in 7.5% SDS-PAGE of the periplasmic fraction of the wild-
type and vig4-1 transformant cells.

in Fig. 5, the punctate pattern of the Golgi rapidly decreased
after the temperature shift and the staining of the vacuole
membrane increased instead. At 0 minutes, 20 minutes and 40
minutes after the temperature shift up, the ratio of cells that
had GMT in the vacuole were 22%, 63% and 92%,
respectively. This result further supports the importance of the
COPI-dependent retrograde transport for localization of GMT
in the Golgi.

If the major role of the C-terminal peptide of GMT is to bind
to COPI coatomer to engage in the retrograde transport, we
predicted that the peptide could be substituted with other C-
terminal peptides containing an active binding sequence, such
as the dilysine motif. To test this possibility, we constructed a
chimeric protein GFP-GMT-Wbplp by exchanging the C-
terminal peptide (12 amino acids) of GMT with the C-terminal
peptide (14 amino acids) of Wbplp. The chimeric protein was
produced from the VIG4 promoter on a CEN plasmid. GFP-
GMT-Wbplp was exclusively found in a punctate pattern
characteristic of the Golgi apparatus (Fig. 6A). Next, we
introduced the expression plasmid into the vig4-/ mutant to
examine whether the chimera GMT can efficiently transport
GDP-mannose. The invertase in the periplasmic fraction of the
vig4-1 mutant is not fully glycosylated and therefore migrates
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faster in SDS-PAGE (Fig. 6B, lane 4). Slow migration of
invertase was recovered by introduction of the GFP-
GMT(VIG4) gene by a CEN plasmid (Fig. 6B, lane 2) but the
vig4A12 did not have the activity to rescue this defect (Abe et
al., 1999). However, when GFP-GMT-Wbp1p was produced in
the vig4-1 mutant, invertase migrated considerably more
slowly (Fig. 6B, lane 3). This result indicates that the C-
terminal peptide of GMT could be functionally replaced with
a dilysine motif peptide and the COPI-mediated retrograde
transport is essential for the localization and function of GMT
in the Golgi.

We further examined whether the GMT C-terminal peptide
is able to functionally substitute the K(x)Kxx motif-containing

Fig. 7. Localization of the mutant Emp47p with modified C-
terminus. Cells were stained by immunofluorescence using
anti-Myc and anti-Mnn9 antibodies to visualize Emp47p
(myc-Emp47) and the Golgi mannosyltransferase (Mnn9),
respectively. Merged images for phase-contrast microscopy
are shown at the right. (A) The wild-type Emp47p
(-RIRQEIIKTKLL). (B) A truncated Emp47p (-RIRQEII).
(C) Addition of the GMT C-terminal peptide to the
truncation (-RIRQEIIGSKQKKQQAQPLRK). (D) A
C-terminal replacement with the GMT C-terminal peptide
(-GSKQKKQQAQPLRK).

C-terminal peptide of other Golgi membrane proteins
that retrieve to the Golgi depending on the COPI-
mediated retrograde transport. We selected a Myc-
tagged Emp47p (Schroder et al., 1995) (a kind gift of
H. Riezman, University of Geneva, Geneva,
Switzerland) as the reporter protein and a pep4A host
was used to avoid its degradation in the vacuole.
Emp47p has the sequence RIRQEIIKTKLL at the C-
terminus and removal of KTKLL to make RIRQEII
resulted in localization of the truncated protein in the
vacuole (Fig. 7B). Addition of the GMT C-terminal
peptide to this truncated peptide to make
RIRQEIIGSKQKKQQAQPLRK, where GS are
encoded by the BamHI recognition sequence (Fig.
7C), or a total C-terminal replacement to make
GSKQKKQQAQPLRK (Fig. 7D) resulted in the same
localization of the chimeric protein. This indicates that
the GMT C-terminal sequence is not functional when it
is attached to Emp47p.

Discussion

The yeast Golgi apparatus has several mannosyltransferase and
a single GMT to conduct modification of glycoprotein as one
of the Golgi’s major roles. The mechanism to keep the resident
components in an organelle has been a major subject in the
study of vesicular traffic. The major ways to realize the steady-
state composition of a dynamic organelle are considered to be
the retention to prevent the residents from going out and the
retrieval to collect the escaped residents. Our result using the
temperature-sensitive sec mutants indicated the Golgi-resident
GMT also has a dynamic character.

Table 2. The C-terminal peptide of NST-family proteins has multiple lysine residues

Accession Species Amino acid sequence*
AAG48813 Arabidopsis thaliana -KWRKLQRMQKKKKA
AAG53653 Chinese hamster -SSRGDLITEPFLPKLLTKVKGS
AAK50396 Caenorhabditis elegans -EAKSDKVKLLGRDGNAAEESV
AAKS51705 Homo sapiens -EMKKTPEEPSPKDSEKSAMGV
AAKS51897 Candida glabrata -KQKKVQKN

AAK74075 Candida albicans -KQKQQKEQSQQLPTTK
BAA13390 Homo sapiens -SKQSEANNKLDIKGKGAV
CAB46704 Schizosaccharomyces pombe -KILNNNSTAKKKAS

NP_005818 Homo sapiens -DAKFGKGAKKTSH

NP_010912 Saccharomyces cerevisiae -GSTHPRQNDKGAIKKSK
NP_011290 Saccharomyces cerevisiae -KQKKQQAQPLRK

NP_015080 Saccharomyces cerevisiae -EALNKKKANIPKAKSA
XP_040602 Homo sapiens -EEQLSKQSEANNKLDIKGKGAV

*The C-terminal hydrophilic sequences of NSTs and possible NSTs registered in the current database are listed and lysine residues are shown in bold.
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In a temperature-sensitive COPII mutant sec23-1", GMT
moved to the ER after a shift to the restrictive temperature. This
suggests that the GMT removed from the Golgi is retrieved to
the ER and then rapidly transported to the Golgi in the normal
condition. It seems redundant for the retrieval of GMT to be
directed to the ER instead of the early Golgi compartment.
However, the quality-control process of the ER might be
important to check whether the returned GMT is suitable for
its reuse. In contrast to GMT, Anplp and Vanlp were not found
in the ER and remained in punctate structures that seem
somewhat smaller than the structures at the permissive
temperature. Wooding and Pelham (Wooding and Pelham,
1998) reported a similar observation that Anplp was observed
in a fine dotted appearance in a sec/2” mutant with defect in
the assembly of COPII coat on the ER. Anplp and Vanlp are
subunits of two distinct Mnn9p-complex mannosyltransferases
that generally colocalize with GMT. Because GMT supplies
the substrate for mannosyltransferases, their colocalization
seems biochemically favourable. However, the mechanism of
localization seems to be different for GMT, a polytopic and
homodimeric membrane protein, and the subunits of type II
membrane protein complexes. A possibly conflicting result
was presented by Todorow et al. (Todorow et al., 2000), who
detected that the Mnn9p complexes had recycled to the ER
from Golgi in sec12” cells. In addition to the use of different
mutants, cells were treated with cycloheximide for 1 hour at
24°C and then incubated for 30 minutes at 37°C in their
experiments. However, we suspect that a longer arrest of new
protein synthesis might lead to a shortage of proteins and
induce a complementary response of the cell. At least, there is
a kinetic difference between GMT and Mnn9p-containing
complexes for retrieval to the ER.

The N-terminal region mediates export of GMT from the ER
(Gao and Dean, 2000) and the C-terminal region is essential
for both its dimerization and export from the ER (Abe et al.,
1999). Especially, the 12-amino acid C-terminal hydrophilic
peptide that is exposed to the cytosol (Gao and Dean, 2000) is
not necessary for GMT to dimerize and exit from the ER, but
its truncation resulted in a considerably reduced activity (Abe
et al., 1999). Because GMTA13 overproduced by a multicopy
plasmid supports the growth of a mutant that does not have the
wild-type GMT by glucose repression of the chromosomal
GALI-VRG4 (Gao and Dean, 2000), correct folding and correct
topology of GMT is likely to be achieved in the absence of the
C-terminal 13 amino acids. Overproduction of the wild-type
GMT induces a progression of the stacked Golgi, but GMTA12
does not have this activity (Hashimoto et al., 2002). Our
previous experiments using a Mycg tag could not detect
mislocalization of GMTA12, but GMTAI12 was found in the
vacuole when Mycg was replaced with GFP, which is more
resistant to digestion in the vacuole (Fig. 4C). This suggests
that the GMT removed from the Golgi is delivered to the
vacuole and degraded there unless it is retrieved back to the
ER.

Immunoprecipitation experiments showed that the wild-type
GMT binds to the COPI coat but GMTA12 does not (Fig. 2).
Therefore, the mislocalization of GMTA12 in the vacuole of
the wild-type cell is likely to be caused by its failure in binding
to the COPI coat. It is a complementary phenomenon that the
wild-type GMT localizes in the vacuole of the sec21-1 cell with
defective COPI coats at the nonpermissive temperature. A
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chimera GFP-GMTA12-Wbplp with the 14 amino-acid C-
terminal peptide of Wbplp (which has a COPI-binding KKxx
motif) was found in the Golgi punctate pattern and had a good
activity to rescue the vig4-1 defect. These results indicated that
the C-terminal tail of GMT is required for the proper
localization by retrieval through binding to the COPI coat.
However, this vital role seems to act only in the context of
GMT molecule, because the 12-amino-acid peptide could not
functionally replace the C-terminal peptide of Emp47p to
localize it to the Golgi.

The C-terminal peptide of GMT has a novel sequence
recognized by COPI coat. In the case of the dilysine motif
(KKxx or KxKxx), its position at the C-terminus is crucial
(Cosson and Letourneur, 1994). However, in the case of the C-
terminal peptide of GMT, the position of lysine from the C-
terminus was not important (Fig. 3). This is consistent with the
fact that the addition of C-terminal tags had not impaired the
function and localization of GMT. As similar cases, it has
been reported that the C-terminal peptides of Erv25p
(KNYFKTKHII) and Rerlp (KYRYIPLDIGKKKYSHSSN),
which also recycle between the ER and Golgi, bind to coatomer
(Belden and Barlowe, 2001; Sato et al., 2001). Rerlp localizes
to the Golgi at the steady state (Sato et al., 2001), like GMT.
There is no sequence similarity between these peptides but the
presence of a cluster of lysines (at least three within seven
amino acids) is significant. Tyrosine residues are also
important for retrieval of Rerlp (Sato et al., 2001), but the tail
of GMT does not have an aromatic residue.

The 12-amino-acid peptide fused to GST binds to COPI
coat as efficiently as the C-terminal peptide of Wbplp, a
type-I membrane protein subunit of the ER-resident
oligosaccharyltransferase that has a typical dilysine motif. In
the search for the crucial motif to bind to coatomer, we
constructed a GST fusion of mutant derivatives replacing
arginine or lysine with glutamine and tested the binding with
coatomer. All the mutant derivatives had a weaker binding
activity than the wild type, but the defect was not attributed to
certain residues. The binding to coatomer in GST pull-down
assay in vitro (Fig. 3) and mislocalization of the mutant GMT
to the vacuole in vivo (Fig. 4) had a good agreement. An
exception was the case of the terminal RK replaced with QQ
(Fig. 3, lane 6, Fig. 4I). Although GST-KQKKQQAQPLQQ
had a reduced ability to bind to Ret2p in vitro, the GMT with
this peptide localized to the Golgi like wild-type GMT in vivo.
The reason for this is not clear, but the presence of the
membrane affects the protein-protein interaction, as we have
shown elsewhere (Kosodo et al., 2002). It should be realized
that the three clustered lysines are present only in this
derivative, as in the wild-type GMT. Therefore, a cluster of at
least three lysines in the vicinity of the membrane-spanning
domain might be the signal for such recycling.

Candidates of the member of NST family can be found in
the increasing data of genome projects. By examining the
amino acid sequences of their C-terminal peptides, the
presence of at least three lysines is a common characteristic in
13 proteins including those of Homo sapiens, S. cerevisiae,
Schizosaccharomyces pombe, Arabidopsis thaliana, Candida
albicans and Caenorhabditis elegans (Table 2). Mostly, three-
lysine clusters are found in a seven-amino-acid stretch, or else
as four lysines within 14 amino acids that do not have an
aromatic residue. Although further study is necessary, we here
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propose a testable hypothesis that the localization of a member
of NSTs in the ER-Golgi compartments depends on the
coatomer and clustered lysines in the vicinity of the membrane-
spanning domain.
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