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core oligosaccharides synthesized in the ER (24). The mannan
backbone structure is synthesized by M-Pol I and M-Pol II.
M-Pol I consists of Mnn9p and Van1p, while M-Pol II consists
of Mnn9p, Anp1P, Hoc1p, Mnn10p, and Mnn11p. The M-Pol
I complex adds approximately 10 mannoses to the mannose
residue added by Och1p to form an ␣-1,6-linked mannan backbone, and then M-Pol II elongates the mannan backbone by
adding more mannoses (9, 10, 12). As is often the case with
Golgi apparatus-localized glycosyltransferases, Och1p and all
components of M-Pol I and M-Pol II are type II integral
membrane proteins, which are composed of a short cytoplasmic segment in the N-terminal region, a single transmembrane
domain, and a large luminal region containing a catalytic domain and a stem region lying between the transmembrane and
the catalytic domain. Many studies have been performed using
deletion and fusion proteins to determine the domain critical
for Golgi apparatus localization. These studies clarified that
the lengths of the transmembrane domain (3, 19), the luminal
domain in the C-terminal region (6, 33), and the cytoplasmic
region (18) are important for the efficient Golgi apparatus
localization of Golgi apparatus-localized glycosyltransferases,
suggesting that there are different kinds of Golgi apparatus
localization mechanisms. The cisternal-maturation model indicates the necessity for an intra-Golgi apparatus or Golgi
apparatus-ER retrograde transport pathway for glycosyltransferases. Although it is presently unclear how Golgi apparatus
enzymes move from each Golgi apparatus subcompartment,
the involvement of COPI vesicles and tubules has been suggested (16). It has been reported that Och1p travels as far as
the trans-Golgi network and then is transported back to the
cis-Golgi (8). A study using sec12-4 mutant cells, in which

In eukaryotic cells, secretory proteins that are synthesized in
the endoplasmic reticulum (ER) are transported to their final
destinations through the Golgi apparatus. The Golgi apparatus
is composed of cis, medial, and trans cisternae, and secretory
proteins must traverse the Golgi apparatus in the cis-to-trans
direction. It has long been debated how secretory cargo proteins pass through the cis-to-trans cisternae (26). Progress in
live-imaging technology has contributed to resolving this issue.
Recently, two groups have directly observed the replacement
of one Golgi apparatus protein with another in individual cisternae (15, 16) and concluded that cargo proteins are transported as proposed by the cisternal-maturation model, in
which secretory cargo proteins remain in the cisternae as the
cisternae mature from cis to trans while resident Golgi apparatus enzymes, which variously modify the secretory proteins,
move backwards.
Glycosyltransferases are major Golgi apparatus-resident enzymes. In Saccharomyces cerevisiae, secretory proteins are often modified with mannan, which is a long, branched polymer
of approximately 200 mannoses. ␣-1,6-Mannosyltransferase
activity is provided by Och1p (21, 23) and two enzyme complexes, M-Pol I (V complex) and M-Pol II (A complex) (10,
12). Och1p adds a single mannose to eight mannose-containing
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In Saccharomyces cerevisiae, Och1p and Mnn9p mannosyltransferases are localized in the cis-Golgi. Attempts
to live image Och1p and Mnn9p tagged with green fluorescent protein or red fluorescent protein, respectively,
using a high-performance confocal laser scanning microscope system resulted in simultaneous visualization of
the native proteins in a living cell. Our observations revealed that Och1p and Mnn9p are not always colocalized
to the same cisternae. The difference in the dynamics of these mannosyltransferases may reflect differences in
the mechanisms for their retention in the cis-Golgi, since it has been reported that Mnn9p cycles between the
endoplasmic reticulum and the cis-Golgi whereas Och1p does not (Z. Todorow, A. Spang, E. Carmack, J. Yates,
and R. Schekman, Proc. Natl. Acad. Sci. USA 97:13643–13648, 2000). We investigated the localization of
chimeric proteins of Mnn9p and Och1p in sec12 and erd1 mutant cells. A chimeric protein, M16/O16, which
consists of the N-terminal cytoplasmic region of Mnn9p and the transmembrane and luminal region of Och1p,
behaved like Mnn9p, suggesting that the N-terminal cytoplasmic region is important for the intracellular
dynamics of Mnn9p. This observation is supported by results from subcellular-fractionation experiments.
Mutational analysis revealed that two arginine residues in the N-terminal region of Mnn9p are important for
the chimeric protein to cycle between the endoplasmic reticulum and the Golgi apparatus.
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MATERIALS AND METHODS
Strains and media. The yeast strains used in this study are listed in Table 1.
Yeast cells were grown in YPD (2% peptone, 1% yeast extract, and 2% glucose)
or in SC (0.67% yeast nitrogen base without amino acids, 2% glucose, and
required supplements) (30) medium. C-terminal tagging of Och1p with green
fluorescent protein (GFP) and Mnn9p with monomeric red fluorescent protein
(mRFP) were carried out by a PCR-based method using an integrative cassette
derived from the plasmid pFA6a-GFP(S65T)-His3MX6 or pFA6a-mRFP5His3MX6 as a template (14).
Yeast strain YMO56 was generated by crossing YMO47 with YMO50.

TABLE 1. Yeast strains used in this study
Strain

BY4741
BY4742
YMO47
YMO50
YMO56
YMO63

YMO65
YMO59

YMO60
YMO69
YS57-2C
MBY10-7A

Origin or
Reference

Genotype

MATa his3⌬1 leu2⌬0 ura3⌬0
met15⌬0
MAT␣ his3⌬1 leu2⌬0 ura3⌬0 lys2⌬0
MATa his3⌬1 leu2⌬0 ura3⌬0
met15⌬0 OCH1-GFP::his5⫹
MAT␣ his3⌬1 leu2⌬0 ura3⌬0 lys2⌬0
MNN9-mRFP::his5⫹
MAT␣ his3⌬1 leu2⌬0 ura3⌬0
OCH1-GFP::his5⫹
MNN9-mRFP::his5⫹
MATa his3⌬1 leu2⌬0 ura3⌬0
erd1⌬::kanMX6
OCH1-GFP::his5⫹
MNN9-mRFP::his5⫹
MATa his3⌬1 leu2⌬0 ura3⌬0
erd1⌬::kanMX6
MNN9-mRFP::his5⫹
MATa his3 leu2 ura3 (suc or SUC,
gal2 or GAL2) sec12-4
OCH1-GFP::his5⫹
MNN9-mRFP::his5⫹
MATa his3 leu2 ura3 (suc or SUC,
gal2 or GAL2) sec12-4
MNN9-mRFP::his5⫹
MATa his3 leu2 ura3 (suc or SUC,
gal2 or GAL2) sec12-4
mnn9(R9/11A)-mRFP::his5⫹
MATa och1::LEU2 leu2 ura3 trp1
his1 his3
MATa leu2-3,112 ura-3-52 trp1-289
his3 his4 suc gal2 sec12-4

EUROSCARF
EUROSCARF
This study
This study
This study
This study

This study
This study

This study
This study
21
22

YMO63 and YMO65 were generated by crossing YMO50 with erd1⌬::kanMX6
(EUROSCARF). YMO59 and YMO60 were segregants from a diploid generated by crossing MBY10-7A (22) with YMO56. YMO69 was constructed by
chromosomal integration of pRS306-mnn9(R9/11A)⌬C into strain YMO50 after
digestion by PmaCI.
Plasmid constructions. To construct plasmid pFA6a-mRFP5-His3MX6, a
DNA fragment coding for mRFP was amplified by PCR using plasmid pRSETB
containing mRFP1 (kindly provided by Roger Tsien, University of California,
San Diego) as a template and inserted into the PacI-AscI region of pFA6a-3HAHis3MX6 (14).
pMO36 (pRSOCH1-GFP) was constructed as follows. A fragment containing
the open reading frame of OCH1 with a promoter and terminator was amplified
from genomic DNA by a two-step PCR method and cloned between the SalI and
HindIII sites in YEp352 (URA3 2). Next, the XbaI-XbaI fragment containing
GFP was excised from pUC19-GFP and inserted into the XbaI site located just
before the stop codon of OCH1 to generate pMO34 (YEpOCH1-GFP). The
SalI-BglII fragment containing GFP-tagged OCH1 with a promoter and terminator was excised from pMO34 and inserted into the SalI-BamHI site of pRS316.
The plasmids carrying MNN9 and OCH1 chimeric genes were constructed as
follows. An NheI site was inserted just before the initiation codon of OCH1 in
pMO36 by using a Quick Change Site-Directed Mutagenesis kit (Stratagene, La
Jolla, CA). Next, the XbaI site located at the 3⬘ end of the GFP coding region in
the pMO36 derivative was removed to generate pMO39. The fragments coding
for the chimeric proteins M93/O80, M33/O37, and M16/O16 were amplified by
a two-step PCR using genomic DNA as a template. To construct pRS316-M93/
O80-GFP and pRS316-M33/O37-GFP, the amplified fragments were digested
with NheI and XbaI and inserted into the NheI-XbaI site of pMO39. The
fragment coding for M16/O16 was digested with NheI and BamHI, and inserted
into the NheI-BamHI site of pMO39 to generate pRS316-M16/O16-GFP.
The pRS306-mnn9(R9/11A)⌬C plasmid was constructed as follows. The SalINheI region of pMO39 was replaced by a PCR fragment containing the promoter
of MNN9, and the NheI-XbaI region of the plasmid was replaced by a PCR
fragment containing the open reading frame of MNN9 to construct pRS316MNN9-GFP. Next, the PCR fragment containing the coding sequence for the
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vesicle budding from the ER is defective, showed that Mnn9p,
Anp1p, and Van1p cycle back and forth between the Golgi
apparatus and the ER, while Och1p does not (28, 32). On the
other hand, another study investigated the retrieval mechanism
of Och1p using sec23-1 mutant cells, which are also defective in
vesicle budding from the ER, and showed that Och1p is transported back to the ER (11). It is currently unclear what causes
the different results regarding Och1p dynamics between
sec12-4 mutant and sec23-1 mutant cells.
Two ER retrieval signals involved in the cycling process from
the Golgi apparatus to the ER, which are conserved from
yeasts to mammals, have been characterized. One is the KDEL
(mammal)/HDEL (yeast) sequence. Luminal ER-resident proteins harboring the KDEL/HDEL sequence at the C-terminal
end are recognized by a specific receptor at the Golgi apparatus and then are returned to the ER (20). The other ERretrieval signal is a dilysine motif (KKXX or KXKXX) that is
usually found in the C-terminal cytosolic tail of type I membrane proteins (4). In yeast, the ER-resident subunit of oligosaccharyl transferase Wbp1p (5) and the lectin-binding protein
ERGIC-53 homologue Emp47p (28) have been identified as
the proteins harboring a dilysine motif. The KKXX motif has
been reported to be recognized by COPI coat proteins (13). In
mammalian cells, an arginine-based signal has also been reported to be involved in ER localization of multimeric membrane proteins (17). This signal was originally found in the
cytoplasmic region of the invariant chain Ii p35 of the major
histocompatibility complex class II, which is a type II membrane protein (29). Although several hallmarks of the argininebased ER localization signal have been revealed, details of the
recognition mechanism, such as whether one particular COPI
subunit acts as the direct receptor for transport to the ER, remain
obscure. It is also unclear if these ER retention/retrieval signals
are involved in the correct localization of glycosyltransferases in
the Golgi apparatus.
Advances in live-cell-imaging technology now enable the visualization of Golgi apparatus-localized mannosyltransferases without requiring overexpression of the target proteins. In this
study, we used a newly developed confocal microscope system
to clarify how the intracellular dynamics of Och1p and Mnn9p
differ from each other. This confocal system combines the
spinning-disk (Nipkow disk) confocal scanning method and a
high-gain avalanche rushing amorphous photoconductor camera. We attempted to identify the regions of Mnn9p and Och1p
that determine their dynamics. The results obtained with an
Och1p/Mnn9p chimeric protein indicate that the N-terminal
cytoplasmic region of Mnn9p is crucial for cycling the chimeric
protein from the Golgi apparatus to the ER, further confirming the importance of two arginine residues in the N-terminal
region.
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RESULTS
Och1p and Mnn9p are not always colocalized to the same
cis-Golgi cisternae. In the N-linked-glycan synthetic pathway,
Och1p transfers ␣-1,6-linked mannose to the core oligosaccharide in the cis-Golgi. The M-Pol I complex, which is composed
of Mnn9p and Van1p, and the M-Pol II complex, which is
composed of Mnn9p, Anp1p, Hoc1p, Mnn10p, and Mnn11p,
also provide ␣-1,6-mannosyltransferase activity in the cisGolgi. The cis-Golgi localization of these mannosyltransferases
has been demonstrated by indirect immunofluorescence (9,
27). However, it is unclear whether these enzymes always colocalize to the cis-Golgi with each other. While Och1p is in-

volved in both core-type oligosaccharide and mannan synthesis, M-Pol I and M-Pol II are mainly involved in mannan
synthesis. These results raised the possibility that the localization pattern of Och1p may be different from that of M-Pol I
and M-Pol II. Therefore, we attempted to detect the patterns
of localization of these enzymes simultaneously in living cells
using a high-performance confocal laser scanning microscope
system. This system can detect weak fluorescent signals within
living cells and, further, can detect two distinct fluorescent
signals at the same time. To compare the intracellular dynamics of Och1p with those of M-Pol I and M-Pol II, we selected
Mnn9p, which is common to both components of M-Pol I and
M-Pol II, from among the proteins contained in the complexes.
For live imaging, the coding sequences for GFP and mRFP
were fused just upstream of the stop codon of the chromosomal OCH1 and MNN9 genes. This chromosome tagging had
no obvious influence on the growth of the yeast, confirming
that Och1p-GFP and Mnn9p-mRFP retained their original
functions. Time-lapse observation revealed that the localization of Och1p-GFP is not always identical to that of Mnn9pmRFP: some cis-Golgi cisternae contained Och1p-GFP but
not Mnn9p-mRFP, and vice versa (Fig. 1; see Fig. S1 in the
supplemental material). By microscope observation, we
checked 201 Golgi apparatus cisternae and found that 38 cisternae (19% of the total counted) contained only Och1p and
12 cisternae (6%) contained only Mnn9p, while 151 cisternae
(75%) contained both Och1p and Mnn9p. Therefore, we tentatively concluded that the localization mechanism of Och1p to
the cis-Golgi is different from that of Mnn9p.
Chimeric protein M16/O16 behaves like Mnn9p. In a previous report using sec12 mutant cells, in which the budding of
COPII vesicles from the ER was blocked by using a restrictive
temperature, Todorow et al. reported that Mnn9p cycles back
and forth between the ER and the Golgi apparatus while
Och1p cycles within the Golgi apparatus (32). We speculated
that the difference between the observed dynamics of Och1p
and those of Mnn9p might be caused by differences in retrograde transport mechanisms. Therefore, we further investigated the differences in cellular localization between Och1p
and Mnn9p in sec12 mutant cells.
To investigate which region determines the recycling pathway of each protein, we constructed several chimeric proteins
consisting of Och1p and Mnn9p. The plasmids expressing
these chimeric genes, which were fused with the gene encoding
GFP under the OCH1 promoter, were introduced into wildtype cells, and the localization of the chimeric proteins was
observed. The chimeric protein M93/O80, consisting of the
N-terminal stem region of Mnn9p and most of the catalytic
region of Och1p, was mislocalized to the ER, suggesting that it
is not folded correctly. Another chimeric protein, M33/O37,
consisting of the N-terminal cytosolic and transmembrane regions of Mnn9p and the entire luminal region of Och1p,
showed weak punctate staining patterns that are characteristic
of Golgi apparatus localization. The chimeric protein M16/
O16, in which the N-terminal cytosolic region of Och1p is
substituted for that of Mnn9p but the native luminal region of
Och1p is retained, showed a much clearer Golgi apparatus
localization pattern (Fig. 2). Therefore, we focused on characterizing the M16/O16 chimeric protein further.
To investigate the intracellular dynamics of the M16/O16
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R9/11A mutation was cloned into the NheI-EcoRI region of pRS316-MNN9GFP. A SalI-EcoRI fragment from this plasmid was inserted into pRS306 at SalI
and EcoRI sites to generate pRS306-mnn9(R9/11A)⌬C.
Microscope observations. Except for sec12-4 mutant cells, the cells were grown
to exponential phase in SC medium at 25°C. The sec12-4 mutant cells were grown
to exponential phase at 23°C, 100 g/ml cycloheximide (CHX) (Nacalai Tesque,
Kyoto, Japan) was added, and the culture was incubated at 23°C for a further 30
min. Then, the cells were incubated at 37.5°C for 40 min. Except for time-lapse
observations, fluorescence images were obtained using a BX50 fluorescence
microscope (Olympus, Tokyo, Japan) and photographed with a cooled chargecoupled-device camera (MicroMAX; Princeton Instruments, Trenton, NJ). The
time-lapse images were observed using an IX71 fluorescence microscope (Olympus) equipped with a special high-performance confocal laser scanning unit
(Yokogawa Electric, Tokyo, Japan), a beam splitter Dual-View Micro-Imager
(Photometrics, Tucson, AZ), an image intensifier (Hamamatsu Photonics, Shizuoka, Japan), and a high-gain avalanche rushing amorphous photoconductor
camera system (NHK Engineering Service and Hitachi Kokusai Electric, Tokyo,
Japan). For simultaneous recording of green and red fluorescence, the DualView Micro-Imager was used to project green and red components side by side.
The image intensifier was used to detect the weak fluorescent signals. The
collected images were analyzed with IPLab software (Scanalytics, Fairfax, VA).
Subcellular fractionation. Cells were grown in SC⫺Ura medium to logarithmic
phase (optical density at 600 nm ⫽ 0.4 to 0.8) at 23°C and treated with 100 g/ml
CHX. After 30 min, the culture was divided in two; one portion was kept at 23°C,
while the other was shifted to 37.5°C. Both cultures were then incubated for a
further 40 min. Then, 10 mM NaN3 was added, the cultures were incubated for
5 min at their respective temperatures, and the cells were collected. The cells
were resuspended in 0.1 M Tris-HCl (pH 9.4) buffer containing 10 mM dithiothreitol. After incubation at 30°C for 10 min, the cells were collected and
resuspended in spheroplasting buffer (1.35% yeast nitrogen base, 10% glucose,
and 1 M sorbitol). Zymolyase 100T (250 g/ml; Seikagaku-Kogyo, Tokyo, Japan)
was added to the cell suspension, and incubation was continued for 10 to 20 min
at 30°C. The Zymolyase-treated samples were overlaid on 2.0 ml of 1.4 M
sorbitol solution and centrifuged at 1,600 ⫻ g in a swinging-bucket rotor. The
resultant spheroplasted cells (1 ⫻ 109 cells) were suspended in 1 ml of ice-chilled
lysis buffer (20 mM HEPES-KOH, pH 6.8, 150 mM potassium acetate, 200 mM
sorbitol, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail [Roche, Basel, Switzerland]) and were homogenized with about
five strokes for 1 min at 1-min intervals in a Dounce homogenizer while being
kept on ice. This homogenization process was repeated five times. The lysates
were centrifuged at 500 ⫻ g for 5 min to remove unbroken cells, the supernatants
were subjected to centrifugation at 10,000 ⫻ g for 15 min at 4°C, and the pellet
was recovered as the P10 fraction. The supernatant was further centrifuged at
100,000 ⫻ g for 60 min at 4°C to generate a high-speed pellet (P100) and
supernatant (S100). Aliquots from the P10, P100, and S100 fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotting. GFP was detected by anti-GFP monoclonal antibody JL-8 (1:5,000;
BD Biosciences Clontech, Palo Alto, CA), followed by horseradish peroxidase
(HRP)-conjugated goat anti-mouse immunoglobulin G (IgG) (1:20,000; Cell
Signaling Technology, Danvers, MA). mRFP was detected with anti-mRFP polyclonal antibody (1:5,000) (31), followed by HRP-conjugated anti-rabbit IgG
(1:20,000; Cell Signaling Technology). Och1p was detected with anti-Och1p
polyclonal antibody (1:3,000) (23), followed by HRP-conjugated anti-rabbit IgG
(1:5,000). Dpm1p was detected with anti-Dpm1p monoclonal antibody (1:2,000;
Invitrogen, Carlsbad, CA), followed by HRP-conjugated anti-mouse IgG (1:
10,000).

EUKARYOT. CELL

VOL. 7, 2008

RECYCLING MECHANISM OF GOLGI MANNOSYLTRANSFERASES

313

chimeric protein, we employed a procedure using sec12 mutant
cells. This procedure allowed investigation of whether the proteins preexisting in the Golgi apparatus are cycled back to the
ER. The sec12 mutant cells were used, since they were treated
with CHX before the restrictive temperature shift, thus preventing contributions from newly synthesized proteins. As
reported previously, Och1p-GFP and Mnn9p-mRFP are distributed throughout cells with a punctate structure that is characteristic of the Golgi apparatus at the permissive temperature
before being shifted to the restrictive temperature (Fig. 3A, 0
min). Due to the inhibition of protein synthesis by CHX, the
Golgi apparatus-localized signals for Och1p-GFP and Mnn9pmRFP appeared weaker than those without inhibition. The
high background fluorescence when Och1p-GFP was detected
was caused by strong excitation light to detect weak GFP
signals. After the shift to 37.5°C, Mnn9p-mRFP exhibited a
central ring structure and strings at the peripheries of the cells,
indicating a typical ER distribution. On the other hand, although Och1p-GFP with a punctate structure observed at the
permissive temperature was decreased, Och1p-GFP did not
show the ER localization pattern (Fig. 3A, 40 min). We then
examined the behavior of the M16/O16 chimeric protein in the
sec12 mutant cells. Before the temperature shift, the M16/O16GFP fusions were localized to the Golgi apparatus (Fig. 3B).
However, after the temperature shift, they accumulated in the
ER, like Mnn9p-mRFP. This result suggests that M16/O16GFP followed the Mnn9p recycling pathway, even though the
M16/O16 chimeric protein consists primarily of the Och1p
sequence, except for the short cytoplasmic region derived from
Mnn9p.
Next, we performed subcellular-fractionation and immunoblot analyses to confirm the results of the above-mentioned
M16/O16-GFP microscope analyses. sec12 mutant cells expressing M16/O16-GFP were incubated in the presence of
CHX at either the permissive or nonpermissive temperature

and then were harvested and lysed. The lysates were fractionated by centrifugation as described in Materials and Methods
(Fig. 3C). In this experiment, the ER was fractionated into
P10, as shown by the localization of the ER marker Dpm1p,
and the cis-Golgi was fractionated mainly into P100 (with a
smaller amount in P10), as shown by the localization of the
cis-Golgi marker Och1p. At 23°C, the P100 fraction contained
larger amounts of Mnn9p-mRFP and M16/O16-GFP than the
P10 fraction; the relative amounts of Mnn9p-mRFP in the
P100 and P10 fractions were 57% and 37% of the total lysate,
respectively, while those of M16/O16-GFP in the P100 and P10
fractions were 66% and 33%, respectively, indicating that these
proteins are mainly localized in the cis-Golgi. On the other
hand, at 37.5°C, larger amounts of Mnn9-mRFP and M16/
O16-GFP were observed in the P10 fraction than in the P100
fraction; the relative amounts of Mnn9p-mRFP in the P100
and P10 fractions were 47% and 49% of the total lysate, respectively, while those of M16/O16-GFP in the P100 and P10
fractions were 40% and 60%, respectively. This observation
indicates that some Mnn9p-mRFP and M16/O16-GFP are relocated from the cis-Golgi to the ER due to the inhibition of
the ER-to-Golgi apparatus anterograde transport system. This
result again shows that the M16/O16 chimeric protein cycles
back and forth between the ER and the Golgi apparatus in the
same manner as Mnn9p and that the cytoplasmic N-terminal
region of Mnn9p determines the intracellular dynamics of the
M16/O16 chimeric protein.
The intracellular dynamics of M16/O16 chimeric protein is
not affected by deletion of ERD1. The erd1 mutant secretes
endogenous resident ER proteins containing the HDEL signal
sequence, which is required for the retrieval of the resident ER
proteins from early Golgi apparatus compartments. Cells lacking the ERD1 gene have been reported to be defective in the
Golgi apparatus-dependent modification of several glycoproteins (7, 25). We suspected that the defect in Golgi apparatus-
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FIG. 1. Dual-fluorescence observation of cis-Golgi-localized ␣-1,6-mannosyltransferases. After YMO56 cells were incubated at 25°C in SC
medium, Och1p-GFP and Mnn9p-mRFP were observed at the same time with a high-performance confocal laser scanning microscope system.
Images were taken at a rate of one frame per 1.6 seconds. Observations of three different cells are shown.
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dependent glycosylation in the erd1 deletion mutant was
caused by the mislocalization of several glycosyltransferases,
such as Och1p and Mnn9p. To address this possibility, we
investigated the localization of Och1p and Mnn9p in the erd1⌬
cells.
In wild-type cells, both Och1p-GFP and Mnn9p-mRFP
showed a punctate structure, indicating a typical Golgi apparatus localization (Fig. 4A, top). In the erd1⌬ cells, Mnn9pmRFP was primarily localized to the Golgi apparatus, and
weak signals due to mRFP were also detected in the vacuole.
On the other hand, Och1p-GFP was mainly localized to the
vacuole, and only very weak signals due to GFP were observed
in the Golgi apparatus (Fig. 4A, bottom), indicating that the
localization of Och1p to the Golgi apparatus is severely affected by the deletion of ERD1 while the localization of Mnn9p
is not appreciably affected. We thought that the difference in
the localization of Och1p and Mnn9p in erd1⌬ cells might be

FIG. 3. Intracellular dynamics of M16/O16 chimeric protein in
sec12 cells. YMO59 cells (A) and YMO60 cells harboring pRS316M16/O16-GFP (B) were treated with 100 g/ml CHX for 30 min at
23°C, incubated at 37.5°C for 40 min, and then observed. (C) Subcellular fractionation of sec12 mutant cells expressing M16/O16-GFP and
Mnn9p-mRFP. YMO60 cells harboring pRS316-M16/O16-GFP were
treated as described for panel B, lysed, and fractionated by centrifugation. Equal amounts of P10, P100, and S100 were electrophoresed
and then immunoblotted using anti-GFP, anti-mRFP, anti-Och1p, and
anti-Dpm1p antibodies.

caused by differences in the recycling patterns of the proteins.
Thus, we further investigated the localization pattern of the
M16/O16 chimeric protein in erd1⌬ cells and found that M16/
O16-GFP showed a punctate structure, similar to Mnn9p (Fig.
4B). Although the physiological function of ERD1 remains to
be elucidated, this result indicates that the M16/O16 chimeric
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FIG. 2. Visualization of Mnn9/Och1 chimeric proteins. (A) Schematic representation of chimeric constructs. Och1p was constructed
from 480 amino acids (a.a.) and tagged with GFP at the C terminus.
Mnn9p (384 amino acids) was tagged with mRFP at the C terminus.
All chimeric proteins were tagged at their C termini and expressed
under the OCH1 promoter on a low-copy-number (CEN) plasmid. The
chimeric proteins were named for the region containing Och1p and
Mnn9p. For example, M16/O16 means that the protein was constructed by fusing a peptide from the first to the 16th amino acids of
Mnn9p with a polypeptide from the 16th to the 480th amino acids of
Och1p. (B) BY4741 cells expressing each chimeric protein were incubated at 25°C in SC⫺Ura medium and observed under a fluorescence
microscope.
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protein behaves like Mnn9p even in erd1⌬ cells, suggesting
again that the N-terminal region of Mnn9p in the M16/O16
chimeric protein plays an important role in determining the
pathways used for relocation to the cis-Golgi compartment.
The M16/O16 chimeric protein shows intracellular dynamics similar to those of Mnn9p in wild-type cells. If the Nterminal cytoplasmic region of Mnn9p has an important role in

determining the pathways used for the relocation to the cisGolgi, M16/O16 chimeric protein should behave like Mnn9p,
even in wild-type cells. To address this possibility, we tried
time-lapse imaging of M16/O16-GFP and Mnn9p-mRFP simultaneously in wild-type living cells with the high-performance confocal laser scanning microscope system. The timelapse observation revealed that the intracellular dynamics of
M16/O16-GFP are similar to that of Mnn9p; almost all M16/
O16-GFP colocalized with Mnn9p-mRFP (Fig. 5; see Fig. S2 in
the supplemental material). We also checked 150 Golgi apparatus cisternae under the microscope and found that 5 cisternae (3% of the total counted) contained only Och1p while 145
cisternae (97%) contained both Och1p and Mnn9p. We could
not find the cisternae that contained only Mnn9p. These results
show again that the cytoplasmic region determines the localization pattern as with Mnn9p and that the difference in the
intracellular dynamics of Och1p and Mnn9p reflects the difference in the recycling pathway to the cis-Golgi compartment.
Two arginine residues located in the cytoplasmic region of
Mnn9p are important but not essential for its retrograde
transport from the Golgi apparatus to the ER. We attempted
to identify the sequence located in the N-terminal cytoplasmic
region of the M16/O16 chimeric protein required for cycling
Mnn9p from the Golgi apparatus to the ER. Several amino
acid residues were found to be conserved in multiple alignments of N-terminal sequences of Mnn9p homologues from S.
cerevisiae, Kluyveromyces lactis, Candida glabrata and Candida
albicans (Fig. 6A). We focused on the two arginine residues in
the conserved region because double-arginine motifs (RR or
RXR) located near the cytoplasmic N terminus have been
reported to direct the retrieval of ER-resident type II membrane proteins to the ER (29). To investigate if the arginine
residues in positions 9 and 11 in the N terminus are important
for the cycling of Mnn9p from the Golgi apparatus to the ER,
we constructed the mutant m16/o16(R9/11A)-GFP, in which

FIG. 5. Dual-fluorescence observation of M16/O16-GFP and Mnn9p-mRFP. After YMO50 cells harboring pRS316-M16/O16-GFP were
incubated at 25°C in SC⫺Ura medium, M16/O16-GFP and Mnn9p-mRFP were observed at the same time with a high-performance confocal laser
scanning microscope system. Images of three different cells were taken as the same rate as for Fig. 1.
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FIG. 4. Localization of M16/O16 chimeric protein in erd1⌬ cells.
(A) YMO56 (WT) and YMO63 (erd1⌬) cells were grown at 25°C in SC
medium. The arrowheads indicate the weak dot signal arising from the
Golgi apparatus localization. (B) YMO65 cells harboring pRS316M16/O16-GFP were grown at 25°C in SC⫺Ura medium.
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the arginine residues in positions 9 and 11 were replaced with
alanine. The m16/o16(R9/11A)-GFP mutant protein suppressed the temperature sensitivity of och1⌬ cells, indicating
that it is indeed a functional protein (Fig. 6B). The m16/
o16(R9/11A)-GFP mutant protein was expressed in the sec12
mutant cells, and then the localization of this mutant protein
was observed under the same conditions described in Fig. 3B.
Before the temperature shift, m16/o16(R9/11A)-GFP was
barely localized to the Golgi apparatus, in addition to the
vacuole, although its fluorescent signal was much weaker than
that of M16/O16-GFP (Fig. 6C, 0 min). Since m16/o16(R9/
11A)-GFP was not accumulated in the ER, we consider that
the amino acid substitutions (R9/11A) do not influence the
folding of m16/o16(R9/11A)-GFP. After the shift to 37.5°C,
m16/o16(R9/11A)-GFP was not observed to localize to the
ER, whereas Mnn9p-mRFP did (Fig. 6C, 40 min), indicating
that m16/o16(R9/11A)-GFP was no longer being cycled to the
ER. To confirm this result, we performed subcellular fractionation of m16/o16(R9/11A)-GFP (Fig. 6D). The relative amount
of Mnn9p-mRFP in the P100 fraction was greater than that in
the P10 fraction at 23°C, while that in the P100 fraction was
less than that in the P10 fraction at 37.5°C, indicating that the
Mnn9-mRFP moved to the ER after the temperature shift.
When the cells were treated with CHX for 30 min, the m16/
o16(R9/11A)-GFP tended to be degraded and a large amount
of free GFP was detected in the P10 and S100 fractions at 23°C
and 37.5°C. Under our experimental conditions, carboxypeptidase Y, a marker protein of the vacuole, was distributed into
the P10 and S100 fractions (data not shown). Therefore, we

speculate that the free GFP arose from the degradation of
m16/o16(R9/11A)-GFP in the vacuole. At both 23°C and
37.5°C, the amount of intact m16/o16(R9/11A)-GFP in the
P100 fraction was larger than that in the P10 fraction, suggesting that intact m16/o16(R9/11A)-GFP did not move to the ER.
These results correspond to the microscopic observation of the
intracellular localization and suggest that considerable amounts
of m16/o16(R9/11A)-GFP are transported from the Golgi apparatus to the vacuole, not to the ER, and subsequently degraded. Therefore, we concluded that these two arginine residues are important for the retrieval of M16/O16 from the
Golgi apparatus to the ER.
We further investigated whether the arginine residues in
positions 9 and 11 are critical for recycling of authentic Mnn9p
to the ER. In sec12-4 cells expressing mnn9(R9/11A)-mRFP,
which have R9/11A mutations in Mnn9p, we observed the
localization pattern of mnn9(R9/11A)-mRFP. mnn9(R9/11A)mRFP was located in the Golgi apparatus before the temperature shift (Fig. 7A, 0 min), while it showed ER localization
after the temperature shift (Fig. 7A, 40 min). We also performed subcellular fractionation of mnn9(R9/11A)-mRFP.
The relative amount of mnn9(R9/11A)-mRFP in the P10 fraction was increased after the temperature shift (Fig. 7B), indicating that mnn9(R9/11A)-mRFP is transported from the
Golgi apparatus to the ER. These results show that the mutations R9/11A do not have severe effects on the cycling of
Mnn9p to the ER, implying that other factors may be involved
in the ER-Golgi apparatus cycling of Mnn9p, in addition to the
arginine residues in positions 9 and 11.
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FIG. 6. Intracellular dynamics of mutant m16/o16(R9/11A) chimeric protein in sec12 cells. (A) Multiple alignments of the N-terminal
cytoplasmic regions of S. cerevisiae Mnn9p homologues in the yeast species K. lactis (accession number CAG99616), C. glabrata (CAG62299), and
C. albicans (AAB05924). Conserved amino acid residues are boxed. The asterisks indicate the mutated arginine residues in m16/o16(R9/11A).
(B) YS57-2C cells, which were transformed with pRS316, pRSOCH1-GFP, pRS316-M16/O16-GFP, or pRS316-m16/o16(R9/11A)-GFP, were
incubated at the indicated temperature for 3 days. (C) YMO60 harboring pRS316-m16/o16(R9/11A)-GFP was incubated at 23°C in SC⫺Ura
medium and treated with 100 g/ml CHX for 30 min. m16/o16(R9/11A)-GFP and Mnn9p-mRFP were observed 0 or 40 min after being shifted
to 37.5°C. (D) Subcellular fractionation of sec12 mutant cells expressing m16/o16-GFP(R9/11A)-mRFP. The cells were treated as described in the
legend to Fig. 3C.
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DISCUSSION
The progress of live-imaging technology has led to many new
findings, among them that yeast Golgi apparatus cisternae
change the distribution of resident membrane proteins from a
cis nature to trans over time, as proposed by the cisternalmaturation model (16). We applied live-imaging technology to
the visualization of Golgi apparatus-localized mannosyltransferases. It is quite important to express genes encoding the
transferases at a native level, without overexpression, to investigate the correct localization of these proteins, because overexpression often causes mislocalization of the transferases. For
example, Anp1p, a subunit of M-Pol II, was first reported to be
localized in the ER (2). However, this observation was in fact
an artifact due to overexpression of ANP1 (9). It has been
difficult to obtain live images of mannosyltransferases because
of their low endogenous expression levels, but progress in
live-imaging technology enabled us to overcome this hurdle.
We utilized a high-performance confocal laser scanning microscope system to live image the cis-Golgi-localized mannosyltransferases, Och1p and Mnn9p. Such systems have already
made great contributions to the visualization of cell wall proteins (31) and Golgi apparatus cisternae (16). We succeeded in
the visualization of live images of GFP-tagged Och1p and
mRFP-tagged Mnn9p without any artificial overexpression.
The images of Och1p-GFP and Mnn9p-mRFP, which were
taken simultaneously without any time lag using a Dual-View
beam splitter, enabled precise analyses of the intracellular dynamics of both mannosyltransferases. Live imaging showed
that the localization of Och1p-GFP is not always identical to
that of Mnn9p-mRFP, even though both Och1p and Mnn9p
are cis-Golgi-localized proteins. The results indicate that the
cis-Golgi cisternae are neither uniform nor static but change
their contents occasionally. To our knowledge, this is the first

report describing live imaging of Golgi apparatus-localized
glycosyltransferases without overexpression.
We considered that the difference in the intracellular dynamics of Och1p and Mnn9p might reflect differences in the
mechanism for cis-Golgi retention of these enzymes. As reported previously, Och1p travels as far as the trans-Golgi and
is transported back to the cis-Golgi (8), while Mnn9p cycles
between the ER and cis-Golgi (32). Our results are consistent
with these previous reports. During mannan synthesis, Mnn9p
is involved downstream of Och1p in the synthetic pathway.
Therefore, the order of function does not always match the
localization dynamics of the proteins responsible for a synthetic step. M-Pol I elongates the ␣-1,6-mannan backbone at
the mannose residue added by Och1p. Since M-Pol I cannot
elongate the mannan backbone without Och1p, it is conceivable that the order of reactions mediated by these mannosyltransferases is regulated not by the localization of the enzymes,
but by the strict substrate specificity of the enzymes.
Observation of chimeric proteins of Och1p and Mnn9p revealed that the N-terminal cytoplasmic region is important for
the ER cycling of Mnn9p. It is known that arginine-based ER
localization signals are sorting motifs involved in the transport
of multimeric membrane proteins (17). The arginine-based
signals consist of the consensus sequence ⌽/⌿/R-R-X-R, in
which ⌽/⌿ denotes an aromatic or bulky hydrophobic residue
and X represents any amino acid (17). The N-terminal cytoplasmic region of Mnn9p has the sequence YRLR (from the
8th to the 11th amino acid residues), which shows good correspondence with the consensus sequence of the arginine-based
ER localization signals. An important issue is that the arginine
residues in positions 9 and 11 in the N terminus of Mnn9p
indeed act as an ER localization signal. Our results suggest
that the mutant m16/o16(R9/11A) protein is synthesized in the
ER, transported to the cis-Golgi, and degraded in the vacuole
without being transported back to the ER. Therefore, it is
possible that the arginine residues in positions 9 and 11 in the
N terminus of Mnn9p may act as a signal for M16/O16 chimeric protein to be retrieved from the Golgi apparatus to the
ER and that the degradation of the mutant m16/o16(R9/11A)
protein in the vacuole might be caused due to the lack of the
ER localization signal.
The arginine-based signals have been reported to be recognized by COPI-coated vesicles (1, 34). It has also been reported that Mnn9p is incorporated into COPI vesicles by a
coatmer-dependent vesicle budding assay (32). These reports
suggest that Mnn9p may be transported back to the ER by
COPI vesicles through the recognition of the sequence that
contains two arginine residues. However, mutant mnn9(R9/
11A) protein was till transported back to the ER. Considering
that the arginine residues in positions 9 and 11 are required for
the retrieval of M16/O16 from the Golgi apparatus to the ER,
the behavior of mnn9(R9/11A) seems to be strange. One explanation that could overcome this apparent inconsistency is
that Mnn9p may have another unidentified ER relocation signal in its transmembrane or luminal region. The inconsistency
may be also explainable by the ability of Mnn9p to form protein complexes, M-Pol I and M-Pol II. It has been reported
that the luminal region of Mnn9p interacts with that of Van1p,
a component of M-Pol I (12), and that Van1p and Anp1p, a
component of M-Pol II, also recycle between the ER and the
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FIG. 7. Intracellular dynamics of mutant mnn9(R9/11A) protein in
sec12 cells. (A) YMO69 cells were incubated at 23°C in SC⫺Ura
medium and treated with 100 g/ml CHX for 30 min. mnn9(R9/11A)mRFP was observed 0 or 40 min after being shifted to 37.5°C.
(B) YMO69 cells were treated as described for Fig. 3C, and subcellular
fractionation was performed.
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Golgi apparatus (32). Therefore, we speculate that Van1p may
have its own mechanism for ER-Golgi apparatus recycling
and that some of the mutant mnn9(R9/11A) protein may be
brought to the ER by interacting with Van1p through its Cterminal luminal region. We tried time-lapse observation of
Van1p that was tagged with GFP and mRFP but failed to
visualize them due to their low fluorescence intensities.
Och1p follows a recycling pathway different from that of
Mnn9p. In erd1⌬ cells, Och1p is mainly localized to the vacuole
and only slightly to the Golgi apparatus, suggesting that Och1p
may be transported to the vacuole through the Golgi apparatus
without cycling to the cis-Golgi. On the other hand, M16/O16
chimeric protein is normally localized to the Golgi apparatus
even in erd1⌬ cells. These results suggest that the cytoplasmic
region of Och1p is important for the recycling of Och1p, similar to Mnn9p. Erd1p might be involved in the recognition of
the cytoplasmic region in the Och1p recycling pathway. We
tried to investigate whether O15/M17-mRFP, a chimeric protein that was constructed by swapping the N-terminal 16 amino
acids of Mnn9p with the N-terminal 15 amino acids of Och1p,
cycles between the ER and the Golgi apparatus. In the system
using sec12 mutant cells, O15/M17-mRFP seemed to be transported back to the ER less effectively than Mnn9p-mRFP, but
the result was quite obscure (data not shown). This result
would be reasonable if the N-terminal cytoplasmic region of
Och1p possesses its own localization signal; some O15/M17
proteins behave like Och1p due to its localization signal in the
cytoplasmic region, while some O15/M17 proteins behave like
Mnn9p and are transported back to the ER due to its localization signal in the transmembrane or luminal region or due
to interaction with Van1p. Further work will be necessary to
reveal the recycling pathway of Och1p. The live-imaging system we utilized in the present study will continue to make
contributions to revealing the cis-Golgi-retention mechanisms
of mannosyltransferases.
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